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A B S T R A C T 

We present new and archival Australia Telescope Compact Array and Atacama Large Millimeter/submillimeter Array data of 
the Small Magellanic Cloud supernova remnant 1E 0102.2–7219 at 2100, 5500, 9000, and 108 000 MHz; as well as H I data 
provided by the Australian Square Kilometre Array Pathfinder. The remnant shows a ring-like morphology with a mean radius 
of 6.2 pc. The 5500 MHz image reveals a bridge-like structure, seen for the first time in a radio image. This structure is also 

visible in both optical and X-ray images. In the 9000 MHz image, we detect a central feature that has a flux density of 4.3 mJy 

but rule out a pulsar wind nebula origin, due to the lack of significant polarization towards the central feature with an upper 
limit of 4 per cent. The mean fractional polarization for 1E 0102.2–7219 is 7 ± 1 and 12 ± 2 per cent for 5500 and 9000 MHz, 
respectiv ely. The spectral inde x for the entire remnant is −0.61 ± 0.01. We estimate the line-of-sight magnetic field strength in 

the direction of 1E 0102.2–7219 of ∼44 μG with an equipartition field of 65 ± 5 μG. This latter model uses the minimum energy 

of the sum of the magnetic field and cosmic ray electrons only. We detect an H I cloud towards this remnant at the velocity range 
of ∼160–180 km s −1 and a cavity-like structure at the velocity of 163.7–167.6 km s −1 . We do not detect CO emission towards 
1E 0102.2–7219. 

K ey words: ISM: indi vidual objects – ISM: supernova remnants – ISM: magnatic fields – Radio continuum: ISM. 
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 I N T RO D U C T I O N  

he Small Magellanic Cloud (SMC) is a gas-rich irregular dwarf
alaxy orbiting the Milky Way (MW) with a current star formation
ate of 0.021–0.05 M � yr −1 (For et al. 2018 ). As the second nearest
tar-forming galaxy after the Large Magellanic Cloud (LMC), its
elatively small distance of ∼60 kpc (Hilditch, Howarth & Harries
005 ; Graczyk et al. 2020 ) and low Galactic foreground absorption
 N HI ∼ 6 × 10 20 cm 

−2 ) enables supernova remnants (SNRs) to be
tudied in great detail (Crawford et al. 2008 ). These remains of stellar
xplosions are characterized by strong non-thermal radio-continuum
mission (e.g. Hurley-Walker et al. 2021 ; Bozzetto et al. 2023 ) whose
nalysis provides a greater understanding of stellar evolution and the
istribution of heavy elements (e.g. Filipovi ́c & Tothill 2021 ). 
1E 0102.2–7219 (hereafter referred to as E0102) is a young

1738 ± 175 yr) core-collapse SMC SNR (van den Bergh 1988 ;
ano v etz et al. 2021 ), disco v ered via X-ray observations taken by

he Einstein Observatory (Seward & Mitchell 1981 ). At X-ray wave-
engths, E0102 presents a bright, filled ring-like structure with an
 E-mail: 19158264@student.westernsydney.edu.au (RA); 
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uter edge that traces the forward-moving blast wave (Stanimirovi ́c
t al. 2005 ). The bright X-ray ring shows strong emission lines of O,
e and Mg, which are in the region between the reverse shock and the

ontact discontinuity with the ISM, revealing significant substructure
Gaetz et al. 2000 ; Sasaki et al. 2006 ). E0102 is thought to originate
rom a core-collapse supernova scenario, given its ‘oxygen-rich’
ature observed in the optical band (Dopita, Tuohy & Mathewson
981 ). Flanagan et al. ( 2004 ) calculated the oxygen mass in the ejecta
o be 6 M � using Chandra X-ray data, estimating a total progenitor

ass of 32 M �. Progenitor mass estimates from ∼40 M � using data
rom the Chandr a archiv e to greater than 50 M � using Hubble Space
elescope ( HST ) data (Finkelstein et al. 2006 ) have been suggested. 

Amy & Ball ( 1993 ) published the first radio study of E0102,
resenting two images using the Molonglo Observatory Synthesis
elescope (MOST) at 843 MHz and the Australia Telescope Compact
rray (ATCA) at 4790 MHz. The ATCA image showed a ∼40 arcsec
iameter ring-like source [resolution = 2.75 × 2.96 arcsec 2 , root-
ean-square (RMS) noise = ∼75 μJy beam 

−1 ] and the authors
stimated a radio spectral index of −0.7. 

Here, we present new high-resolution and high-sensitivity radio-
ontinuum observations of E0102 obtained from ATCA and the At-
cama Large Millimeter/submillimeter Array (ALMA). The general
ow of our study of E0102 is as follows. Section 2 is a description
© 2023 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 

http://orcid.org/0000-0001-5609-7372
http://orcid.org/0000-0002-9618-2499
http://orcid.org/0000-0002-8312-6930
http://orcid.org/0000-0001-5197-1091
http://orcid.org/0000-0002-0107-5237
http://orcid.org/0000-0001-6872-2358
http://orcid.org/0000-0002-4814-958X
http://orcid.org/0000-0003-1584-5930
http://orcid.org/0000-0002-0766-7313
http://orcid.org/0000-0002-4794-6835
http://orcid.org/0000-0001-5302-1866
http://orcid.org/0000-0002-5044-2988
http://orcid.org/0000-0003-0665-0939
http://orcid.org/0000-0002-9665-2788
mailto:19158264@student.westernsydney.edu.au
mailto:m.filipovic@westernsydney.edu.au
mailto:shi.dai@westernsydney.edu.au
https://creativecommons.org/licenses/by/4.0/


ATCA study of SMC SNR E0102 1445 

Table 1. Summary of SNR E0102 ATCA observations used in this study. 

Observing Project Array No. Bandwidth Frequency ν Phase Flux Integrated time 
Date Code Config. Channels (GHz) (MHz) Calibrator Calibrator (minutes) 

04 Jan 2012 C2521 6A 2049 2.048 2100 PKS B0230–790 PKS B1934–638 1410.1 
04 Jan 2015 CX310 6A 2049 2.048 55 009 000 PKS B0230–790 PKS B1934–638 37.8 
22 Dec 2017 CX403 6C 2049 2.048 55 009 000 PKS B0230–790 PKS B0252–712 193.2 
20 Jun 2019 C3293 6A 2049 2.048 55 009 000 PKS B0230–790 PKS B1934–638 119.4 
04 Dec 2019 C3275 1.5C 2049 2.048 55 009 000 J0047–7530 PKS B1934–638 46.2 
21 Feb 2020 C3296 EW367 2049 2.048 55 009 000 PKS B0230–790 PKS B1934–638 75.6 
26 Feb 2021 C3403 6D 2040 2.048 55 009 000 PKS B0530–727 PKS B1934–638 102.6 
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f radio observations, data acquisition and initial analysis from the 
TCA, Australian Square Kilometre Array Pathfinder (ASKAP), 
handra , HST , Multi-Unit Spectroscopic Explorer (MUSE), and 
LMA telescopes. Ne xt, Section 3 e xplores further analysis and 

esults including radio morphology, polarization, spectral index, 
otation measure, magnetic field, and H I CO morphology. Section 4 
s a discussion of the implications from our analysis, including the 
nvironment of E0102 and a comparison with other young SNRs. 
inal thoughts and conclusions are given in Section 5 . 

 OBSERVATIONS  

.1 ATCA obser v ations 

ur new (2019-2021) and archi v al. 1 ATCA observ ations are listed
n Table 1 , including: observing date, project code, array con- 
guration, number of channels, bandwidth, frequency, phase and 
ux calibrator used, and integrated time. All were carried out in 
snap-shot’ mode, with 1-hour integrations over a 12-hour period 
inimum, using the Compact Array Broadband Backend (CABB) 

2048 MHz bandwidth) centred at wavelengths of 3/6 cm 

2 and 13 cm
 ν = 2100 MHz). Total integration times were ∼575 minutes and 
1410 minutes, respectively. Complementary array configurations 

Table 1 ) achieved good uv co v erage, including long (6A, 6C, and
D), mid (1.5C), and short (EW367) baselines, essential to imaging 
he full extent of E0102. The result of using such configurations 
s that our shortest baseline measured just 45.9 m 

3 (array EW367) 
nd the longest reaching 5938.8 m (array 6A). In contrast, Amy &
all ( 1993 ) only utilized five of the six antennas, with a minimum
aseline of 76.5 m and the longest at 2525.5 m—which significantly 
ffected the quality of the image given the limited uv coverage. 

We used MIRIAD 

4 (Sault, Teuben & Wright 1995 ), KARMA 

5 (Gooch 
995 ), and DS9 6 (Joye & Mandel 2003 ) software packages for
eduction and analysis. All observations were calibrated using the 
hase and flux calibrators as listed in Table 1 with one iteration of
hase-only self-calibration using the SELFCAL task. To best image 
he diffuse emission emanating from the SNR, we experimented 
ith a range of various values for weighting and tapering. We found
 Australia Telescope Online Archive (ATOA), hosted by the Australia 
elescope National Facility (ATNF): https://atoa.atnf.csiro.au 
 ν = 4500–6500 and 8000–10 000 MHz; centred at 5500 and 9000 MHz, 
espectively 
 see ATCA users guide, Appendix H: https://www.narrabri.atnf.csiro.au/ 
bserving/ users guide/ html/ atug.html#ATCA- Array- Configurations for the 
aselines of each array configuration 
 http:// www.atnf.csiro.au/ computing/ software/ miriad/ 
 http:// www.atnf.csiro.au/ computing/ software/ karma/ 
 https:// sites.google.com/ cfa.harvard.edu/ saoimageds9 
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riggs weighting robust parameter of –2 (uniform weighting) the 
ost optimal choice. We add a Gaussian taper to further enhance the

iffuse emission (1 arcsec at 5500 MHz and 1.5 arcsec at 9000 MHz)
hich resulted in a resolution of 2 × 2 arcsec 2 for these images.
he MFCLEAN and RESTOR algorithms were used to deconvolve the 

mages, with primary beam correction applied using the LINMOS task. 
o increase the S/N ratio for weak polarization emission, we follow

he same process with stokes Q and U parameters but with a beam
ize of 5 × 5 arcsec 2 (see Section 3.3 for more details). 

.2 H I obser v ations 

he H I data used in this study are from Pingel et al. ( 2022 ). These H I

ata (1420.4 MHz) were obtained using the ASKAP with an angular
esolution of 30 × 30 arcsec 2 , corresponding to a spatial resolution
f ∼9 pc at the distance of the SMC. The typical noise fluctuations of
he H I data cube are ∼1.1 K at a velocity resolution of 0.98 km s −1 . 

.3 Chandra obser v ations 

e analysed archi v al X-ray data obtained using Chandra with the
dvanced CCD Imaging Spectrometer. We combined 142 individual 
bservations from August 1999 (ObsID: 138) to February 2021 
ObsID: 24579) using Chandra Interactive Analysis of Observations 
CIAO; Fruscione et al. 2006 ) software version 4.12 with CALDB
.9.1 (Graessle et al. 2007 ). The data were reproduced using the
HANDRA REPRO procedure. Using the ‘merge obs’ procedure in the 
nergy band of 0.5–7.0 keV, we produced an exposure-corrected, 
nergy-filtered image. The total ef fecti v e e xposure time is ∼1570 ks.

.4 HST obser v ations 

he [O III ] filter HST image of E0102 was downloaded from the
ikulski Archive for Space Telescopes 7 . Information about these 
ST observations and their data reduction are detailed in Blair et al.

 2000 ). 

.5 MUSE obser v ations 

he [Fe XIV ] image of E0102 was created as a slice through the IFU
atacube from observations on 7 th October 2016 using MUSE under 
SO program 297.D-5058 (PI: F. P. A. Vogt). All details regarding

hese MUSE observations and their data reduction are found in Vogt
t al. ( 2017 ). 
MNRAS 527, 1444–1460 (2024) 
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M

Figure 1. Images of SNR E0102 with 2100 MHz contours o v erlaid from 500 to 2500 μJy beam 

−1 at increments of 500 μJy beam 

−1 . Left: ATCA intensity 
image at 5500 MHz. Right: ATCA image at 9000 MHz. The white circles on the lower left corner in both images represent a synthesized beam of 2 × 2 arcsec 2 . 
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.6 ALMA obser v ations 

e utilized archi v al data sets from both continuum and CO line
missions obtained using ALMA. The 3 mm continuum observations
entred at 108 058 MHz were carried out using the 12-m array as a
ycle 6 project (PI: F. Vogt, #2018.1.01031.S). The correlator was
et with four spectral windows 1875 MHz wide, centred at 101125,
03000, 113125, and 115000 MHz. Observations consisted of two
 x ecutions with 48 and 45 antennas in a compact array configuration
ith baselines ranging between 15.1 and 500.2 m which correspond

o maximum reco v erable scales of ∼16 arcsec (following equa-
ion 7.7 in the ALMA Cycle 8 Technical Handbook 8 , Cortes et al.
020 ). We used the products delivered by the pipeline processed with
he Common Astronomy Software Application (CASA; McMullin
t al. 2007 ) package version 5.4.0–70 and Pipeline version 42 254
Pipeline-CASA54-P1-B). Imaging incorporated a Briggs robust
alue of 1.0. The ALMA radio continuum image co v ers a total
andwidth of 7290 MHz and achieved an RMS of 31 μm. The beam
ize is 2.46 × 1.93 arcsec 2 with a position angle of 0 . ◦73 correspond-
ng to a spatial resolution of ∼0.6 pc at the distance of the SMC.
dditional observations with a more extended configuration were

vailable in the archive but since no continuum was detected at higher
esolution, they were not included. Spectral line emission 12 CO (J
 1–0), co v ered by one of the spectral windows in this data set, is not

etected. 
Since spatial filtering may be significant (see Section 3.3 in the

LMA Cycle 8 Technical Handbook of Cortes et al. 2020 ), the
ine emission 12 CO (J = 2–1) was obtained with the Atacama
ompact Array (ACA, a.k.a. Morita Array) comprising the 7-m
LMA antennas and 12 m total power array, carried out as a wide
eld surv e y in Cycle 5/6 (PI: C. Agliozzo, #2017.A.00054.S). The
aselines ranging from 9 to 48 m result in maximum reco v erable
cales of 27 arcsec. Additionally, this surv e y allows us to explore
 wider region, comparable to the H I data set (see Section 3.6 ).
he whole data set, beyond the region used in this study, has
een published by Tokuda et al. ( 2021 ). Details on data reduction,
maging and combination between interferometric data and single-
ish observations can be found in Tokuda et al. ( 2021 ). The final
eam size is 6.87 × 6.56 arcsec 2 with a position angle of 39 . ◦09,
NRAS 527, 1444–1460 (2024) 

 https:// almascience.nrao.edu/ documents- and- tools/ cycle8/ alma-technical- 
andbook
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9

orresponding to a spatial resolution of ∼2 pc at the distance of
he SMC. The typical noise fluctuation is ∼66 mK at the velocity
esolution of 0.5 km s −1 . 

 ANALYSI S  

.1 Morphology 

ur new ATCA images of E0102 clearly show a ring-like structure
ith bright emissions in the north-west and north-east regions

Fig. 1 ). A comparison between the high-resolution radio continuum
ATCA) images of SNR E0102 at 5500 and 9000 MHz and other
avelength images is presented in Fig. 2 . The RMS noise for
500 MHz and 9000 MHz images are ∼30 and 48 μJy beam 

−1 ,
espectively. In this Section, we describe how we calculate the centre
nd the radius of E0102, compare our new images with X-ray and
ptical images, and list new features seen for the first time in radio
mages. 

.1.1 Centre and radius calculation 

e used the Minkowski tensor analysis tool B AN AN A 

9 (Collischon
t al. 2021 ) to determine the centre of expansion. This tool searches
or filaments and calculates normal lines and line density maps. For
 perfect shell, all lines should meet at the centre position inside
he SNR, where the expansion must have started (see Collischon
t al. 2021 , for more details). Since real sources deviate from this
deal picture, we circumvented this problem by smoothing the line
ensity map using a circle with a diameter of 40 pixels. We then
ook the centre position of the pixel where the line density was the
ighest. Using the same method, we performed the tensor analysis
eparately for the 5500 MHz, 9000 MHz, and Chandra broad-band
mages. From this, we calculated the mean centre position and the
 σ uncertainty of the mean. The resulting calculated centre is RA
J2000) = 01 h 04 m 02.23 s , Dec (J2000) = −72 ◦01 ′ 53 . ′′ 06 with an
ncertainty of ∼0.91 arcsec. This is ∼1.5 arcsec ( ∼0.4 pc at the
istance of 60 kpc) north-west from the previous estimation of RA
J2000) = 01 h 04 m 02.48 s , Dec (J2000) = −72 ◦01 ′ 53 . ′′ 92, having
 1 σ uncertainty of 1.77 arcsec (Bano v etz et al. 2021 ). The latter
 https:// github.com/ ccollischon/ banana 

https://almascience.nrao.edu/documents-and-tools/cycle8/alma-technical-handbook
https://github.com/ccollischon/banana
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Figure 2. Images of SNR E0102 with 5500 MHz contours o v erlaid (top) and 9000 MHz contours o v erlaid (bottom). The contour lev els are from 200 to 1000 
μJy beam 

−1 at increments of 200 μJy beam 

−1 . Left: ATCA intensity image at 5500 MHz (top) and 9000 MHz (bottom). The white circles on the lower left 
corner represent a synthesized beam of 2 × 2 arcsec 2 . Middle: Broadband Chandra X-ray images. Right: HST [O III ] filter images (Blair et al. 2000 ). 
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as derived from HST observations of the proper motion of optical 
jecta. Therefore, our calculated position agrees well with previous 
stimates, within uncertainties. 

To estimate the radio continuum radius of E0102, we used 
he MIRIAD task CGSLICE to plot 16 equispaced radial profiles in 
2.5 ◦ segments around the remnant at 5500 MHz. Each profile is
0 arcsec in length (Fig. 3 ). We divide the remnant into four equal
egions: south-west (profiles 1–5), south-east (profiles 5–9), north- 
ast (profiles 9–13), and north-west (profiles 13–1) (Fig. 3 A). We 
dentified the cut-off as the point where each profile intersects the 
uter contour line (3 σ ATCA image contour or 200 μJy beam 

−1 

t 5500 MHz). These cut-offs are represented as dashed vertical 
ines (see Figs 3 B–E). The thick black vertical lines represent the
verage of the cut-offs in each region. The resulting radii vary from
3.7 ± 01.7 arcsec (6.9 ± 0.5 pc) towards the south-west (Fig. 3 B) to
0.9 ± 02.1 arcsec towards the south-east (6.1 ± 0.6 pc; Fig. 3 C) and
0.0 ± 0.9 arcsec (5.8 ± 0.3 pc) towards the north-east (Fig. 3 D)
o 20.9 ± 0.4 (6.1 ± 0.1 pc) towards the north-west (Fig. 3 E)
ith an average of 21.4 ± 01.3 arcsec (6.2 ± 0.4 pc) for the entire
NR. 
Using the same methodology we estimate the X-ray radii based on 

he Chandra image (Fig. 4 ). The radii vary from 21.1 ± 01.3 arcsec
6.1 ± 0.4 pc) towards the south-west (Fig. 4 B) to 18.6 ± 0.4 arcsec
5.4 ± 0.1 pc) towards the south-east (Fig. 4 C) and 20.7 ± 01.1 arcsec
6.0 ± 0.3 pc) towards the north-east (Fig. 4 D) to 21.7 ± 0.4 arcsec
6.3 ± 0.1 pc) towards the north-west (Fig. 4 E) with an average of
0.5 ± 0.8 arcsec (5.1 ± 0.2 pc). 
c  
.1.2 Radio versus X-ray versus optical 

 comparison of our new ATCA data (Section 2.1 ) with the Chandra
-ray image (Section 2.3 ) and optical HST image (Section 2.4 )

eveals that the radio/X-ray maximum does not correlate well, while 
here is no apparent correlation with optical emission either. In the
imilar age Galactic SNR Vela Jr (G266.2–1.2), Stupar et al. ( 2005 )
nd Maxted et al. ( 2018 ) observed the opposite, where radio emission
s trailing behind the X-ray emission. 

Fig. 5 (left) shows radio emission extends beyond X-ray emission, 
s it most likely traces the forward shock while X-ray emission could
e a tracer of reverse shocked gas (Gaetz et al. 2000 ). Further, some
f the radio profiles (e.g. 2, 6, 8) show secondary peaks offset towards
he centre of the remnant. These second peaks, ho we v er, hav e a larger
adius than the X-ray emission, indicating a second radio ring in parts
f the remnant that can be associated with the amplified magnetic
eld that is expected at the contact-discontinuity (CD) between the 
hocked ejecta and shocked ISM (Jun & Norman 1996 ; Zirakashvili
t al. 2014 ). 

Interestingly, we note that the [Fe XIV ] emission is sandwiched
etween radio and X-ray emission (see Fig. 5 , right). We suggest
e see two phases of clumpy medium: the forward shock (a fast
last wave of a few 1000 km s −1 ) and denser parts of circumstellar
edium (CSM)/ISM (where the blast wave is driving slower cloud 

hocks). The [Fe XIV ] emission is coming from shocks with velocities
round 340 km s −1 (Vogt et al. 2017 ). It takes some finite time for
he shocked material in the denser clumps to be ionized behind the
loud shock giving us the iron lines we see; during that time the blast
MNRAS 527, 1444–1460 (2024) 
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Figure 3. Estimate of the radio continuum radius of E0102 at 5500 MHz. A: Radial profiles around the remnant from the centre (see Section 3.1 ) o v erlaid on the 
3 σ ATCA image contour (200 μJy beam 

−1 ) at 5500 MHz. The central position of the remnant is RA (J2000) = 01 h 04 m 02.35 s , Dec (J2000) = −72 ◦01 ′ 52 . ′′ 11. 
B, C, D, and E: Radial profiles. The dashed vertical lines represent profile cut-offs and the thick black vertical lines represent the average of the cut-offs (in 
arcsec) for different parts of the shell; south-west, south-east, and north-east, and north-west, respectively. 
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ave has already raced ahead, placing spatial separation between the
wo emitting regions. The two bright sources near the centre of the
emnant and all point sources in the field are stars (Fig. 5 , right). 

.1.3 Bridg e lik e structure 

e note a striking similarity of a ‘bridge-like structure’ feature
etween our 5500 MHz (ATCA) and the Chandra image, which
rojects from the centre of the remnant and connects to the south-west
ide of the E0102 ring. Ho we ver, it is comparati vely less prominent
NRAS 527, 1444–1460 (2024) 
n HST image (see Fig. 2 , upper panel). This feature is not detected at
000 MHz and is likely the result of interactions with an interstellar
loud seen in Spitzer and Herschel data and similar to that seen in
MC SNR N49 (Otsuka et al. 2010 ). This structure was not seen in
790 MHz image reported by Amy & Ball ( 1993 ). 

.1.4 Central region 

nother interesting feature that we detect e xclusiv ely in our
000 MHz image is a horizontal bridge or bar-like feature in the



ATCA study of SMC SNR E0102 1449 

Figure 4. Estimate of X-ray radius of E0102. (A) Radial profiles o v erlaid on 3 σ Chandra broadband X-ray image contour (6 × 10 −7 counts pixel −1 s −1 ). The 
central position of the remnant is RA (J2000) = 01 h 04 m 02.40 s , Dec (J2000) = −72 ◦01 ′ 53 . ′′ 42. (B–E) Radial profiles. The dashed vertical lines represent profile 
cut-offs and the thick black vertical lines represent the average of the cut-offs (in arcsec) for different parts of the shell; south-west, south-east, north-east, and 
north-west, respectively. 
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continuum observations of SNR E0102 listed in Table 2 . This 

10 Note that the flux density measurements for some images were also used 
in the Maggi et al. ( 2019 ) spectral index plot that is based on flux density 
measurements as explained in this section. 
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entral region with a measured flux density of 4.3 mJy. This
eature is prominent across the interior of the SNR starting at the
astern shell going almost all the way to the Western shell (see
ig. 2 , lower panel). The fact that this structure is observed across
ultiple array configurations with the ATCA, and on different dates, 

uggests this to be a real and interesting additional feature. This
tructure was not seen in the previous 8640 MHz observations, likely 
ue to lower sensitivity and poor uv converge. We are unable to
onclusively deduce its true nature due to the limited sensitivity 
f our images at 9000 MHz. Possible explanations may include 
 pulsar wind nebula (PWN) or jet-like features from a runaway 
ulsar. Further observations are required to dra w an y definitiv e
onclusions. 
.2 Spectral index 

he radio spectrum of an SNR can often be described as a pure
ower-law of frequency: S ν ∝ να , where S ν is the flux density, ν is
he frequency, and α is the spectral index. 

We used the MIRIAD (Sault, Teuben & Wright 1995 ) task IMFIT

o extract a total integrated flux density from all available radio
10 
MNRAS 527, 1444–1460 (2024) 
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Figure 5. Red-Green-Blue (RGB) image of the E0102 SNR, with the key printed in the upper right-hand corner. Left: Our 5500 MHz ATCA data are in red, 
the HST image ([O III ] filter) in green (Blair et al. 2000 ), and the Chandra broadband image is in blue. Right: 5500 MHz ATCA data are in red, the smoothed 
MUSE image ([Fe XIV ]) in green (Vogt et al. 2017 ), and the Chandra broadband image is in blue. 
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ncludes observations from the Murchison Widefield Array (MWA,
or et al. 2018 ), MOST (Clarke, Little & Mills 1976 ; Turtle et al.
998 ), ASKAP , A TCA (Filipovi ́c et al. 2002 ) and ALMA. We
easured the MWA flux density for each sub-band (76–227 MHz)

nd we also re-measured the ASKAP flux density at 1320 MHz
rom Joseph et al. ( 2019 ). For cross-checking and consistency, we
sed AEGEAN (Hancock, Trott & Hurley-Walker 2018 ) and found no
ignificant difference in integrated flux density estimates. Namely, we
easured E0102 local background noise (1 σ ) and carefully selected

he exact area of the SNR which also excludes all obvious unrelated
oint sources. We then estimated the sum of all brightnesses abo v e
 σ of each individual pixel within that area and converted it to SNR
ntegrated flux density following Findlay ( 1966 , equation 24). We
lso estimate that the corresponding radio flux density errors are
elow 10 per cent as examined in our previous work (Filipovi ́c et al.
022 ; Bozzetto et al. 2023 ). In this estimate, various contributions to
he flux density error are considered including missing short spacings.

hile for weaker sources this uncertainty is more proclaimed, for
righter objects such as our SNR E0102, the flux density error is
uch smaller ( < 10 per cent). 
In Fig. 6 we present the flux density versus frequency graph

or E0102. The relative errors are used for the error bars on a
ogarithmic plot. The best power-law weighted least-squares fit is
hown (thick black line), with the spatially integrated spectral index
 α〉 = −0.61 ± 0.01 11 which is somewhat flattened compared to the
alue of α = −0.7 reported in the previous study of Amy & Ball
 1993 ), and consistent with the value of the similar aged LMC SNR
 132D of −0.65 ± 0.04 (Bozzetto et al. 2017 ). 

.2.1 Spectral index ima g e 

e produced a spectral index map for E0102 using 2100, 5500 and
000 MHz images (Fig. 7 ). To do this, the images were re-gridded
o the finest image pixel size (0.3 × 0.3 arcsec 2 ) using the MIRIAD

ask REGRID . These were smoothed to the lowest data resolution
NRAS 527, 1444–1460 (2024) 

1 We did not use ALMA flux in the fit as it is affected from missing short 
pacings. 1
2.7 × 2.6 arcsec 2 ) using the MIRIAD task CONVOL . The MIRIAD task
ATHS then created the spectral index map (Fig. 7 ). 
The mean value of the spectral index across the entire SNR is
0.54 ± 0.11. Most areas near the circumference (see Fig. 7 ) have a

teep spectral index ( α = −0.6) at both inner and outer radii, while
ndices with flat gradients are found at intermediate radii ( α = −0.1).
he north-east region is different in that there is no steepening at the

argest radii but near zero gradients. The radio emission is brightest in
he north-east with a close match between brighter emission and near
ero spectral gradients. The fractional polarization (see Section 3.3 )
hown in Fig. 8 is not well correlated with areas exhibiting steeper
pectral indices. 

We suggest that we are seeing a geometrical projection effect. The
adio emission comes from the forward shock region with higher
nergy electrons (with larger diffusion length) spread o v er a wider
ange in radius. This yields a flattened radio spectra further from
he shock. The radio emission is also sensitive to the strength and
rientation of the magnetic field, so SNRs tend to have patchy radio
mission (more so than the X-ray emission). This is seen in radio
mages of most Galactic SNRs (e.g. see the radio images posted
n SNRcat 12 , Ferrand & Safi-Harb 2012 ) where they consist of
artial shells or filaments. Adding this patchiness at different radii,
e see the whole thing in projection on the sky. If the centre of
 bright patch happens to be on the projected SNR’s rim, the flat
pectral index region can be seen distinctly. But in most cases the
right patch, although on the surface of the 3D SNR, will not be on
he rim so we see a combination of flat and steep spectral indices
long the line of sight. For E0102 the brightest patch (north-east)
appens to be nearly perfectly perpendicular to our line-of-sight,
hich would be a rare occurrence among SNRs. Finally, there

re steeper spectral inde x re gions ( −1.0 < α < −0.8) towards
he south-west and east SNR ring in the so-called SNR break-out
egions similar to those seen in MCSNR 0455–6838 (Crawford et al.
008 ). 
2 http:// snrcat.physics.umanitoba.ca/ d3/ SNRmap/ index.php 

http://snrcat.physics.umanitoba.ca/d3/SNRmap/index.php
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Table 2. E0102 flux density measurements used in this study (see Fig. 6 ). 
The asterisk ( ∗) indicates that we re-measured this flux density. Note that the 
flux density values for the spectral index plot shown in (Maggi et al. 2019 ) 
are based on measurements as explained in Section 3.2 . 

ν S ν Telescope Reference 
(MHz) (Jy) 

76 1.327 MWA This work 
84 1.281 MWA This work 
88 1.386 MWA This work 
92 1.261 MWA This work 
99 1.179 MWA This work 
107 1.305 MWA This work 
115 1.152 MWA This work 
118 1.161 MWA This work 
122 1.138 MWA This work 
130 1.121 MWA This work 
143 1.087 MWA This work 
151 1.074 MWA This work 
155 0.937 MWA This work 
158 1.026 MWA This work 
166 1.004 MWA This work 
174 0.939 MWA This work 
181 0.993 MWA This work 
189 0.915 MWA This work 
197 0.903 MWA This work 
200 0.790 MWA This work 
204 0.885 MWA This work 
212 0.868 MWA This work 
220 0.888 MWA This work 
227 0.857 MWA This work 
408 0.650 MOST Maggi et al. ( 2019 ) 
843 0.396 MOST Maggi et al. ( 2019 ) 
960 0.402 ASKAP Joseph et al. ( 2019 ) 
1320 0.317 ∗ ASKAP Joseph et al. ( 2019 ) 
1420 0.273 ATCA Maggi et al. ( 2019 ) 
2100 0.220 ATCA This work 
2370 0.195 ATCA Maggi et al. ( 2019 ) 
4790 0.112 ATCA Amy & Ball ( 1993 ) 
4800 0.114 ATCA Maggi et al. ( 2019 ) 
5500 0.131 ATCA This work 
8640 0.082 ATCA Maggi et al. ( 2019 ) 
9000 0.083 ATCA This work 
16 700 0.050 ATCA Maggi et al. ( 2019 ) 
108 000 0.009 ALMA This work 

Figure 6. Radio continuum spectrum of E0102. 

Figure 7. Spectral index map of E0102 (ATCA 2100, 5500, and 9000 MHz 
images with 9000 MHz contour lines o v erlaid). The contour levels are the 
same as Fig. 2 . The colour bar on the right-hand side represents the gradients 
of the spectral index. 
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.3 Polarization 

he fractional polarization ( P ) can be calculated using the equation: 

 = 

√ 

S 2 Q 

+ S 2 U 

S I 
, (1) 

here P is the mean fractional polarization; S Q , S U , and S I are
ntensities for the Q , U , and I Stoke parameters, respectively. 

We used the MIRIAD task IMPOL to produce polarization maps. 
he fractional polarization from E0102 appears prominent at both 
500 MHz and 9000 MHz towards the north-east and north-west 
f the SNR, due to interactions with the local ISM. The west
nd south-west remnant both show slight polarization. The po- 
arization vector maps at both 5500 MHz and 9000 MHz are pre-
ented in Fig. 8 as well as the polarization intensity maps at each
requency. 

We estimate a mean fractional polarization of 7 ± 1 per cent at
500 MHz and 12 ± 2 per cent at 9000 MHz, with a peak value
t the centre of the bright north-eastern shell of 9 ± 1 per cent
nd 26 ± 6 per cent, respectively. The fractional polarization 
f E0102 is somewhat higher than the 4 per cent (4790 MHz)
Dickel & Milne 1995 ) value of similar age ( ∼2500 yr; Law et al.
020 ) oxygen-rich LMC SNR N 132D. We did not detect any
ignificant polarization towards the bridge-like structure and the 
entral region, with upper limits of 2 and 4 per sent for 5500 and
000 MHz, respectively. This lack of polarization argues against a 
WN scenario for this emission, as PWNs are typically associated 
ith strong polarization (e.g. Haberl et al. 2012 ; Brantseg et al.
014 ). 

.4 Rotation measure 

ne way to estimate the line-of-sight magnetic field in the direction
f E0102 is by finding its rotation measure ( RM ) using Q and U
aps at 5500 and 9000 MHz, convolved to a common resolution of
 arcsec. 
MNRAS 527, 1444–1460 (2024) 
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Figure 8. Fractional polarization vectors of E0102 overlaid on intensity ATCA image at 5500 MHz (upper left) and at 9000 MHz (upper right). The blue circle 
in the lower left corner represent a synthesized beam of 5 × 5 arcsec 2 and the blue line below the circle represents 100 per cent polarization. The bar on the right 
side represents the greyscale gradients for the ATCA images in Jy beam 

−1 . Polarization intensity maps of E0102 at 5500 MHz (bottom left) and at 9000 MHz 
(bottom right) with intensity image contour lines o v erlaid. The contour lev els are 0.001, 0.002, 0.003, and 0.004 Jy beam 

−1 for both images. The colour bar 
represents gradients of polarization intensity in Jy beam 

−1 . 
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The rotation measure is defined as the slope of the observed
osition angle ( φ) as a function of wavelength ( λ) squared: 

M = 

d φ( λ2 ) 

d λ2 
, (2) 

o calculate the RM and intrinsic polarization angle maps we used the
rogram RMCALC from the DRAO export software package (Higgs,
offmann & Willis 1997 ). 
The final RM map is shown in Fig. 9 . We only calculated RM where

he signal-to-noise ratio in the polarized intensity maps was at least
0 σ at both frequencies. We notice that all RM values are positive,
ith a maximum of almost 1000 ± 25 rad m 

−2 at the outer edge of the
right north-eastern shell and a minimum of about 0 rad m 

−2 at the
ottom of the SNR. One striking feature is a RM gradient along the
NRAS 527, 1444–1460 (2024) 
right shell in the north-east, which could indicate the expansion into
 homogenous interstellar magnetic field (Kothes & Brown 2009 ).
he foreground contribution of the MW is about + 23 rad m 

−2 

ccording to Mao et al. ( 2008 ), based on a RM study of polarized
ackground sources that are behind the SMC. Contributions from
nside the SMC are not clear as the latest study of the SMC’s internal
agnetic field structure (Livingston et al. 2022 ) did not have any

amples in the area around E0102. They found slightly more ne gativ e
han positive RM s, and most of those sources are in positive and
e gativ e clusters. 
Once the RM has been determined, we next rotated the polarization

ectors back to their intrinsic (zero wavelength) values. In Fig. 9 we
ave added an additional 90 ◦ to the intrinsic electric vectors, so
he vectors represent the magnetic-field directions in the remnant
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Figure 9. Top: RM map calculated between the observations at 5500 MHz and 9000 MHz with o v erlaid contours of total power (left) and polarized intensity 
(right) at 5500 MHz. Bottom: Images of total power (left) and polarized intensity (right) with o v erlaid v ectors in B-field direction, corrected for Faraday rotation. 
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13 http:// poincare.matf.bg.ac.rs/ ∼arbo/ eqp 
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rojected to the plane of the sky. In the shell of E0102, we find
egments with tangential and radial magnetic fields, representing 
ater and earlier phases of e volution, respecti vely. Most striking
s the tangential magnetic field related to the prominent north- 
astern part of the SNR’s shell, where we also found the RM
radient. 

.5 Magnetic fields in E0102 

bserved rotation measure can help better understand the line- 
f-sight magnetic field in the direction of E0102. Useful to this
iscussion is first exploring an independent method known as 
quipartition or minimum-energy. This method uses modelling and 
imple parameters to estimate intrinsic magnetic field strength and 
nergy contained in the magnetic field and cosmic ray particles using
adio synchrotron emission 13 (Arbutina et al. 2012 , 2013 ; Uro ̌sevi ́c,
 avlo vi ́c & Arbutina 2018 ). 
This approach is a purely analytical method, described as an order

f magnitude estimate because of errors in determination of distance, 
ngular diameter, spectral index, a filling factor, and flux density, 
ailored especially for the magnetic field strength in SNRs. Arbutina 
t al. ( 2012 , 2013 ); Uro ̌sevi ́c, P avlo vi ́c & Arbutina ( 2018 ) present
wo models; the difference is composition of assumed cosmic ray 
articles. In their original ‘ κ 
= 0’ model, where κ is a constant in
he power-law energy distributions for electrons, cosmic rays are 
ssumed to be composed of electrons, protons and ions. Their ‘ κ =
’ model assume cosmic rays composed of electrons only. Uro ̌sevi ́c,
MNRAS 527, 1444–1460 (2024) 

http://poincare.matf.bg.ac.rs/~arbo/eqp
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Figure 10. Rotation measure along the ridge of the bright shell in the north- 
east. The centre is at the peak in polarized intensity. The ne gativ e offset is to 
the lower left and the positive offset is to the upper right. The offset is given 
in pc (bottom) and in a fraction of the SNR’s radius (top). The green line 
indicates a linear fit to the gradient. 
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 avlo vi ́c and Arbutina ( 2018 ) showed the latter type of equipartition
s superior to the former. 

Using the Uro ̌sevi ́c, P avlo vi ́c and Arbutina ( 2018 ) model 14 , the
ean equipartition field o v er the whole E0102 remnant is 65 ± 5 μG,
ith an estimated minimum energy of E min = 1 × 10 49 erg. (The
riginal model, cited in Arbutina et al. ( 2012 ), yields a mean
quipartition field of 150 ± 5 μG, with an estimated minimum energy
f E min = 5 × 10 49 erg.) 
To estimate the line-of-sight magnetic field, we use rotation
easure and assume the polarization angle changes linearly as a

unction of wavelength squared. The following equation may be
sed to estimate the magnetic field of E0102 15 : 

M = 0 . 81 
∫ 0 

L 

n e B · dl = 0 . 81 
∫ 0 

L 

n e B ‖ dl [ rad m 

2 ] , (3) 

here n e is the electron density in cm 

−3 , B ‖ is the line-of-sight
agnetic field strength in μG, and dl represents the path length

long the Faraday rotating medium in parsecs. 
We concentrate our study on the bright shell in the north-east

top left) of the SNR as it seems to be the most evolved. The
agnetic field, corrected for Faraday rotation, is tangential to the

hell. This is an indication that the swept-up ambient magnetic
eld is dominating the uniform magnetic field and synchrotron
mission, which also indicates the swept-up material is dominating
he hydrodynamics and may have just entered the Sedov phase. We
etermined (Section 3.1.1 ) that the radius of the SNR in this region is
.8 pc, the lo west v alue; another indicator this area is most developed.
o determine the compression ratio of the SNR in this region, we
stimated the radial distance from the radio ridge to the edge of the
NR. Using this and the radius, we measure a compression ratio of
.7, supporting the Sedov phase since our compression ratio estimate
s near 4 (Sedov 1959 ). 

Kothes & Brown ( 2009 ) modelled radio polarization observations
f an SNR expanding inside a homogenous medium. We plotted our
otation measure along the bright polarized intensity ridge of the
orth-east shell in Fig. 10 . The rotation measure observed from the
NR’s radio shell is dominated by the magnetic field in the nearby
art of the SNR. In this nearby part, one side the magnetic field
s coming towards us and the other is pointing away from us. If the
mbient magnetic field is only in the plane of the sky (i.e. has no line-
f-sight component) we should find a RM of 0 in the centre, ne gativ e
n one side and positive on the other. The centre RM can be affected
y the foreground RM ( ∼ + 23 rad m 

−2 as noted in Section 3.4 ), the
ngle between the plane of the sky, and the ambient magnetic field.
n this case, we can determine that the ambient uniform magnetic
eld is pointing towards us, and is pointing from the bottom left to

he top right as the RM is positive but decreasing along the same
irection. It only requires a small rotation angle to have all RM s
n the positive or the ne gativ e on the shell. We fitted the gradient
ith a linear function, also shown in Fig. 10 . The resulting RM in the

entre is + 531 ± 5 rad m 

−2 , corrected for the foreground contribution
f the MW. The contribution of the SMC is unclear as we stated
n Section 3.4 . At the bright ridge on the SNR’s shell, located at
he inner edge, the line-of-sight through the emission region is the
NRAS 527, 1444–1460 (2024) 

4 We use: α = 0.61, θ = 0.36 arcmin, κ = 0, S 5500 MHz = 0.131 Jy, and f 
 0.84. 

5 Following Burn ( 1966 ), this equation is known as the Faraday depth. If we 
ssume there is only one source along the line of sight, which has no internal 
araday rotation, the Faraday depth approximates the rotation measure at all 
avelengths (Brentjens & de Bruyn 2005 ). 
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ongest. With a radius of 5.8 pc and a compression ratio of 3.7, this
ine-of-sight should be 5.3 pc. In the shell of the SNR, synchrotron
mitting and Faraday rotating plasmas are intermixed. Therefore, the
ynchrotron emission generated at the back of the SNR sees the entire
M and the emission generated at the front sees no RM . If all the
arameters, as synchrotron emissivity, magnetic field strength and
ngle, and electron density are approximately constant along the line
f sight through the SNR shell and the polarized emission is Faraday
hin, the RM seen by a background source is twice the value observed
Burn 1966 ). Using equation ( 3 ), with RM = 2 × 531 rad m 

−2 =
062 rad m 

−2 , dl = 5.3 pc, and electron density n e = 14.8 cm 

−3 for
he post-shock gas (Vogt et al. 2017 ), the magnetic field strength of
he uniform component inside the shell parallel to the line-of-sight
s B � = 16.7 μG. 

We can assume the intrinsic percentage polarization of the SNR’s
ynchrotron emission through the spectral index to be 71 per cent
Le Roux 1961 ). In the shell of the SNR, where the synchrotron
mitting and Faraday rotating plasmas are intermixed, a high rotation
easure (as we measured) causes depolarization even at such a

igh frequency. According to Sokoloff et al. ( 1998 ), the RM value
e found in the middle of the shell, would reduce the percentage
olarization from 71 per cent to 55.7 per cent. But, in the centre of
he shell, we observe a 15 per cent linear polarization. This additional
epolarization is caused by random fluctuations of the magnetic field
Burn 1966 ). From this depolarization, we estimate the ratio between
he uniform and random components of the magnetic field. This high
epolarization here requires a random magnetic field component
f 27.5 μG, using the abo v e calculated 16.7 μG as the uniform
omponent. In this case, we would have a total magnetic field in
he shell of ∼44 μG. The uncertainty in magnetic field strength
emains undetermined, primarily due to it being a combination of
he uncertainties associated with the RM and electron density, with
he electron density’s uncertainty being unquantified. 
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Figure 11. Velocity channel map of H I towards E0102 obtained from the ASKAP (Pingel et al. 2022 ). Each panel shows the H I intensity distribution integrated 
every 3.9 km s −1 in a velocity range from 188.5 to 153.3 km s −1 . Our 5500 MHz ATCA image has been o v erlaid on top with contours lev els as per Fig. 2 . The 
grey circle and colour bar on the bottom right panel represent a synthesized beam of 30 × 30 arcsec 2 and gradients of H I in K km s −1 , respectively. A bar for 
physical size on the sky is shown. 
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This of course only takes the line-of-sight component of the 
agnetic field into account. To achieve the magnetic field strengths 

stimated through equipartition, we require an angle of 38 ◦ between 
he plane of the sky and the ambient magnetic field for ∼65 μG 

16 ,
6 For the original eqipartition model, an angle of 17 ◦, given a field strength of 
150 μG, would be required extrapolating to a total ambient magnetic field 

trength of 10.8 μG when correcting for compression. 

3  

T  

s  

S

ontaining a uniform magnetic field of 24.7 μG, after scaling 16.7 μG
s given above. Correcting for compression, we can extrapolate a 
otal ambient magnetic field strength of the uniform components to 
.1 μG. Here, we cannot simply apply the linear compression ratio of
.7, as the magnetic field is not only compressed but also enhanced.
he ‘magnetic field lines’ are frozen into the plasma of the expanding
hell and therefore also stretched out around the perimeter of the
NR, which increases the magnetic energy (Whiteoak & Gardner 
MNRAS 527, 1444–1460 (2024) 
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M

Figure 12. (A) H I integrated velocity intensity map towards E0102, where 
the inte gration v elocity range is from 160.1 to 168.9 km s −1 . Our 5500 MHz 
image is o v erlaid with intensity lev els as per Fig. 2 . (B) Position–velocity 
diagram of H I with Declination −72 ◦01 ′ 42 . ′′ 9 to −72 ◦02 ′ 02 . ′′ 1. The dashed 
curve delineates a possible expanding gas motion (see text). 
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Figure 13. Peak temperature map of 12 CO ( J = 2–1) line emission towards 
E0102 obtained from ALMA. Our ATCA 5500 MHz image is o v erlaid in 
contours, with levels as per Fig. 2 . In the upper right-hand corner, the ALMA 

synthesized beam and a bar representing physical size on the sky is shown, 
while a colour bar at the bottom indicates CO gradients in K. 

e  

E  

t
 

F  

f  

t  

p  

d  

t  

o  

H  

c  

R  

r  

p
 

n  

1
 

2  

v  

c  

H

4

O  

t  

l  

t  

o  

fi  

o  

c

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/1/1444/7331444 by C
N

R
S - ISTO

 user on 20 N
ovem

ber 2023
968 ). This leads to a combined compression and enhancement of
.8. 

.6 H I /CO morphology 

he E0102 SNR region was mapped in H I using ASKAP from Pingel
t al. ( 2022 ); these velocity channel maps are shown in Fig. 11 ,
ith our 5500 MHz image o v erlaid. H I emission is visible in the
elocity range of ∼160–180 km s −1 . There appears to be a cavity-
ike structure forming near the location of E0102 in the velocity range
65.0–168.9 km s −1 (see Fig. 12 A). A large cloud is seen at ∼170–
80 km s −1 in the north at Dec > −72 ◦02 ′ , which then transitions
o a cloud in the west at ∼160–175 km s −1 (RA < 01 h 04 m ). Those
NRAS 527, 1444–1460 (2024) 
mission regions are most likely connected at the velocities around
0102. The boundary of H I appears along the radio shell, especially

owards the south-west. 
The H I distribution in the velocity space has unique features.

ig. 12 (B) shows the position–velocity ( p –v) diagram of H I . We
ound a cavity-like structure of H I , whose size is roughly three
imes larger than the diameter of the SNR shell. We propose a
ossible scenario that the cavity-like structures in both the spatial
istribution and p –v diagram correspond to a wind-blown bubble
hat was formed by strong stellar winds from a high-mass progenitor
f E0102 and is now partially interacting with an inner wall of the
 I cavity. The observational signature is similar to H I studies of

ore-collapse SNRs in the SMC (DEM S5, Alsaberi et al. 2019b ;
X J0046.5 − 7308, Sano et al. 2019b ). Ho we ver, more data are

equired to dra w definitiv e conclusions regarding this scenario, in
articular, further H I observations at higher angular resolutions. 
Multi–J CO observations could also give better insight into the

ature of E0102. Fig. 13 shows the peak temperature map of the
2 CO (J = 2–1) emission line obtained with ALMA (Tokuda et al.
021 ). Although several CO clumps are detected within the field of
ie w sho wn in Fig. 11 , we find no dense CO clumps towards the radio
ontinuum shell of E0102, suggesting it is interacting with only the
 I clouds. 

 DI SCUSSI ON  

ur new radio continuum and polarization study of E0102 reveal
ypical characteristics of a young SNR. We found a low integrated
inear polarization which indicates a high degree of turbulence. The
otal radio-continuum spectrum is rather steep which is also found in
ther young SNRs (see Table 3 ) and we found areas of radial magnetic
elds typically seen in younger remnants. In this section, we discuss
ur results in relation to E0102’s environment and magnetic field
omparing them to other young SNRs. 
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Table 3. Comparison of E0102 with young SNRs ( ≤1000 yr) in the MW and LMC. SN type is denoted by CC—Core-Collapse, and TN—Thermonuclear 
(type Ia). Magnetic field strength for the molecular cloud associated with the SNR is marked with an asterisk ( ∗) and magnetic field strength estimation using 
equipartition is marked with an double asterisk ( ∗∗). 

Name Host SN Age Diameter Spectral Index Avg. P P ν Mag. Field 
 1 GHz ( ×10 −20 ) 
Galaxy Type (yr) (pc) ( α) (PER CENT) (MHz) ( μG) (W m 

−2 Hz −1 sr −1 ) 

E0102 SMC CC ∼1738 1 ∼13 −0.61 ± 0.01 7 ± 1/12 ± 2 5500/9000 65 ± 5 ∗∗ 9.17 
J0624–6948 LMC TN 

2 2200 2 47.5 2 −0.54 ± 0.08 2 ≤9 2 5500 2 — 0.0154 2 

N 49 LMC CC ∼4800 3 18.2 4 −0.56 ± 0.03 4 4.8 5 8640 5 91.2 ∗∗ 16 4 

N 132D LMC CC ∼2500 6 24.5 4 −0.65 ± 0.04 4 4 7 4790 7 2.1 7 27.9 4 

N 63A LMC CC 3500 ± 1500 8 17.8 4 −0.740 ± 0.002 8 5 ± 1 9 5500 9 80 − 180 9 ∗ 18.7 4 

1987 A LMC CC 34 0.4 4 −0.8 10 2.7 ± 0.2 11 22 000 11 ∼28 11 137 00 4 

N 103B LMC TN 380 − 860 12 6.8 4 ∼−0.75 13 8 ± 1 13 5500 13 0.03 − 82.1 13 60 13 

J0509–6731 LMC TN ∼310 14 7.4 15 −0.73 16 ∼26 16 5500 15 ∼128 15 ∗∗ 5.72 4 

LHG 26 LMC TN ∼600 16 8.3 16 ∼−0.54 17 ∼8 17 5500 17 ∼171 17 ∗∗ 6.09 4 

Cas A MW CC 325 18 ∼5 19 −0.77 20 4.5 21 19 000 21 780 19 1145.27 22 

G1.9 + 0.3 MW CC 

23 ∼120 24 4 25 −0.81 ± 0.02 23 6 26 5500 26 ∼273 26 ∗∗ 6.7 23 

G266.2–1.2 MW CC 2400 − 5100 27 23.60 ± 0.06 28 ∼−0.3 28 — — 6 − 10 29 0.05 22 

Tycho MW TN 451 30 3.5 − 7.2 30 −0.58 31 20 − 30 32 4872 32 50 − 400 33 13.17 22 

SN1006 MW TN 1017 34 ∼19 34 −0.6 31 ∼17 35 1400 35 30 − 40 36 0.32 22 

Kepler MW TN 419 37 8.18 37 −0.64 31 ∼6 38 4835 38 ∼414 39 ∗∗ 31.78 22 

G11.2 − 0.3 MW CC 1636 40 † 6.0 −0.56 41 ∼2 42 32 000 42 — 20.7 31 

G29.7–0.3 MW CC ∼480 43 5.0 43 −0.63 ± 0.02 44 ≤1 45 2695 45 — 16.7 31 

Notes. References: (1) Bano v etz et al. ( 2021 ), (2) Filipo vi ́c et al. ( 2022 ), (3) P ark et al. ( 2012 ), (4) Bozzetto et al. ( 2017 ), (5) Dickel & Milne ( 1998 ), (6) Law 

et al. ( 2020 ), (7) Dickel & Milne ( 1995 ), (8) Warren, Hughes & Slane ( 2003 ), (9) Sano et al. ( 2019a ), (10) Zanardo et al. ( 2013 ), (11) Zanardo et al. ( 2018 ), 
(12) Rest et al. ( 2005 ), (13) Alsaberi et al. ( 2019a ), (14) Roper et al. ( 2018 ), (15) Bozzetto et al. ( 2014 ), (16) Borkowski et al. ( 2006 ), (17) Bozzetto et al. 
( 2012 ), (18) Fesen et al. ( 2006 ), (19) Arias et al. ( 2018 ), (20) DeLaney et al. ( 2014 ), (21) Mayer & Hollinger ( 1968 ), (22) Vukoti ́c et al. ( 2019 ), (23) Luken 
et al. ( 2020 ), (24) P avlo vi ́c ( 2017 ), (25) Re ynolds et al. ( 2008 ), (26) De Horta et al. ( 2014 ), (27) Allen et al. ( 2015 ), (28) Maxted et al. ( 2018 ), (29) Kishishita, 
Hiraga & Uchiyama ( 2013 ), (30) Hughes ( 2000 ), (31) Green ( 2014 ), (32) Dickel, van Breugel & Strom ( 1991 ), (33) Tran et al. ( 2015 ), (34) W inkler , Gupta & 

Long ( 2003 ), (35) Reynoso, Hughes & Moffett ( 2013 ), (36) Vink ( 2006 ), (37) Patnaude et al. ( 2012 ), (38) DeLaney et al. ( 2002 ), (39) Arbutina et al. ( 2012 ), 
(40) Clark & Stephenson ( 1977 ), (41) Tam, Roberts & Kaspi ( 2002 ), (42) Kothes & Reich ( 2001 ), (43) Reynolds, Borkowski & Gwynne ( 2018 ), (44) Sun et al. 
( 2011 ), (45) Duncan et al. ( 1999 ). 
† Note that Zhou et al. ( 2018 ) argue that SNR G7.7–3.7 is more likely SN from 386CE. 
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.1 The environment of E0102 

ur study of H I line emission surrounding E0102 (Section 3.6 )
eveals the possibility of a stellar wind bubble; a closer look at
he structure of this SNR’s environment is therefore warranted. The 

easurements of Vogt et al. ( 2017 ) indicate a pre-shock density
f n 0 ≈ 4 ± 1 cm 

−3 ( n 0 ≈ 7.4 ± 1.5 cm 

−3 ) surrounding E0102,
ased on [Fe XIV ] and [Fe XI ] [O III ] measurements. This density,
o we ver, appears high gi ven typical densities of about 0.02 cm 

−3 

Weaver et al. 1977 ) in such wind-bubbles and would indicate that
he SNR-shock has reached the ISM. Taking 7.4 cm 

−3 as the pre-
hock density and using r w = 56 n −0 . 3 

0 pc (McK ee, v an Buren &
azareff 1984 ) to calculate the wind-bubble size, one finds r w ≥
0 pc, which is almost five times the radius of E0102. Further,
he expansion rate derived by Vogt et al. ( 2017 ) differs strongly
rom the rate derived by Xi et al. ( 2019 ). A possible explanation
s that Vogt et al. ( 2017 ) measured the downstream density and
btained an upstream density by assuming the canonical shock 
ompression-ratio of ≈4. In general, the [Fe XIV ] and [Fe XI ] emis-
ions are not associated with the outer-most regions of E0102. 
ence, the emission can be an imprint of a previous interaction 
f the SNR-blastwave with a dense structure in the progenitor’s 
ind, breaking the simple relation between up- and downstream 

ensity. Massive stars undergo different stages of evolution, and 
epending on their ZAMS-mass, winds get crushed by stronger winds 
f subsequent evolutionary stages. Shell-like features can emerge as 
 consequence and influence the following SNR evolution as shown 
or a massive progenitor with a crushed LBV-shell in Das et al.
 2022 ). There is evidence that interaction with such a dense and
symmetric shell in the case of Cassiopeia A is responsible for
 t  
he observ ed e xpansion dynamics of that remnant (Orlando et al.
022 ). 
Given the possible presence of a dense shell in the progenitor’s

ind, it is likely that E0102 has already entered the Sedov-phase as
uggested by Xi et al. ( 2019 ). Ho we ver, the structure of wind-bubbles
lso featured a transition between the free-expanding wind, where 
∝ r −2 , and a shocked wind with roughly constant density. Further

etailed modelling of the apparently complex environment of E0102 
s beyond the scope of this paper. 

.2 Comparison with other young SNRs 

nsight into our results for E0102 is compared to the broader
NR population by listing properties (e.g. size, spectral index and 
olarization) with other young SNRs ( ≤1000 yrs) in the MW and
MC (Table 3 ). 

.2.1 Diameter 

he diameter of SNRs from our selected sample varies from 0.4 pc
or the youngest (1987 A; 36 yr) to ∼23 pc for the oldest (G266.2–
.2; 2400–5100 yr). Although N 132D and E0102 have similar ages
 ∼2000 yr), N 132D is nearly twice the diameter. Perhaps this is
elated to the radio surface brightness at 1 GHz ( 
 1 GHz for N 132D
s 27.9 × 10 −20 W m 

−2 Hz −1 sr −1 (Bozzetto et al. 2017 ) versus
.7 × 10 −20 W m 

−2 Hz −1 sr −1 for E0102, see T able 3 ). T ypically one
ould expect a remnant with a higher ambient density to be brighter

and smaller), but a higher explosion energy could cause a SNR
o be larger and brighter at the same age. The diameters for bright
MNRAS 527, 1444–1460 (2024) 
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MC SNRs N 49 and N 63A are ∼18 pc which is comparable to the
iameter of E0102. Selected type Ia (thermonuclear) SNRs (N 103B,
0509–6731, LHG 26, and Kepler) are slightly younger, which may
ccount for their smaller diameters (7–8 pc). The youngest SNRs
rom our sample (Cas A, G1.9 + 0.3 and Tycho) display smaller
iameters, ∼5 pc, as the y hav e not yet e xpanded as far as their older
ounterparts. Various factors such as the composition of the ambient
edium, explosion energy, and age all play an important role in the

iameter of SNRs. 

.2.2 Spectral index 

0102 has a spectral index ( α) within the range of SNRs listed in
able 3 , although there is a slight trend for older SNRs to have
hallo wer v alues (Bozzetto et al. 2017 ; Filipovi ́c et al. 2022 ). The
pectral index for E0102, α = −0.61 ± 0.01, is similar to that of
 132D, Kepler, and Tycho (see values and references in Table 3
hich suggest a similar evolutionary phase). Other radio spectral

ndices vary from –0.81 in the youngest Galactic SNR (G1.9 + 0.3)
o –0.3 in the oldest (G266.2–1.2) as expected (see e.g. Uro ̌sevi ́c
014 , for re vie w). 

.2.3 Polarization and magnetic field 

he mean fractional polarization of SNRs varies as a function of age.
oung SNR fractional polarization can be as high as ∼20 per cent,
hile older ones may have twice that value (Dickel & Jones
990 ) 17 Values of well-studied SNRs within the LMC, as shown
n Table 3 , vary from 3 to ∼26 per cent. Since E0102 has fractional
olarizations of 7 ± 1 and 12 ± 2 per cent (at 5500 and 9000 MHz,
espectively), we suggest its age and evolutionary phase (and possibly
nvironmental conditions) are typical of this population. 

MW SNRs also show disparity in values of fractional polarization
 P ). P for the youngest Galactic SNR (G1.9 + 0.3) is very low
6 per cent) compared with Tycho (20–30 per cent) and SN 1006
17 per cent). This diversity of P may be due to the difference in
mbient density and SNR age, as well as observ ational ef fects due
o various radio telescope configurations. Fractional polarization
ignificantly changes with frequency because of Faraday rotation,
hich affects lower frequencies much more than higher frequencies.
hese issues make P comparison difficult. 
We estimate the line-of-sight magnetic field strength of E0102 is
44 μG, which is higher than the value of the same age SNR N 132D

Table 3 ). Ho we ver, the equipartition field of E0102 is 65 ± 5 μG,
imilar to the N 49 value of 91.2 μG. Interestingly, Cas A, an oxygen-
ich SNR in the MW, shows a high magnetic field strength value of
80 μG (Arias et al. 2018 ) due to the low value of P , indicative of a
ighly turbulent magnetic field (Vink 2020 ). Similar behaviour can
e seen in other MW SNRs (see Table 3 ). 

.2.4 Surface brightness and luminosity 

he surface brightness ( 
 1 GHz ) for all SNRs used here for com-
arison shows, as expected, a variety of intensities. While, SNR
987A displays a high 
 1 GHz of 137 00 × 10 −20 W m 

−2 Hz −1 sr −1 

s it is the youngest Local Group SNR, recently disco v ered in-
ergalactic SNR J0624–6948 is barely detectable with a 
 1 GHz of
NRAS 527, 1444–1460 (2024) 

7 F or e xample, the Vela SNR has a fractional polarization > 40 per cent 
Milne 1995 ). 

1

d

.0154 × 10 −20 W m 

−2 Hz −1 sr −1 . We note Cas A also has quite a
igh value 
 1 GHz of 1145.27 × 10 −20 W m 

−2 Hz −1 sr −1 (Table 3 ). 
Comparing a previous 
–D diagram (P avlo vi ́c et al. 2018 ;

ro ̌sevi ́c 2020 , 2022 , their fig. 3) and our values, D = ∼13 pc and
 1 GHz = 9 . 17 × 10 −20 W m 

−2 Hz −1 sr −1 for E0102 (see Table 3 ),
0102 is in the middle of their 
–D diagram. This is consistent with
 Sedov phase having a dense ambient density of n H = 0.5 cm 

−3 . 
Finally, we note that E0102 has a L 1 GHz 

18 of 1.4 × 10 17 W Hz −1 ,
hich is less than the values of some LMC SNRs (N 49 and
 63A), while similar age N 132D shows a much higher value

15.7 × 10 17 W Hz −1 ). The MW SNRs have less L 1 GHz than E0102,
part from Cas A which shows a high value of 36.1 × 10 17 W Hz −1 .
herefore, E0102 has a L 1 GHz less than many young LMC SNRs but
reater than most young SNRs in the MW. 

 C O N C L U S I O N S  

NR E0102 is a young SNR located in the SMC with properties
ncluding spectral index and luminosity consistent with young SNRs
n the MW and LMC. Our new radio continuum images of E0102
how a ring morphology and bridge-like structure seen in both optical
nd X-ray images. Our new images also show a central feature that
acks any significant polarization towards it suggesting that the origin
s not a PWN. We find that the remnant’s radio emission extends
eyond its X-ray emission tracing a forward and reverse shock with
Fe XIV ] emission sandwiched between possibly representing denser
onized clumps. The remnant shows polarized regions in its shell and
t was possible to obtain a rotation measure and estimate its magnetic
eld. Comparison with theoretical intrinsic magnetic field estimates
nd location on a 
 − D diagram of comparable SNRs are constant
ith it in or entering its Sadov phase with a high ambient density. 

C K N OW L E D G E M E N T S  

he Australia Telescope Compact Array (ATCA) and Australian
KA Pathfinder (ASKAP) are part of the Australia Telescope
ational Facility which is managed by CSIRO. This paper makes use
f the following ALMA data: ADS/JAO.ALMA#2017.A.00054.S
nd ADS/JAO.ALMA#2018.1.01031.S. ALMA is a partnership of
SO (representing its member states), NSF (USA) and NINS (Japan),

ogether with NRC (Canada), MOST and ASIAA (Taiwan), and
ASI (Republic of Korea), in cooperation with the Republic of Chile.
he Joint ALMA Observatory is operated by ESO, A UI/NRA O,
nd NAOJ. This research has made use of the software provided
y the Chandra X-ray Centre (CXC) in the application packages
IAO (v 4.12). This work was supported by JSPS KAKENHI
rant numbers JP19H05075 (HS) and JP19K14758 (HS). SD is
he recipient of an Australian Research Council Disco v ery Early
areer Award (DE210101738) funded by the Australian Go v ern-
ent. AJR acknowledges financial support from the Australian
esearch Council under award number FT170100243. MS and JK
cknowledge support from the Deutsche Forschungsgemeinschaft
hrough the grants SA 2131/13-1, SA 2131/14-1, and SA 2131/15-1.
C acknowledges support from the Studienstiftung des Deutschen
olk es. HS w as supported by Grants-in-Aid for Scientific Research

KAKENHI) of Japan Society for the Promotion of Science (JSPS;
rant numbers JP21H01136 and JP19K14758). KT was supported
y NAOJ ALMA Scientific Research grant number 2022-22B and
8 We estimate the luminosity at 1 GHz using: L 1 GHz = 4 πd 2 S 1 GHz , where 
 is distance and S 1 GHz is flux density at 1 GHz. 



ATCA study of SMC SNR E0102 1459 

G
f
a
S
t
t  

S
d
f  

I
m
p

D

T
fi
u
a
(
(

R

A  

A
A
A
A  

A  

A
B
B
B
B
B
B  

B  

B  

B
B
C  

C  

C  

C

C  

D  

D
D
D

D  

 

D
D
D
D
D
F
F
F
F  

F  

F
F
F  

F
F  

G  

G  

G
G  

G
H
H
H  

H
H
H  

J
J  

 

J
K
K  

 

K
L
L
L  

L
M
M  

M
M
M
M  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/1/1444/7331444 by C
N

R
S - ISTO

 user on 20 N
ovem

ber 2023
rants-in-Aid for Scientific Research (KAKENHI) of Japan Society 
or the Promotion of Science (JSPS; grant numbers JP21H00049 
nd JP21K13962). DU acknowledges the Ministry of Education, 
cience and Technological Development of the Republic of Serbia 

hrough the contract number 451-03-68/2022-14/200104, and for 
he support through the joint project of the Serbian Academy of
ciences and Arts and Bulgarian Academy of Sciences on the 
etection of extragalactic SNRs and H II regions. RB acknowledges 
unding from the Irish Research Council under the Go v ernment of
reland Postdoctoral Fellowship program. Based on observations 
ade with ESO Telescopes at the La Silla Paranal Observatory under 

rogramme ID 297.D-5058[A]. 

ATA  AVA ILA BILITY  

he data that support the plots/images within this paper and other 
ndings of this study are available from the corresponding author 
pon reasonable request. The ASKAP data used in this paper 
re available through the CSIRO ASKAP Science Data Archive 
CASDA) and ATCA data via the Australia Telescope Online Archive 
ATOA). 

EFER ENCES  

llen G. E. , Chow K., DeLane y T., Filipo vi ́c M. D., Houck J. C., Pannuti T.
G., Stage M. D., 2015, ApJ , 798, 82 

lsaberi R. Z. E. et al., 2019a, Ap&SS , 364, 204 
lsaberi R. Z. E. et al., 2019b, MNRAS , 486, 2507 
my S. W. , Ball L., 1993, ApJ , 411, 761 
rbutina B. , Uro ̌sevi ́c D., Andjeli ́c M. M., P avlo vi ́c M. Z., Vukoti ́c B., 2012,

ApJ , 746, 79 
rbutina B. , Uro ̌sevi ́c D., Vu ̌ceti ́c M. M., P avlo vi ́c M. Z., Vukoti ́c B., 2013,

ApJ , 777, 31 
rias M. et al., 2018, A&A , 612, A110 
ano v etz J. et al., 2021, ApJ , 912, 33 
lair W. P. et al., 2000, ApJ , 537, 667 
orkowski K. J. et al., 2006, ApJ , 642, L141 
ozzetto L. M. et al., 2017, ApJS , 230, 2 
ozzetto L. M. et al., 2023, MNRAS , 518, 2574 
ozzetto L. M. , Filipovic M. D., Urosevic D., Crawford E. J., 2012, Serb.

Astron. J. , 185, 25 
ozzetto L. M. , Filipovi ́c M. D., Uro ̌sevi ́c D., Kothes R., Crawford E. J.,

2014, MNRAS , 440, 3220 
rantseg T. , McEntaffer R. L., Bozzetto L. M., Filipovic M., Grieves N.,

2014, ApJ , 780, 50 
rentjens M. A. , de Bruyn A. G., 2005, A&A , 441, 1217 
urn B. J. , 1966, MNRAS , 133, 67 
lark D. H. , Stephenson F. R., 1977, The historical supernovae. Pergamon

Press, United Kingdom 

larke J. N. , Little A. G., Mills B. Y., 1976, Aust. J. Ph ys. Astroph ys. Suppl.,
40, 1 

ollischon C. , Sasaki M., Mecke K., Points S. D., Klatt M. A., 2021, A&A ,
653, A16 

ortes P. C. et al., 2020, ALMA Technical Handbook,ALMA Doc. 8.4, 
ver. 1.0, almascience.nrao.edu/documents- and- tools/cycle8/alma- techn 
ical-handbook

rawford E. J. , Filipovic M. D., de Horta A. Y., Stootman F. H., Payne J. L.,
2008, Serb. Astron. J. , 177, 61 

as S. , Brose R., Meyer D. M. A., Pohl M., Sushch I., Plotko P., 2022, A&A ,
661, A128 

e Horta A. Y. et al., 2014, Serb. Astron. J. , 189, 41 
eLaney T. , Kassim N. E., Rudnick L., Perley R. A., 2014, ApJ , 785, 7 
eLaney T. , Koralesky B., Rudnick L., Dickel J. R., 2002, ApJ , 580, 914 
ickel J. R. , Jones E. M., 1990, in Beck R., Kronberg P. P., Wielebinski
R., eds, IA U Ser ., Vol. 140, Galactic and Intergalactic Magnetic Fields.
Cambridge University Press, England, p. 81 

ickel J. R. , Milne D. K., 1995, AJ , 109, 200 
ickel J. R. , Milne D. K., 1998, AJ , 115, 1057 
ickel J. R. , van Breugel W. J. M., Strom R. G., 1991, AJ , 101, 2151 
opita M. A. , Tuohy I. R., Mathewson D. S., 1981, ApJ , 248, L105 
uncan A. R. , Reich P., Reich W., F ̈urst E., 1999, A&A, 350, 447 
errand G. , Safi-Harb S., 2012, Advances in Space Research , 49, 1313 
esen R. A. et al., 2006, ApJ , 645, 283 
ilipovi ́c M. D. et al., 2022, MNRAS , 512, 265 
ilipovi ́c M. D. , Bohlsen T., Reid W., Stav ele y-Smith L., Jones P. A., Nohejl

K., Goldstein G., 2002, MNRAS , 335, 1085 
ilipovi ́c M. D. , Tothill N. F. H., 2021, Principles of Multimessenger

Astronomy. AAS-IOP astronomy, IOP Publishing, London 
indlay J. W. , 1966, ARA&A , 4, 77 
inkelstein S. L. et al., 2006, ApJ , 641, 919 
lanagan K. A. , Canizares C. R., Dewey D., Houck J. C., Fredericks A. C.,

Schattenburg M. L., Markert T. H., Davis D. S., 2004, ApJ , 605, 230 
or B. Q. et al., 2018, MNRAS , 480, 2743 
ruscione A. et al., 2006, in Silva D. R., Doxsey R. E., eds, Society of Photo-

Optical Instrumentation Engineers (SPIE) Conference Series Vol. 6270. 
SPIE, Florida, p. 62701V 

aetz T. J. , Butt Y. M., Edgar R. J., Eriksen K. A., Plucinsky P. P., Schlegel
E. M., Smith R. K., 2000, ApJ , 534, L47 

ooch R. , 1995, in Shaw R. A., Payne H. E., Hayes J. J. E., eds, Astronomical
Society of the Pacific Conference Series, Vol. 77, Astronomical Data 
Analysis Software and Systems IV. ASP, San Francisco, p. 144 

raczyk D. et al., 2020, ApJ , 904, 13 
raessle D. E. , Evans I. N., Glotfelty K., He X. H., Evans J. D., Rots A. H.,

Fabbiano G., Brissenden R. J., 2007, Chandra News, 14, 33 
reen D. A. , 2014, Bull. Astron. Soc. India, 42, 47 
aberl F. et al., 2012, A&A , 543, A154 
ancock P. J. , Trott C. M., Hurley-Walker N., 2018, PASA , 35, e011 
iggs L. A. , Hoffmann A. P., Willis A. G., 1997, in Hunt G., Payne H.,

eds, Astronomical Society of the Pacific Conference Series, Vol. 125, 
Astronomical Data Analysis Software and Systems VI. ASP, Virginia, p. 
58 

ilditch R. W. , Howarth I. D., Harries T. J., 2005, MNRAS , 357, 304 
ughes J. P. , 2000, ApJ , 545, L53 
urle y-Walker N. , P ayne J. L., Filipo vi ́c M. D., Tothill N., 2021, in Filipovi ́c

M. D., Tothill N. F. H.eds, 2514–3433, Multimessenger Astronomy in 
Practice. IOP Publishing, London, p. 2 

oseph T. D. et al., 2019, MNRAS , 490, 1202 
oye W. A. , Mandel E., 2003, in Payne H. E., Jedrzejewski R. I., Hook R.

N., eds, Astronomical Society of the Pacific Conference Series, Vol. 295,
Astronomical Data Analysis Software and Systems XII. ASP, Maryland, 
p. 489 

un B.-I. , Norman M. L., 1996, ApJ , 465, 800 
ishishita T. , Hiraga J., Uchiyama Y., 2013, A&A , 551, A132 
othes R. , Brown J.-A., 2009, in Strassmeier K. G., Kosovichev A. G.,

Beckman J. E.eds, International Astronomical Union (IAU) Series, Vol. 
259, Cosmic Magnetic Fields: From Planets, to Stars and Galaxies. p. 75,
preprint ( arXiv:0812.3392 ), 

othes R. , Reich W., 2001, A&A , 372, 627 
aw C. J. et al., 2020, ApJ , 894, 73 
e Roux E. , 1961, Ann. Astrophys., 24, 71 
ivingston J. D. , McClure-Griffiths N. M., Mao S. A., Ma Y. K., Gaensler B.

M., Heald G., Seta A., 2022, MNRAS , 510, 260 
uken K. J. et al., 2020, MNRAS , 492, 2606 
aggi P. et al., 2019, A&A , 631, A127 
ao S. A. , Gaensler B. M., Stanimiro vi ́c S., Hav erkorn M., McClure-Griffiths

N. M., Stav ele y-Smith L., Dickey J. M., 2008, ApJ , 688, 1029 
axted N. I. et al., 2018, ApJ , 866, 76 
ayer C. H. , Hollinger J. P., 1968, ApJ , 151, 53 
cKee C. F. , van Buren D., Lazareff B., 1984, ApJ , 278, L115 
cMullin J. P. , Waters B., Schiebel D., Young W., Golap K., 2007, in Shaw R.

A., Hill F., Bell D. J., eds, Astronomical Society of the Pacific Conference
MNRAS 527, 1444–1460 (2024) 

http://dx.doi.org/10.1088/0004-637X/798/2/82
http://dx.doi.org/10.1007/s10509-019-3696-8
http://dx.doi.org/10.1093/mnras/stz971
http://dx.doi.org/10.1086/172878
http://dx.doi.org/10.1088/0004-637X/746/1/79
http://dx.doi.org/10.1088/0004-637X/777/1/31
http://dx.doi.org/10.1051/0004-6361/201732411
http://dx.doi.org/10.3847/1538-4357/abe2a7
http://dx.doi.org/10.1086/309077
http://dx.doi.org/10.1086/504472
http://dx.doi.org/10.3847/1538-4365/aa653c
http://dx.doi.org/10.1093/mnras/stac2922
http://dx.doi.org/10.2298/SAJ1285025B
http://dx.doi.org/10.1093/mnras/stu499
http://dx.doi.org/10.1088/0004-637X/780/1/50
http://dx.doi.org/10.1051/0004-6361:20052990
http://dx.doi.org/10.1093/mnras/133.1.67
http://dx.doi.org/10.1051/0004-6361/202040153
https://almascience.nrao.edu/documents-and-tools/cycle8/alma-technical-handbook
http://dx.doi.org/10.2298/SAJ0877061C
http://dx.doi.org/10.1051/0004-6361/202142747
http://dx.doi.org/10.2298/SAJ140605001H
http://dx.doi.org/10.1088/0004-637X/785/1/7
http://dx.doi.org/10.1086/343787
http://dx.doi.org/10.1086/117266
http://dx.doi.org/10.1086/300246
http://dx.doi.org/10.1086/115837
http://dx.doi.org/10.1086/183635
http://dx.doi.org/10.1016/j.asr.2012.02.004
http://dx.doi.org/10.1086/504254
http://dx.doi.org/10.1093/mnras/stac210
http://dx.doi.org/10.1046/j.1365-8711.2002.05702.x
http://dx.doi.org/10.1146/annurev.aa.04.090166.000453
http://dx.doi.org/10.1086/500570
http://dx.doi.org/10.1086/382145
http://dx.doi.org/10.1093/mnras/sty1960
http://dx.doi.org/10.1086/312640
http://dx.doi.org/10.3847/1538-4357/abbb2b
http://dx.doi.org/10.1051/0004-6361/201218971
http://dx.doi.org/10.1017/pasa.2018.3
http://dx.doi.org/10.1111/j.1365-2966.2005.08653.x
http://dx.doi.org/10.1086/317337
http://dx.doi.org/10.1093/mnras/stz2650
http://dx.doi.org/10.1086/177464
http://dx.doi.org/10.1051/0004-6361/201220525
http://arxiv.org/abs/0812.3392
http://dx.doi.org/10.1051/0004-6361:20010407
http://dx.doi.org/10.3847/1538-4357/ab873a
http://dx.doi.org/10.1093/mnras/stab3375
http://dx.doi.org/10.1093/mnras/stz3439
http://dx.doi.org/10.1051/0004-6361/201936583
http://dx.doi.org/10.1086/590546
http://dx.doi.org/10.3847/1538-4357/aae082
http://dx.doi.org/10.1086/149418
http://dx.doi.org/10.1086/184237


1460 R. Z. E. Alsaberi et al. 

M

 

M
O
O
P  

P
P
P  

P
R
R  

R
R
R
S
S
S  

S  

 

 

S  

S
S  

S  

 

S  

S  

T
T
T  

T
U
U
U
U
v
V  

V  

V  

V  

W
W  

W
W
X  

Z  

Z  

Z
Z  

1 Western Sydney Univer sity, Lock ed Ba g 1797, Penrith, NSW 2751, Australia 
2 CSIRO Astronomy and Space Sciences, Australia Telescope National Facil- 
ity, PO Box 76, Epping, NSW 1710, Australia 
3 Faculty of Engineering, Gifu University, 1–1 Yanagido, Gifu 501–1193, 
Japan 
4 National Astronomical Observatory of Japan, Mitaka, Tokyo 181–8588, 
Japan 
5 Dominion Radio Astrophysical Observatory, Herzberg Astronomy and 
Astrophysics, National Research Council Canada, PO Box 248, Penticton, 
BC V2A 6J9, Canada 
6 Dublin Institute for Advanced Studies, Astronomy & Astrophysics Section, 
31 Fitzwilliam Place, D02 XF86 Dublin 2, Ireland 
7 Dr Karl Remeis Observatory, Erlangen Centre for Astroparticle Physics, 
Friedrich-Alexander University Erlangen-N ̈urnberg, Sternwartstr. 7, D- 
96049 Bamberg, Germany 
8 Max-Planck-Institut f ̈ur extr aterrestrisc he Physik, Gießenbac hstr aße 1, D- 
85748 Garching, Germany 
9 School of Cosmic Physics, Dublin Institute for Advanced Studies, 31 
Fitzwillam Place, Dublin 2, Ireland 
10 Department of Physics and Astronomy, University of Calgary, University 
of Calgary, Calgary, AB T2N 1N4, Canada 
11 Observatoire Astronomique de Strasbourg , Univer sit ́e de Strasbourg, 
CNRS, 11 rue de l’Universit ́e, F-67000 Strasbourg, France 
12 European Southern Observatory, Alonso de C ́ordova 3107, Vitacura 763 
0355, Santiago, Chile 
13 Joint ALMA Observatory, Alonso de C ́ordova 3107, Vitacura 763 0355, 
Santiago, Chile 
14 School of Physical Sciences, The University of Adelaide, Adelaide 5005, 
Australia 
15 School of Science , Univer sity of New South Wales, Australian Defence Force 
Academy, Canberra, ACT 2600, Australia 
16 Department of Earth and Planetary Sciences, Faculty of Sciences, Kyushu 
University, Nishi-ku, Fukuoka 819–0395, Japan 
17 National Astronomical Observatory of Japan, National Institutes of Natural 
Sciences, 2-21-1 Osawa, Mitaka, Tokyo 181–8588, Japan 
18 Department of Physics, Graduate School of Science, Osaka Metropolitan 
University, 1–1 Gakuen-cho, Naka-ku, Sakai, Osaka 599–8531, Japan 
19 Department of Astronomy, Faculty of Mathematics, University of Belgrade, 
Studentski trg 16, 11000 Belgrade, Serbia 
20 Isaac Newton Institute of Chile, Yugoslavia Branch 
21 Lennard-Jones Laboratories, Keele University, Staffordshire ST5 5BG, UK 

22 Federal Office of Meteorology and Climatology—MeteoSwiss, Chemin de 
l’A ́erologie 1, CH-1530 Payerne, Switzerland 

This paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/1/1444/7331444 by C
N

R
S - ISTO

 user on 20 N
ovem

ber 2023
Series, Vol. 376, Astronomical Data Analysis Software and Systems XVI.
ASP, Arizona, p. 127 

ilne D. K. , 1995, MNRAS , 277, 1435 
rlando S. et al., 2022, A&A , 666, A2 
tsuka M. et al., 2010, A&A , 518, L139 
ark S. , Hughes J. P., Slane P. O., Burrows D. N., Lee J.-J., Mori K., 2012,

ApJ , 748, 117 
atnaude D. J. , Badenes C., Park S., Laming J. M., 2012, ApJ , 756, 6 
 avlo vi ́c M. Z. , 2017, MNRAS , 468, 1616 
 avlo vi ́c M. Z. , Uro ̌sevi ́c D., Arbutina B., Orlando S., Maxted N., Filipovi ́c

M. D., 2018, ApJ , 852, 84 
ingel N. M. et al., 2022, PASA , 39, e005 
est A. et al., 2005, Nature , 438, 1132 
eynolds S. P. , Borkowski K. J., Green D. A., Hwang U., Harrus I., Petre R.,

2008, ApJ , 680, L41 
eynolds S. P. , Borkowski K. J., Gwynne P. H., 2018, ApJ , 856, 133 
eynoso E. M. , Hughes J. P., Moffett D. A., 2013, AJ , 145, 104 
oper Q. et al., 2018, MNRAS , 479, 1800 
ano H. et al., 2019a, ApJ , 873, 40 
ano H. et al., 2019b, ApJ , 881, 85 
asaki M. , Gaetz T. J., Blair W. P., Edgar R. J., Morse J. A., Plucinsky P. P.,

Smith R. K., 2006, ApJ , 642, 260 
ault R. J. , Teuben P. J., Wright M. C. H., 1995, in Shaw R. A., Payne H.

E., Hayes J. J. E., eds, Astronomical Society of the Pacific Conference
Series, Vol. 77, Astronomical Data Analysis Software and Systems IV.
ASP, San Francisco, p. 433 

edov L. I. , 1959, Similarity and Dimensional Methods in Mechanics.
Academic Press, New York and London 

eward F. D. , Mitchell M., 1981, ApJ , 243, 736 
okoloff D. D. , Bykov A. A., Shukurov A., Berkhuijsen E. M., Beck R.,

Poezd A. D., 1998, MNRAS , 299, 189 
tanimirovi ́c S. , Bolatto A. D., Sandstrom K., Leroy A. K., Simon J.

D., Gaensler B. M., Shah R. Y., Jackson J. M., 2005, ApJ , 632,
L103 

tupar M. , Filipovi ́c M. D., Jones P. A., Parker Q. A., 2005, Adv. Space Res. ,
35, 1047 

un X. H. , Reich P., Reich W., Xiao L., Gao X. Y., Han J. L., 2011, A&A ,
536, A83 

am C. , Roberts M. S. E., Kaspi V. M., 2002, ApJ , 572, 202 
okuda K. et al., 2021, ApJ , 922, 171 
ran A. , Williams B. J., Petre R., Ressler S. M., Reynolds S. P., 2015, ApJ ,

812, 101 
urtle A. J. , Ye T., Amy S. W., Nicholls J., 1998, PASA , 15, 280 
ro ̌sevi ́c D. , 2014, Ap&SS , 354, 541 
ro ̌sevi ́c D. , 2020, Nat. Astron. , 4, 910 
ro ̌sevi ́c D. , 2022, PASP , 134, 061001 
ro ̌sevi ́c D. , P avlo vi ́c M. Z., Arbutina B., 2018, ApJ , 855, 59 
an den Bergh S. , 1988, ApJ , 327, 156 
ink J. , 2006, in Wilson A.ed., ESA Special Publication Vol. 604, The X-ray

Universe 2005. p. 319, preprint ( arXiv:astro-ph/0601131 ) 
ink J. , 2020, Physics and evolution of supernova remnants. Astronomy and

astrophysics library, Springer, Cham, Switzerland 
ogt F. P. A. , Seitenzahl I. R., Dopita M. A., Ghavamian P., 2017, A&A , 602,

L4 
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