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SUMMARY: We present a high-resolution radio-continuum view and multi-frequency analysis of
the Large Magellanic Cloud (LMC) Supernova Remnant (SNR) J0450.4—7050, which we nicknamed
Veliki. These high-resolution observations reveal a larger extent than previously measured, making
J0450.4—7050 one of the largest SNRs that we know of. Additionally, we observe a higher than ex-
pected radio surface brightness and an unusually flat spectral index (o« = —0.26 & 0.02), with little
spectral variation over the remnant. We observe a bright Ha shell indicating significant cooling over
the remnant, but also an excess of [O11l] on the eastern shock front. We investigate several theoreti-
cal scenarios to explain the emission and radio evolution of J0450.4—7050 in the context of the LMC
environment, and determine that this is most likely an older, predominantly radiative, SNR with a
higher shock compression ratio, which gives a flatter non-thermal spectrum in combination with ther-
mal (bremsstrahlung) emission contribution.
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1. INTRODUCTION

Supernova Remnants (SNRs) have been exten-
sively studied in terms of their evolution and impact
on stellar and galactic evolution. Extensive studies
have been conducted on the Galactic SNR popula-
tion and on the SNR populations of nearby galaxies to
understand their full evolution and physical proper-
ties. Several galaxies have had their SNR populations
studied in detail, such as the Large Magellanic Cloud
(LMC) (Filipovic et al. 1996b, Filipovi¢ et al. 1998,
Payne et al. 2008, Bozzetto et al. 2015, Maggi et al.
2016, Bozzetto et al. 2017, Yew et al. 2021, Bozzetto
et al. 2023, Filipovi¢ et al. 2021, Zangrandi et al.
2024), the Small Magellanic Cloud (SMC) (Payne
et al. 2007, Filipovi¢ et al. 2008, Maggi et al. 2019,
Cotton et al. 2024b), M31 (Galvin and Filipovié¢ 2014,
Kavanagh et al. 2020), as well as a number of nearby
galaxies outside of the Local Group (Millar et al.
2011, Pannuti et al. 2011, Galvin et al. 2012, Millar
et al. 2012, O’Brien et al. 2013, Galvin et al. 2014,
Pannuti et al. 2015, Yew et al. 2018), which provides
a unique opportunity to study entire galactic SNR
populations in detail.

The newest generation of radio telescopes, such
as Australian Square Kilometre Array Pathfinder
(ASKAP) and MeerKAT, are ideal for analysing
SNRs. With a higher resolution and sensitivity
than previously available, they allow in-depth radio-
continuum studies to be conducted. This has been
demonstrated by the discovery of several new indi-
vidual SNRs, such as J0624—6948 (Filipovié et al.
2022), G288.8-6.3 (Ancora; Filipovi¢ et al. 2023,
Burger-Scheidlin et al. 2024), G181.1-9.5 (Kothes
et al. 2017), G121.1-1.9 (Khabibullin et al. 2023),
G329.9—0.5 (Perun; Smeaton et al. 2024), and
G305.4—2.2 (Teleios; Filipovic et al. 2025)) and
SNR candidates, such as G308.73+1.38 (Raspberry;
Lazarevié¢ et al. 2024) and G312.65+2.87 (Unicycle;
Smeaton et al. 2024), as well as recent studies which
uncover new details about previously known SNRs,
such as G278.94+1.35 (Diprotodon; Filipovi¢ et al.
2024). It has also been demonstrated by the large-
scale surveys conducted with these telescopes, which
have resulted in several discoveries and analysis of
several SNRs and SNR candidates (Ball et al. 2023,
Cotton et al. 2024a,b, Goedhart et al. 2024, Anderson
et al. 2025, Ball et al. 2025, in press). These high-
light the importance of radio-continuum observations
in discovering and analysing SNR, populations.

Due to the LMC’s nearby location (~50kpc;
Pietrzynski et al. 2019) in an area with relatively
weak Galactic emission interference, we are able to
fully resolve the SNRs and study their physical prop-
erties in detail. Thus, we can map the evolution of an
entire population and determine how the properties
of the galaxy influence their evolution. To this end,
we present a detailed study of one of the LMC SNRs,
J0450.4—7050 (also known as J0450-709 and
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MC 11), which we give the nickname Veliki'. Veliki
displays unusual properties which may be attributed,
in part, to its location within the different environ-
ment of the LMC.

As one of the largest known SNRs in the LMC, Ve-
liki has been extensively studied at multiple frequen-
cies. It was discovered at radio frequencies as an un-
classified radio source at 4800 MHz using the Parkes
radio telescope (McGee et al. 1972), where it was
named MC 11. It appears in several subsequent large-
scale radio surveys with radio measurements ranging
from 408 MHz to 8.85 GHz (Clarke et al. 1976, Wright
et al. 1994, Filipovié et al. 1995, 1996a, 1998). Math-
ewson et al. (1985) were the first to classify Veliki
as an SNR using narrow-band optical observations to
measure the [SII]/Ha ratio of ~0.7, which classified
it as an evolved SNR using the criteria of Mathewson
and Clarke (1973).

Veliki was then studied using X-ray and optical
data by Williams et al. (2004). Their analysis re-
vealed a complex filamentary optical structure with
distinct inner and outer shell structure, with differ-
ent expansion velocities; ~120kms™! for the outer
shell and ~220kms~! for the inner. They detect in-
terior X-ray emission and estimate a minimum age
of ~45,000 years, making Veliki an evolved mixed-
morphology (MM) remnant.

Veliki has also been observed in the Far ultra-
violet (UV) (Blair et al. 2006), and also appears in
the Infrared (IR) study of LMC SNRs by Lakicevi¢
et al. (2015). The most recent radio analysis was per-
formed by Cajko et al. (2009). Their radio analysis
showed a spectral index o = —0.43 £ 0.06, slightly
flatter than expected and attributed to thermal con-
tributions, as well as a physical size of 102x75+1 pc
and a peak radio polarisation of ~40%. Veliki also
appears in several other LMC SNR analyses (Maggi
et al. 2016, Bozzetto et al. 2017, Zangrandi et al.
2024). Maggi et al. (2016) gives X-ray proper-
ties of the 0.2440.02keV plasma temperature and
33.613%% % 10°® cm™* emission measure, which are
best fit by a one-component collisional ionisation
equilibrium (CIE) model. This suggests that the in-
ner plasma has reached thermal equilibrium between
electrons and ions (kTe = kT4), consistent with
an evolved SNR where sufficient time has passed to
achieve electron-ion temperature equilibrium through
Coulomb collisions (Vink 2012). The analysis of
Bozzetto et al. (2017) also states a possible core-
collapse (CC) origin for Veliki.

There have been ~-ray surveys conducted of
the LMC, and there are currently only a hand-
ful of v-ray emitting LMC SNRs known. Veliki is
not detected in the current -ray studies, includ-
ing the recent Fermi-LAT survey (Tramacere et al.
2025) which detected several y-ray emitting SNRs,
but did not cover Veliki’s location. These detec-
tions are expected to increase when Cherenkov Tele-

LVeliki (Beauku) meaning large in Serbian.
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Fig. 1: Five colour multi-frequency image of Veliki. Red is optical MCELS Ha, green is 1.3 GHz MeerKAT radio,
blue is XMM-Newton soft X-ray (0.3—1keV), yellow is optical MCELS [O111], and cyan is 250 um Herschel IR.

scope Array (CTA) observations commence, which
should achieve higher sensitivities than previously ob-
tained (Acharyya et al. 2023).

In this paper, we present new radio observations
of Veliki using data from the ASKAP and MeerKAT
radio telescopes (see Section 2) with higher resolu-
tion and sensitivity than previous data. We also use
archival data at other frequencies to perform a multi-
frequency analysis of the properties. In Section 2 we
detail the data used, in Section 3 we show results of
the analysis, in Section 4 we discuss theoretical in-
terpretations, and in Section 5 we present the final
conclusions.

2. OBSERVATIONS AND DATA
REDUCTION

The continuum data used consists of radio data
from the ASKAP, MeerKAT, Murchison Widefield
Array (MWA), and Molonglo Observatory Synthe-
sis Telescope (MOST) radio telescopes, IR data from
the Herschel telescope, optical data from the MCELS
survey, and X-ray data from the XMM-Newton tele-
scope. We also use spectral line data, specifically
Hr data from the Australia Telescope Compact Ar-
ray (ATCA) and Parkes telescopes, and CO data
from the Magellanic Mopra Assessment (MAGMA)
survey.
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2.1. Radio-continuum data

2.1.1. ASKAP

Veliki’s location in the LMC has been observed
with the ASKAP telescope (Johnston et al. 2008,
Hotan et al. 2021) as part of the large-scale Evolu-
tionary Map of the Universe (EMU) survey (Norris
et al. 2011, 2021, Hopkins et al. 2025). This area
was covered at 888 MHz as part of the ASKAP com-
missioning and early science (ACES, project code
AS033, scheduling block SB 8532) (Pennock et al.
2021, Bozzetto et al. 2023), and again in the subse-
quent main survey at 943 MHz (project code AS201).

Both observations were conducted using the en-
tire 36 antenna ASKAP array with a bandwidth of
288 MHz. The early science 888 MHz data has a
restoring beam of 13.9”x12.1” (position angle PA=—
84.4°) and the main survey 944 MHz data is con-
volved to a common beam size of 15”x15”. All
EMU data was reduced using the standard ASKAP-
Soft pipeline which involves mutli-scale cleaning,
self-calibration, and multi-frequency synthesis imag-
ing (Guzman et al. 2019). Veliki appears in three
separate EMU main scheduling blocks, SB 46957,
SB 48589, and SB 46962, however, in SB 48589 and
SB 46962, Veliki is located at the edge of the tile
where sensitivity drops exponentially (Hopkins et al.
2025). Due to this, only SB 46957 is used in this
analysis.

2.1.2. MeerKAT

The MeerKAT data used comes from the recent
MeerKAT survey of the LMC under project code
SSV-20180505-FC-02. The observations were con-
ducted using the MeerKAT L-band split into 14 sub-
band channels from 856—1712 MHz. Two sub-bands
(centred at 1198.9 and 1255.8 MHz) were blanked due
to Radio-Frequency Interference (RFI). Observations
were conducted for all Stokes I, Q, U, and V parame-
ters, and the data consists of all sub-bands as well as
an additional broadband image centred at 1295 MHz
across the whole bandwidth. Details of the image
generation, calibration, data reduction, and final sur-
vey will be presented in Cotton et al. (in prep) and
Rajabpour et al. (in prep). We use the Stokes I
data products for our radio-continuum analysis, and
the Stokes I, Q, and U products for our polarisation
analysis.

2.1.3. MWA

We use radio data from the MWA telescope (Tin-
gay et al. 2013). Specifically, we use the radio-
continuum maps of the LMC from the GaLactic and
Extragalactic All-sky MWA (GLEAM) (Wayth et al.
2015, Hurley-Walker et al. 2017) survey at 88, 118,
155, and 200 MHz as described in For et al. (2018).
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2.1.4. MOST

We also use the more recent 843 MHz MOST radio
survey of the LMC (Turtle and Amy 1991) to remea-
sure the prior MOST measurement of Mathewson and
Clarke (1973). The Mathewson and Clarke (1973)
843 MHz measurement significantly differed from our
new ASKAP 888 MHz measurement, and thus we re-
measured from the more recent 843 MHz MOST sur-
vey data (see Section. 3.2 for more detail).

2.2. Optical data

We use optical data from the MCELS optical sur-
vey (Smith et al. 2000) of the Magellanic Clouds
(MCs). The survey imaged the central 8°x8° of the
LMC using the UM/CTIO Curtis Schmidt telescope
and achieved a resolution of 3-4”. We use the narrow-
band observations of Ha (centred at 656.3 nm with a
bandwidth of 3nm), [S1] (centred at 672.4 nm with a
bandwidth of 5nm), and [O111] (centred at 500.7 nm
with a bandwidth of 4 nm).

2.3. IR

We use Far Infrared (FIR) data from the HER-
schel Inventory of The Agents of Galaxy Evolution
(HERITAGE) (Meixner et al. 2006) survey conducted
using the Herschel Space telescope (Pilbratt et al.
2010). Specifically, we use the longest wavelengths
from the Spectral and Photometric Imaging Receiver
(SPIRE) instrument at 250, 350, and 500 pm.

2.4.

We use X-ray data from the XMM-Newton tele-
scope. We use data from the MC XMM-Newton sur-
vey (Haberl 2014, Maggi et al. 2016, 2019), which sur-
veyed the LMC and SMC with the full XMM-Newton
bandwidth (0.2—10.0keV) with a sensitivity of Fx
(0.3—8keV) ~ 10714 ergem 2571, We use only the
soft X-ray band (0.3—1keV) in this analysis.

X-ray

2.5. HiI

We also used archival H1 data published by Kim
et al. (2003). The H1 data were obtained by combin-
ing the Australia Telescope Compact Array and the
Parkes 64-m radio telescope observations. The angu-
lar resolution of the HI data is 1!0, corresponding to
the spatial resolution of ~15 pc at the distance of the
LMC. The typical rms noise is ~2.5 K at the velocity
resolution of ~1.6 km s~1.

2.6. CO

The 2CO(J = 1-0) data were obtained from the
Magellanic Mopra Assessment (MAGMADRS3, Wong
et al. 2011, 2017). The angular resolution is ~45",
corresponding to spatial resolution of ~11 pc at the
distance of the LMC. The typical rms noise is ~0.3 K

at velocity resolution of ~0.5 km s~1.



RADIO ANALYSIS OF Veliki

3. RESULTS

3.1. Morphology

We analyse the morphology of Veliki at sev-
eral different frequencies (see Fig. 1). Veliki has
a filamentary shell-like morphology at optical
and radio frequencies, elongated along the north-
south axis and with a brighter clump of emis-
sion on the western edge (see Fig. 2). From
the MeerKAT data, we measure the centre
of the remmnant to be RA(J2000)=4"50"26.8°,
Dec(J2000) = —70%50™45.5%, with angular diameters
10.3"x5.6" and position angle 17.6° (measured coun-
terclockwise from north axis), corresponding to a
physical size of 150 pcx 81 pc at the LMC (Pietrzyniski
et al. 2019). This size is significantly larger than pre-
viously reported in radio (102 pex 75 pe; Cajko et al.
2009), and this is due to the faint filamentary struc-
ture visible in the north and south, which was not
visible in the previous radio images.

The Ha and [S1] emission are closely correlated
and form an optical filamentary shell across the entire
remnant (see Fig. 3, first, second, and third panels).
The optical and radio emission are closely correlated
with the optical leading the radio along the majority
of the shell; the only exception being the southern
filamentary structure which is only visible in radio.
We note an excess of the [O111] emission in the east-
ern rim of the remnant, leading both the radio and
[Su]/Ha shell (see Fig. 3, fourth panel).

Veliki has interior soft X-ray (0.3—1.0keV) emis-
sion which is not visible at higher frequencies (>1keV
for XMM-Newton). This emission is confined to the
interior of the SNR, with bright patches in the middle
eastern section and in the western protruding clump.
The exact X-ray properties of these clumps could be
better determined with in-depth X-ray analysis, such
as by XMM-Newton or Chandra, which could poten-
tially reveal the chemical composition of the ejecta
with X-ray spectroscopy. There is a complex filamen-
tary Ha structure near the eastern edge identified by
Williams et al. (2004) and measured to be expanding
faster (~220km s~!) than the outer shell (~120km
s~1). There are no obvious radio or X-ray structures
which correlate with this inner Ha shell.

Veliki itself does not appear at IR frequencies (see
Fig. 4). There is a bright patch of IR emission to the
north-east of the shell, which appears to correspond
with a catalogued molecular cloud PGCC G272.62-
35.35 (Planck Collaboration et al. 2016). The cloud is
not within the SNR extent, however, the IR emission
closely traces the north-eastern radio and [Si1]/Ha
rim, directly above the western bulge. The findings
of Lakiéevié¢ et al. (2015) conclude that interaction
between Veliki and a surrounding cloud is in progress
or imminent, (see Section 4.2).

Veliki itself does not appear in the Hi and CO
observations (see Fig. 5). The integrated HI cov-
ers the entire area, however, the CO observations

are restricted to a small portion of the north-western
rim. We detect two distinct peaks in the CO emis-
sion corresponding with the observed IR patch and
the molecular cloud. We also observe a possible Hi1
cavity at the velocity range 231.2 kms™! < Vigr <
242.8 kms~! which spatially corresponds with Ve-
liki’s location (see Fig. 5, panel (b)). The Hi, CO,
and IR observations are discussed in more detail in
Section 4.2, in relation to Veliki’s environment.

3.2. Radio flux densities

We fit a region around Veliki using the Cube Anal-
ysis and Rendering Tool for Astronomy (CARTA)
imaging software (Comrie et al. 2021) to extract flux
density measurements. We use an elliptical region
based on the remnant centre and angular diameters
as described in Section 3.1. We measure flux den-
sities from the 88, 118, 155, and 200 MHz MWA
data, the 888 and 944 MHz ASKAP data and the
1.3 GHz MeerKAT data (see Table 1). We also remea-
sured the 843 MHz flux density measurement from
MOST. The previously measured value was 837 mJy
from Mathewson et al. (1985); at odds with our
most recent value of 696+70mJy at 888 MHz from
ASKAP. We thus used the more recent MOST im-
ages of the LMC by Turtle and Amy (1991) to re-
measure and verify this data point, and measured a
value of 671£67 mJy, more consistent with expecta-
tions from ASKAP. We estimate a 10% error in our
ASKAP, MeerKAT, and MOST flux density mea-
surements, similar to the methodology used in Fil-
ipovié et al. (2022, 2023, 2024), Smeaton et al. (2024)
and Bradley et al. (2025). Due to the significantly
poorer resolution of the MWA images caused by the
lower frequency, we assume a 20% error for these
measurements. We list these new measurements and
previously catalogued flux density measurements for
Veliki in Table 1.

3.3. Radio spectral index

We use the flux density values (see Table 1) to
calculate the overall spectral index of Veliki, de-
fined as S o« v, where S =integrated flux density,
v =observing frequency, and « =spectral index (Fil-
ipovi¢ and Tothill 2021). We use all available mea-
surements to calculate the total spectral index, and
the available high-resolution images to generate a
spectral index map.

3.8.1. Total spectral index

The linear fit was conducted using the LIN-
REGRESS” function in the Python library scipy (Vir-
tanen et al. 2020) which uses a linear least-squares
regression method to find the line of the best fit to
the data. The quoted uncertainty is defined as the

?https://docs.scipy.org/doc/scipy/reference/
generated/scipy.stats.linregress.html
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Fig. 2: MeerKAT 1.3 GHz view of LMC SNR J0450-709. The image is linearly scaled, has a synthesised beam of

8" x8"shown in the bottom left corner and a measured local rms noise level of 10 1Jy beam™*.

standard error of the fit (Theil 1950), and thus likely
underestimates the true uncertainty. We calculate
a spectral index value of a=—0.26+0.02, with a re-
duced x? value of 0.53 and 17 degrees of freedom (see
Fig. 6). In order to verify this value, we also fit the
data points with a weighted fit using the CURVE_FIT
function in the scipy library, and get similar results
of a=—0.27 £+ 0.03, and a reduced x? value of 0.50
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with the same degrees of freedom. These reduced x?2
values and the consistency between the two methods
indicate a good fit for the data and provide confidence
for the measured spectral index value.

We note the largest outlier is the 408 MHz mea-
surement from Clarke et al. (1976). They note that
Veliki appears extended in their observations and this
may have caused erroneous measurements due to the
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Fig. 3: 4-panel image of Veliki at optical wavelengths using MCELS data. Top left: Optical RGB using three
MCELS filters. The other three panels show the individual filters in their respective colours which make up the RGB.
Red is Ha (top right), green is [SII] (bottom left), and blue is [OIlI] (bottom right). All images are linearly
scaled and have a 20 pc scale bar shown in the bottom left corner.

older telescope’s insensitivity to extended emission. ture based solely on this point. Even excluding this
While this outlier could indicate spectral curvature, point, we calculate similar spectral index values as
its inconsistency with recent measurements and high above, with a=—0.2740.01 (reduced x? =0.42, de-
uncertainty prevents us from claiming spectral curva- grees of freedom = 16) for linear least-squared regres-
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Fig. 4: FIR RGB of Veliki and surrounding area using
Herschel FIR data. Red is 500 um, green is 350 pm, and
blue is 250 ym. All images are linearly scaled. The con-
tours are from the 1.3 GHz MeerKAT radio image at levels
of 0.05, 0.15, 0.40, and 0.70 mJy beam ™",

sion, and a = —0.2740.03 (reduced x? = 0.41, degrees
of freedom=16) for the weighted fit. We therefore
determine that this point of higher uncertainty is not
significantly impacting the results, and that a linear
fit is accurate with no obvious curvature in the spec-
trum.

We use this total spectral index value to scale
the flux to 1GHz, and obtain S;gp,=664mlJy.
We calculate surface brightness, defined as
Y1 cHz = S16H,/) where Q=angular area. Using
the region defined in Section 3.1 as 10.3'x5.6", we cal-
culate the angular size of Q = mab = 163086 arcsec?
and Yo, =1.7x1072' Wm—2Hz 'sr™'. We cal-
culate radio luminosity defined as Ligqmu, =4nd?S,
where d = distance to the object. Using the distance
of 50kpc, we calculate i gu, = 1.9x10'" WHz L.

3.8.2.  Spectral index map

We use the high resolution ASKAP and MeerKAT
radio data to generate a spectral index map. All im-
ages are convolved to the lowest resolution (ASKAP
944 MHz beam size = 15", pixel size =2") before cal-
culation. The images are then input into the MATHS
function in the MIRIAD software which calculates
the line of best fit through the data points for each
pixel, which are then used to generate the final image
(see Fig. 7, left). We estimate a spectral index error
map using standard error propagation. For each fre-
quency pair (v1,vs), the spectral index error is cal-

culated as o, = 1/In(vy/1v2)x+/(01/51)2 + (02/52)

20

Table 1: Measured and catalogued flux densities for Ve-
liki. Uncertainties for ASKAP, MeerKAT, and MOST
are taken as 10% and uncertainties for MWA fluxes are
taken as 20%. Other uncertainties are taken as listed in
the catalogue, or are assumed to be 10% if a value is not
given (indicated by 7). The * indicates values where an
uncertainty was not listed in the catalogue, but an uncer-
tainty equation was given in the listed reference, and this
was used to calculate the uncertainty.

v (MHz) | S+ AS (mJy) |Reference

88 15804316 | This work

118 11594232 | This work

155 10824216 | This work

200 9184184 | This work

408 6104150 (Clarke et al. 1976)
843 671467 This work

888 696+70 This work

944 TT9ET8 This work

1295 615+62 This work

1400 644+64" (Cajko et al. 2009)
2300 5404474 (Filipovi¢ et al. 1996a)
2450 5144554 (Filipovi¢ et al. 1995)
2700 4704477 (Filipovi¢ et al. 1998)
4750 496452+ (Filipovié et al. 1995)
4800 4484457 (Cajko et al. 2009)
4850 479447 (Filipovié et al. 1995)
5010 4104150 (McGee et al. 1972)
8640 3604367 (Cajko et al. 2009)
8850 367457 (Filipovié et al. 1995)

where o; is the rms noise in each image and S; is
the flux density. We calculated the errors for all fre-
quency pairs and averaged them to obtain the final
uncertainty map. Both images were then cut to re-
move values with uncertainties > 1.0. We measure an
average value of a=—0.46+0.36. The spectral index
is mostly uniform with o ~ —0.4 to —0.5, but there
are two areas of slightly steeper spectral index in the
western bulge and on the south-eastern edge which
extent to a ~ —0.6 to —0.7.

These values are significantly steeper than the
overall value obtained from the full set of flux mea-
surements (see Fig. 6), and the estimated errors are
quite high. This is likely due to the smaller frequency
range used (888—1300 MHz) when compared with the
total range (88—8850 MHz). Therefore, the map val-
ues likely overestimate the spectral index steepness
and the total value @ = —0.26 is more accurate.
The images had similar native resolutions and were
convolved to the same resolution before map gener-
ation, and thus the uniformity of the spectral index
is likely accurate. Both the spectral index map and
spectral index error map show a uniform distribu-
tion, indicating that there are no areas of significant
spectral variability, such as a central Pulsar Wind
Nebulae (PWN).
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Fig. 5: HI and CO maps of Veliki and surrounding environment. Panel (a): HI intensity map of Veliki and surrounding
environment. HI intensity is integrated over the Vi,gr velocity range of 231.2-242.8 km s~1. White contours are from
MeerKAT 1.3 GHz radio-continuum map and black contours are from Mopra CO map. The contour levels are 0.10,
0.12, 0.18, 0.28, 0.42, and 0.60 mJy beam ™! for radio-continuum, and 1.2, 2.1, 3.0, 3.9, 4.8 and 5.7 K km s~ ! for CO.
The dashed black square shows the extent of the CO image which the contours are taken from as it covers only a
portion of the north-western shell. The vertical dashed white lines correspond with panel (b) and show the extent of
the possible HI cavity. The beam sizes are shown in the bottom left corner along with a scale bar. Panel (b): HI p—v
diagram, integrated over Veliki’s RA location (72°51-72°71). The beam sizes are shown in the bottom left corner.
The thin white dashed correspond with panel (a) showing the location relative to Veliki, and the thick dashed white

line traces the possible HI cavity.

3.4. Polarisation

We conduct a polarisation and rotation measure
(RM) analysis using the MeerKAT radio data. This
analysis was done using the Python PYRMSYNTH pro-
gram®, which uses the RMCLEAN method as de-
scribed in Heald (2009). The total polarised inten-
sity is calculated as the magnitude of polarisation,
PI = \/Q?+U?, where PI=polarised intensity,
and @ and U are the flux density measurements of the
respective Stokes parameters (Fig. 8, top left). The
fractional polarisation is calculated as PI/I, where
I is the measured Stokes I flux density (Fig. 8, top
right). The RM measurement follows the method of
Heald (2009), which decomposes the complex polar-
isation function PI = @ + iU as a function of A2
into components at different Faraday depths (Fig. 8,
bottom left). This RM is then used to de-rotate the
polarisation vectors to measure the intrinsic electric
field direction, which we then rotate by 90°to map
the intrinsic magnetic field (Fig. 8, bottom right).

Shttps://mrbell.github.io/pyrmsynth/

The results show relatively uniform polarisa-
tion values predominantly located in the south-
ern half of the shell. ~We measure the average
PI of 0.0540.01 mJy beam~! and average fractional
polarisation of 94+2%. We measure the average
RM of —16411radm~2, ranging from ~ —200 to
+100rad m~2. The RM differs across the SNR, with
positive RM values seen predominantly along the
western edge with a smaller patch on the north-
eastern side, and negative values observed predom-
inantly in the centre, slightly offset to the east.

The magnetic field structure we observe appears
highly disorganised. —This is consistent with the
low fractional polarisation (~10%) (Reynolds et al.
2012) and the broad range of RM values (—200 to
+100 rad m~2) seen across the remnant. Such charac-
teristics suggest either an intrinsically complex mag-
netic field structure, potentially indicating magnetic
turbulence, or possible depolarisation effects along
our line of sight. We note that at the MeerKAT
observing frequency, there may be significant uncer-
tainties in these magnetic field orientations due to the
high absolute RM values observed. Therefore, the in-
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Fig. 6: Spectral index graph of Veliki using flux density values from Table 1. A linear power law is fit and the slope

is taken as the spectral index. The quoted error only includes the statistical error of the fit.

terpretation of this magnetic field structure should be
taken with caution.

3.5. Magnetic field

We can estimate the strength of the magnetic
field in Veliki using an adapted equipartition calcula-
tion, following the method outlined in Filipovi¢ et al.
(2023). We use the calculated values of spectral index
a = 0.26* and flux density at 1 GHz S; gu, = 0.66 Jy,
and assume values of shock velocity v =170 kms™!,
speed of sound in the interstellar medium (ISM) ¢,
= 10kms™!, filling factor f=0.25, compression ra-
tio 7 ~4 and injection parameter £ ~4, for strong
non-modified shocks, and equal proton and electron
temperatures T, = T.. The value of { ~4 assumes a
non-modified shock, and the assumed shock velocity
in the ambient medium will give a compression ratio
r /4, consistent with a strong shock. Assuming elec-
tron equipartition, we find B =20.0 uG in an ambi-
ent field of 6.1 G, and assuming proton equipartition
we find B =68.9 4G in an ambient field of 21.0 uG.

4This paper primarily uses the notation of S o< v® which
gives a spectral index value of & = —0.26. This equation uses
the opposite, equally correct, notation of S o v~%, therefore
flipping the sign of the radio spectral index value.
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4. DISCUSSION

4.1. Veliki’s size

Veliki was already one of the largest SNRs in the
LMC, and the newly visible filamentary structure
extends its size even further to 150x81pc. There
is the possibility that these blowout structures may
not represent the SNR shell, but could potentially be
leaked ionising radiation rather than physical mat-
ter. We observe a web-like or patchy structure in the
radio emission over the SNR (see Fig. 2) which may
indicate a porous ISM, expected in lower metallic-
ity environments such as the LMC (Dimaratos et al.
2015). This porosity could facilitate the leakage of
ionising radiation through channels of lower density
material, naturally creating features that resemble
physical blowouts. The spectral index appears to be
flatter at the edges (see Fig. 7), however, it is diffi-
cult to say this with certainty due to the cut used to
generate the map, as the uncertainties were signifi-
cantly higher in the filamentary areas. This leakage
is a more likely scenario for the southern filaments,
as the optical [S11]/Ha shell does not extend to the
outermost radio emission in this direction. Therefore,
the southern filamentary structure may not be part
of the physical structure.

Even with this caveat, however, Veliki is still one
of the largest in the LMC. The only confirmed larger
LMC SNR is MCSNR J0507—6847 with a physi-
cal diameter of ~150pc (Chu et al. 2000, Maitra



RADIO ANALYSIS OF Veliki

T li T i
. ;
S
[(]
G
=
=}
N K
ol
S|
&3 o
1o
-
o
<]
o
c Br o 3
s R el
S5 £
] A =
£ ©
. =
Q2 + 3
0ge 13 &
0 L]
0|
¥ n
gL 1<
[[e]
©
S S
2
wn

Right ascension

T T T N
i o
8 P
©
< b
ol
Iy o
2 o
(=% —
IS) o
2L =
c 3 o W
S Kt °%
© B °
£ £
s | -
D o ©
age S
7o) (4]
b <
9 c 0
of
QL
<
[Te]
J4 4
o
ol
QL
©
n
0] L L /\7

30 4:50:00
Right ascension

51:00

Fig. 7: Spectral index map and error map of Veliki created using the ASKAP EMU data at 888 and 944 MHz, and
MeerKAT data at 1.3 GHz. Final images have synthesised beam sizes of 15" x15”shown in the bottom left corners.
The contours are radio-continuum contours from the MeerKAT 1.3 GHz image at levels of 0.05, 0.15, 0.40, and 0.70
mJy beam™!. Left is spectral index map and right is spectral index map error, generated as described in text.

et al. 2021, Zangrandi et al. 2024), which is exclu-
sively seen at X-ray frequencies. Veliki’s size is large
when compared with other galaxies as well. The
largest confirmed SMC SNR is J0056—7209 (Haberl
et al. 2012, Maggi et al. 2019) with a physical size of
99x65 pc (Maggi et al. 2019).

A physical size comparison is more difficult with
the Galactic SNR population due to distance un-
certainties. There are some Galactic SNRs that
may reach the physical size of Veliki, depending
on which distance estimate is used. These in-
clude G278.94+1.35 (Diprotodon) which may reach
up to 157x154 pc (Filipovi¢ et al. 2024), G65.1+0.6
which may reach up to 179.5x179.5pc (Vukotié
et al. 2019), and G312.4—0.4 which may reach up to
154.8x154.8 pc (Vukoti¢ et al. 2019). The distances
to these Galactic SNRs are debated in the literature,
however, and thus their physical sizes may be signif-
icantly smaller.

We also compare Veliki’s radio surface brightness
with these similarly sized SNRs. We measure Ve-
liki as having ¥ = 1.7 x 1072 Wm=2Hz tsrL.
Of these compared SNRs, only G312.4-04 is
brighter at ¥ =4.7x10"2! Wm =2 Hz ! sr~! (Vukoti¢
et al. 2019). The other SNRs compared
are approximately an order of magnitude dim-
mer, with G278.9441.35 (Diprotodon) having
by 1.3 x 1072 Wm2Hz tsr=! (Filipovi¢

et al. 2024), and G65.140.6 having ¥ 2 x
1072 Wm 2Hz tsr™! (Vukoti¢ et al. 2019). We
also use the X-D relationship of Pavlovi¢ et al. (2018)
to compare Veliki’s properties with those of a larger
SNR sample (see Fig. 9, from their Fig. 3). Ve-
liki falls outside of the predicted SNR evolutionary
tracks, demonstrating that its combination of larger
size and brighter radio emission is an outlier in the
typical SNR sample.

The compared SNRs are likely expanding in a rar-
efied environment, for example, in the case of MC-
SNR J0507—6847 (Chu et al. 2000, Maitra et al.
2021) and Diprotodon (Filipovi¢ et al. 2024), whose
larger size is attributed to this rarefied ambient den-
sity and their older age. Conversely, Veliki is pre-
dicted to be expanding into an ambient density of
~ 0.3 — 0.5cm™3 (Williams et al. 2004), and this
higher density environment may help to explain the
brighter radio emission.

4.2. Environment

The LMC environment has a lower metallicity
than the Milky Way (MW) (Rolleston et al. 2002),
which is theoretically expected to impact the radia-
tive cooling efficiency of SNRs. As radiative cool-
ing is typically dominated by metal line emission,
lower metallicity environments have reduced cooling
efficiency (Thornton et al. 1998). Thus, it would
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Background Stokes I image is linearly scaled and has a beam size of 8" x8”shown in the bottom left corner.

be expected for LMC SNRs to remain in the adia-
batic phase for longer than their respective Galac-
tic counterparts. More recent LMC surveys have
also detected metallicity gradients within the LMC,
with the lowest metallicities observed in the south-
west (Choudhury et al. 2021), corresponding with
Veliki’s location. Veliki’s properties display that it
is now dominated by the swept-up ISM rather than
the inner ejecta, meaning that this delayed cooling
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may have a significant impact on the observed mor-
phology. Thus, this environment may explain Veliki’s
size and radio brightness if the onset of cooling were
delayed.

We also note a molecular cloud PGCC G282.62-
35.35 with IR and CO emission detected to the
west-north-west of Veliki, located just outside of
the shell. We see no obvious radio-continuum signs
that the SNR is significantly interacting, such as
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Fig. 9: Radio surface brightness to diameter diagram
for SNRs at frequency v =1 GHz, adopted from Pavlovi¢
et al. (2018, their Fig. 3), shown as black triangles.
Different line colours represent different ambient densi-
ties, while different line types represent different explo-
sion energies. The open circle is young Galactic SNR
G1.940.3 (Luken et al. 2020), and the open triangle
represents Cassiopeia A. The numbers represent SNRs
(1): CTB 37A, (2): Kes 97, (3): CTB 37B, and (4):
G65.140.6. The red star represents Veliki at estimated
surface brightness of 1.7x1072'Wm™'Hz 2sr~! and
diameter of 150 pc (the diameter is taken as the major
axis). The image shows evolutionary tracks for represen-
tative cases with injection parameter £ = 3.4 and nonlin-
ear magnetic field damping parameter ¢ =0.5.

limb brightening or distinct changes in morphol-
ogy at this location, as seen in other SNRs with
molecular cloud interaction (e.g. G166.0+4.3 (Lan-
decker et al. 1989); Puppis A (Dubner et al. 1991);
G119.5410.3 (Pineault et al. 1997); G18.8+0.3 (Dub-
ner et al. 1999); N63A (Sano et al. 2019);
G46.8-0.3 (Supan et al. 2022); N49 (Sano et al. 2023,
Ghavam et al. 2024)). Veliki also appears in the anal-
ysis of IR properties of SNRs in the LMC of Lakiéevié
et al. (2015), where it is concluded that it is inter-
acting, or about to interact, with the surrounding
clouds. Using ratios of different Herschel IR data,
they show that the dust temperatures and hydrogen
column densities are consistent inside and outside of
the SNR, indicating that there is no current signif-

icant dust heating or sputtering. It is possible that
their spatial correlation is due to a projection effect,
the objects are simply in the same line of sight but
at different physical locations within the LMC. Con-
versely, it is possible that there is a current inter-
action but it is not resulting in significant heating
and sputtering, due to slower radiative shocks. Once
Veliki’s shocks have significantly slowed down and en-
tered the radiative phase, it is possible that the inter-
acting cloud material has settled down and entered
into equilibrium inside and outside the SNR, result-
ing in the observed IR ratios (Lakicevi¢ et al. 2015).
This scenario would also be consistent with the [O111]
excess observed on the opposite rim compared to the
molecular cloud, as this interaction may have caused
the western edge to cool down faster due to the in-
teraction.

Previous results also suggest expansion into an
ambient density ~0.3—0.5cm™2 (Williams et al.
2004) which is well below molecular cloud densi-
ties (Fukui et al. 2009). Therefore, it is possible that
Veliki is interacting with the molecular cloud, how-
ever, the current data is not conclusive in this regard.
Further observations, particularly in the ~-ray do-
main, would be useful for detecting and constraining
any molecular cloud interaction.

The integrated H1 data (see Fig. 5, panel (a)),
shows a density gradient across the SNR. Denser
Hi1 material is seen on the western rim compared to
the eastern, and the eastern rim shows a smoother
radio-continuum structure. This density gradi-
ent is supported by Veliki’s elliptical morphology
which is more constrained on the east and west
edges with an observed blowout structure in the
north and south. Such blowout structures are ob-
served in other SNRs with such density gradients
(e.g. SNR J0455—6838 (Crawford et al. 2008);
SNR S147 (Xiao et al. 2008); G309.2—00.6 (Gaensler
et al. 1998)). We also observe an excess of [O11]]
emission on the eastern edge, corresponding with the
lower density medium. This emission may be due to
a faster, more energetic shock in this area, or it may
be due to this rim cooling slower than the rest of the
SNR, both scenarios which are consistent with expan-
sion into a lower density. These results strongly sup-
port a density gradient in the surrounding medium.

We also detect an expanding Hi shell in the p—v Hi1
diagram at the LMC velocity range (see Fig. 5, panel
(b)). Such a cavity can be caused if the progenitor
star’s stellar winds shaped the surrounding environ-
ment. In the case of Veliki, this may have formed an
axialsymmetric cavity into which the expansion oc-
curred, explaining the barrel-like morphology and ob-
served north-south outflows. This has been observed
in some SNRs such as G290.1—0.8 (Slane et al. 2002),
G166.04+4.3 (Bocchino et al. 2009), and W49B (Zhu
et al. 2014). For an SNR as evolved as Veliki, the ex-
pansion likely would have already reached the bound-
ary of the initial cavity, as shown by the spatial cor-
relation within Veliki’s shell, and thus the expanding
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HI may be a combination of the initial progenitor’s
stellar wind and the expanding shockfront.

4.3. Evolutionary phase

Veliki’s optical properties are consistent with an
almost fully radiative SNR, with the [S11]/Ha emis-
sion forming a filamentary shell across the entire
SNR. The Ha emission indicates areas where the
post-shock gas has cooled sufficiently to enable re-
combination (Raymond 1979, Vink 2020). The [SI1]
emission acts as a tracer of radiative shocks (Vuceti¢
et al. 2023), and the strong [S11]/Ha correlation indi-
cates predominantly radiative shocks.

One possible exception to this is the strong [O111]
emission observed in the eastern shell. This emis-
sion may be caused by faster, more energetic shocks
in this region (Dopita and Sutherland 1996). This
faster expansion would likely be due to the exter-
nal density gradient, and may indicate a region of
non-radiative expansion. Older SNRs can display
both radiative and non-radiative shock fronts due to
their complex morphology (Vink 2020), even when
the whole SNR is predominantly radiative. This phe-
nomenon has been studied in detail for some SNRs,
such as RCW 86 (Vink et al. 2006, Yamaguchi et al.
2016) and Cygnus Loop (Salvesen et al. 2009, Vuceti¢
et al. 2023).

Conversely, the observed [O111] emission may be
due to different cooling rates over the SNR. Due
to the lower density on this side of the SNR, this
scenario may be more likely than the stronger shock
scenario. While the shell may expand faster within
a lower density medium, if there is not a sufficient
ambient material present, then strong shocks capa-
ble of producing [Or111] emission are less likely. On
the other hand, expansion into a lower density will
reduce the cooling rate, and thus this edge may be
cooling more slowly than the rest of the SNR. In
this case, the [O111] emission would be due to higher
temperatures in this area, and would not necessarily
indicate non-radiative shocks.

Thus, the optical morphology indicates that Ve-
liki is either fully radiative with an area of higher
temperatures on the eastern side, or predominantly
radiative with a small area of non-radiative expan-
sion. It should be noted that the previous X-ray mod-
els (Williams et al. 2004) indicate that the interior
X-ray emission still has sufficient thermal pressure to
drive expansion, suggesting that Veliki may not be
solely momentum-driven, and thus could potentially
support areas of non-radiative expansion.

4.8.1.  Ewvolutionary modelling

We also apply the SNR evolution model of Leahy
and Williams (2017) and Leahy et al. (2019) using
the measured X-ray temperature and emission mea-
sure from Maggi et al. (2016) with the new mean
radius measured from the high-resolution MeerKAT
data. Standard forward shock models, with various
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ejecta power-law indices, and the cloudy ISM model,
appropriate to MM SNRs, were explored. All models
yielded explosion energies of ~ 8.6 x 10°! ergs, ages
of ~43000 yr, and ISM densities of 7 x 1072 cm™3
(standard models) or 2 to 5 x 1072 em~? (cloudy
models). The estimated age ranges are in agreement
with the previous results of Williams et al. (2004),
however, the modelled ambient densities are approx-
imately an order of magnitude lower. The previous
measurements relied on measuring the Ha emission
measure in the filamentary optical shell, while the
model results give the intercloud density of the ISM
as described in (White and Long 1991). This may
explain the difference in density estimates if the Ha
filaments are representing radiative shocks as they
propagate through the denser intercloud medium.

The high explosion energy is required to reproduce
Veliki’s larger size with the measured high emission
measure. This higher explosion energy scenario is
also supported by Veliki’s location on the 3-D evo-
lutinary diagram (see Fig. 9). While Veliki is an
outlier in this distribution, it is offset to the higher
explosion energy side. Such high explosion energies
are not uncommon, e.g. based on chemical evolu-
tion models of the Galaxy (Kobayashi et al. 2006),
and models of SNR populations (Leahy 2017, Leahy
et al. 2020, Leahy and Filipovi¢ 2022). The models
also yield the transition times to the radiative phase,
which are ~95,000 yr. This would suggest that Ve-
liki is not fully radiative despite the observed radia-
tive shell. This discrepancy can be explained in the
cloudy model if the shocks are propagating within
the clouds. Propagation through this denser material
could cause these shocks to become radiative before
the intercloud shocks, and thus could explain how
we can see a filamentary radiative shell prior to the
transition time.

This scenario would result in a higher compres-
sion ratio in the clouds and would explain the opti-
cal filamentary structure as well as the higher-than-
expected radio surface brightness. An issue with this
scenario is the absence of non-radiative filaments over
the SNR. If these radiative shocks were attributed
only to the propagation through the clouds, we would
still expect to see the non-radiative filaments from
the intercloud regions. This would likely result in a
scenario where we see both the radiative and non-
radiative shocks anti-correlating with each other, a
scenario not observed in Veliki. The absence of any
observed non-radiative shocks may argue against this
scenario but does not rule it out.

4.4. Spectral Index

The measured spectral index value of a =
—0.26 £ 0.02 is flatter than expected for an SNR.
This value is flatter than the previously measured
value of a=—0.43£0.06 (Cajko et al. 2009), as well
as flatter than the observed average for the LMC pop-
ulation (Maggi et al. 2016, Bozzetto et al. 2017) and
the theoretical value of @ = —0.5 (Bell 1978).
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The observed spectral index values of SNRs are
typically attributed to the diffuse shock accelera-
tion (DSA) theory (Bell 1978, Reynolds and Ellison
1992, Urosevié¢ 2014). The standard DSA theory pre-
dicts that the spectral index should steepen as an
SNR ages, as the particle acceleration becomes less
efficient and thus the corresponding shock and com-
pression ratio becomes weaker (Onié¢ 2013, Urosevié
2014). This is observed in the majority of evolved
SNRs which exhibit a spectral index —0.6 < a <
—0.5 (Ferrand and Safi-Harb 2012, Ranasinghe and
Leahy 2023, Green 2025). However, there are several
possible mechanisms that can act to flatten an SNR'’s
spectral index.

441,

Some SNR morphology types are naturally ex-
pected to have flatter spectral indices and this is
observed in numerous SNRs (Ferrand and Safi-Harb
2012, Ranasinghe and Leahy 2023, Green 2025). For
example, composite SNRs host a central PWN, and
are expected to have a flatter overall spectral index
due to the PWN contribution (average o = —0.41 for
Galactic population (Ranasinghe and Leahy 2023)).
We observe no obvious PWN within the radio images
(see Fig. 2) nor any spectral variation (see Fig. 7) that
may indicate this possibility. There is also no ob-
served radio or X-ray point source that may indicate
a central pulsar. Veliki appears as a typical shell-type
SNR, and thus we deem this scenario unlikely.

Another class of SNRs with theoretically pre-
dicted flatter spectral indices are the MM (or filled-
centre or thermal composite) remnants (Rho and Pe-
tre 1998). While Veliki is classified as a MM SNR,
their flatter spectral index (average o = —0.34 for
Galactic population (Ranasinghe and Leahy 2023))
is generally attributed to environmental interac-
tions (Rho and Petre 1998). ~-ray observations could
help constrain this possibility, particularly as they
could determine a potential molecular cloud interac-
tion. For example, y-ray observations consistent with
hadronic emission from neutral pion decay would
give support to the molecular cloud interaction sce-
nario (Uchiyama et al. 2010), but this data are not
currently available. Future y-ray observations could
help constrain this scenario. As there is not sufficient
evidence to determine interaction with a denser envi-
ronment (see Section 4.2), and so this scenario is left
as a possibility.

Morphology types with flatter indices

4.4.2.  Second-order Fermi acceleration

One suggested mechanism that may cause radio
spectral index flattening is the combination of DSA
with the second-order Fermi acceleration (Onié¢ 2013,
Urosevi¢ 2014). In this scenario, particles initially ac-
celerated by the shock front undergo further stochas-
tic acceleration through interactions with magnetic
turbulence in the post-shock region (Liu et al. 2008,
Cho and Lazarian 2006, Petrosian and Liu 2004).
This mechanism depends on magnetic field strengths

and orientations, and is thus highly sensitive to mag-
netic field variations (Cho and Lazarian 2006, Fan
et al. 2010).

Thus, we would expect the magnetic field turbu-
lence and varying shock conditions to correlate with
spectral index variations, which is not observed in Ve-
liki. If the second-order Fermi acceleration were the
dominant mechanism, then we would expect to see
variations in the spectral index map (see Fig. 7) which
correlate with the magnetic field turbulence (the ro-
tation measure and fractional polarisation maps, see
Fig. 8). If the [O111] emission does represent non-
radiative shocks, then we would also expect to see
correlation with these varying shock conditions. As
no such correlations are seen, this argues against the
second-order Fermi acceleration as a dominant mech-
anism.

Thermal contribution

4.4.5.

Some evolved SNRs can have a significant ther-
mal bremsstrahlung contribution which flattens the
spectral index as they sweep up significant amounts
of interstellar material (Urosevi¢ and Pannuti 2005,
Onié¢ et al. 2012, Oni¢ 2013, Urosevi¢ 2014). Ad-
ditionally, MM SNRs can have a significant ther-
mal bremsstrahlung contribution, either attributed
to denser environment interactions which is typical
for MM SNRs, or contribution from the X-ray filled
interior (Oni¢ et al. 2012, Vink 2012). There is no
evidence for sufficiently dense environmental interac-
tions following the arguments from previous sections
(see Sections 4.2 for prior discussion). It is also un-
likely that any significant thermal contribution is at-
tributed to the thermal X-ray emission, as this would
cause spectral variation to correlate with the interior
X-ray emission, which is not observed.

Thermal bremsstrahlung contribution is theoret-
ically expected for evolutionarily old SNRs, particu-
larly SNRs in the radiative phase of evolution. Ra-
diative SNRs with a high compression ratio can have
sufficient amounts of high density ionised material in
the downstream region to generate significant ther-
mal bremsstrahlung contribution.

To test this scenario, we model the spectral in-
dex of Veliki as a combination of thermal and non-
thermal components using a two-component model
similar to the method of Oni¢ et al. (2012), where
we define a total = Qhermal + Qnon-thermal- FOr a
rough estimate, we restrict the expected values to
Qthermal = —0.1 and Qnon-thermal — —0.5.  This
model required a thermal contribution of 58.6% at
1 GHz and achieves a reduced x? value of 0.664, rep-
resenting a relatively good fit for the data. This is a
significant thermal contribution, but is still possible
from older SNRs. For example, the analysis of Onic¢
et al. (2012) show a thermal contribution for IC 443
of 3—=57% (Oni¢ et al. 2012).

Some potential problems with this scenario are
the lack of spectral curvature and the absence of a
low-frequency spectral turnover in our observed spec-
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trum (see Fig. 6). Thermal bremsstrahlung contri-
bution is expected to begin to dominate at higher
frequencies, and can result in a flattening at higher
frequencies and thus a curved spectrum (Reynolds
2008, Oni¢ et al. 2012, Urosevi¢ 2014), as observed
in other SNRs (e.g. IC 443, 3C 391, 3C 396 (Onié¢
et al. 2012); HB3 (Tian and Leahy 2005, Urosevi¢
et al. 2007, Oni¢ and Urosevi¢ 2008)). We mea-
sure the flux densities over a broad frequency range
(88—8850 GHz) and observe no such spectral curva-
ture. The absence of spectral curvature does not pre-
clude thermal bremsstrahlung contribution, however,
as the amount of curvature can be very low and can
easily be lost in the scatter of the data points.

Low-frequency spectral turnovers are observed in
some SNRs, and can be a sign of possible ther-
mal bremsstrahlung emission at higher frequencies,
such as in the cases of 3C 391 and IC 443 (Bro-
gan et al. 2005, Oni¢ et al. 2012). The absence of
such a turnover in Veliki’s spectrum does not pre-
clude thermal bremsstrahlung contribution, however.
In evolved SNRs, the thermal plasma can be more
diffuse, thus having a lower optical depth and po-
tentially shifting the absorption turnover to frequen-
cies below our observational range (<88 MHz). This
thermal emission can still contribute at higher radio
frequencies where bremsstrahlung dominates over ab-
sorption effects, thus resulting in an overall flatter
spectral index with no observed spectral turnover.
This is consistent with a more evolved SNR such as
Veliki, where the plasma may be more diffuse than
in younger SNRs such as 3C 391 and IC 443. Ad-
ditional spectral index data points in the microwave
and infrared domain would significantly help to con-
strain the integrated radio spectral index and thus
help to distinguish between synchrotron and thermal
bremsstrahlung emission components.

Both spectral curvature and a low-frequency spec-
tral turnover are seen in some SNRs with ther-
mal contribution, however, their absence does not
preclude this possibility, particularly for an evolved
SNR. Therefore, thermal contribution is likely a con-
tributing factor to the spectral index flattening.

4.4.4. Higher compression ratio

The final mechanism we consider is that of spec-
tral index flattening caused by a high compression ra-
tio. In standard DSA theory, the energy spectrum of
accelerated particles is affected by the shock compres-
sion ratio (Oni¢ 2013, Urosevi¢ 2014). Typically, the
relationship between the radio spectral index a and
compression ratio r is given by @ = 3/(2(r—1)). Our
measured spectral index of a = 0.26 £ 0.02° corre-
sponds to a compression ratio of r ~ 6.8, thus exceed-
ing the standard limit of » = 4 for strong adiabatic

5This paper primarily uses the notation of S o v which
gives a spectral index value of & = —0.26. This compression
ratio equation is derived from the DSA theory and thus uses
the opposite, equally correct, notation of S o« v~%, therefore
flipping the sign of the radio spectral index value.
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shocks in an ideal gas. Higher compression ratios
are theoretically expected in fully radiative shocks,
with r = M?, where My is the isothermal Mach
number (Urosevi¢ 2014). For example, for radiative
shocks of ~100—200kms~', the compression ratio
can reach values as high as ~100—400 (assuming a
typical speed of sound in the ISM of v, ~ 10kms~1).
Therefore, if the DSA theory is still accurate for fully
radiative shocks, this is expected to significantly flat-
ten the particle spectrum and, naturally, produce a
flatter radio spectral index. See the studies of Oni¢
(2013) and Urosevi¢ (2014) and references therein for
more theoretical details.

Multiple lines of evidence support this scenario
for Veliki. Older SNRs such as Veliki are expected
to naturally have higher compression ratios as the
shocks become radiative and the expansion slows
down. Therefore, Veliki’s prominent radiative shell
may indicate a significant deceleration in the shell
and a higher compression. The derived magnetic field
is slightly higher than expected for older SNRs. For
example, the Galactic SNRs Ancora and Diprotodon
have predicted values of 7.7 uG (for electron equipar-
tition) or 41.7uG (for proton equipartition), and
13.7-19.6 uG (depending on the distance estimate
used), respectively. The higher magnetic field ob-
served in Veliki can be explained by a higher compres-
sion ratio, as this compression would also compress,
and thus strengthen, the swept-up magnetic field.

This scenario is also supported by the uniform
spectral index. As the compression ratio increase is
due to the radiative shell which encompasses the en-
tire remnant, it would naturally result in a roughly
equal flattening over the entire SNR.

4.5. What is Veliki?

Several mechanisms can be responsible for Veliki’s
observed properties, particularly the bright radio sur-
face brightness and flat spectral index. With the evi-
dence available we determine that the most likely sce-
nario is that of a fully radiative SNR, with spectral
flattening due to thermal bremsstrahlung contribu-
tion and a higher compression ratio.

This scenario is the simplest model to explain
the observed properties. It posits that Veliki is fully
within the radiative phase, and these radiative shocks
have sufficiently cooled and decelerated to increase
compression. This higher compression ratio would
provide the high density ionised material in the down-
stream region, resulting in thermal bremsstrahlung
contribution. It would also compress the swept-up
magnetic field, increasing the magnetic field strength
and synchrotron emission in the shell. This combina-
tion would result in the high radio surface brightness.

Veliki’s larger size can be attributed to its ex-
pansion into the lower metallicity environment of the
LMC, where the cooling would likely have been de-
layed. Thus, Veliki would remain in the adiabatic
phase for longer and expand to a larger size. The
asymmetric morphology indicates that there is an ex-
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ternal density gradient, with denser material along
the east-west axis and less dense material in the
north-south, resulting in the blowout and barrel-
shaped structure. It is possible that Veliki is also the
result of a higher energy explosion, as predicted by
the previous models (see Section. 4.3), which would
help explain the brighter radio surface brightness and
larger size.

5. CONCLUSIONS

The new high-resolution radio observations of the
LMC SNR Veliki show previously unseen faint fil-
amentary structures extending out of the north and
south of the remnant. This increases the extent of Ve-
liki to 150x 81 pc, making it one of the largest SNRs
in the LMC. Additionally, it has an unusually high
radio surface-brightness, approximately an order of
magnitude brighter than other SNRs or comparable
size, and has one of the lowest average radio spectral
indices (&« = —0.26 £ 0.02). We observe a bright
[S1]/Ha shell over the remnant indicating predom-
inantly radiative shocks, as well as higher tempera-
tures or faster, possibly non-radiative, shocks on the
eastern rim shown by an excess of the [O111] emission.

We investigate several theoretical scenarios to ex-
plain these unusual properties. We determine that
Veliki is most likely a fully radiative SNR and the flat-
ter spectral index and brighter surface brightness are
attributed to a higher compression ratio and possible
thermal bremsstrahlung contamination. We also con-
sider the alternative scenario of the observed prop-
erties resulting from expansion into a cloudy ISM,
resulting in a variable compression ratio and caus-
ing the shocks to become radiative and flattening the
spectral index.

Veliki may also have had a higher explosion en-
ergy (~8.6x10°! ergs), explaining the brighter radio
surface brightness and larger size. The larger size can
also be explained by expansion into a lower metallic-
ity LMC environment. Both the listed scenarios can
potentially explain Veliki’s properties, and more ob-
servations are required to fully differentiate between
them. In particular, observations that can better con-
strain Veliki’s environment, are vital to fully deter-
mine Veliki’s nature.
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YK 523.6:523.88:523.687
Opuzunasny HaywHY Pao

[IpencraBspamo mperiier BUCOKE Pe30Iynuje y
Paano-KOHTUHYYMY U MYyJTHU(DEKBEHIN]CKY aHa-
au3y ocratka cynepuose (OCH) J0450.4—7050 y
Benukom Marenanosom o6naxy (BMO) xome cmo
nasm HaguMmak Besuku. OBa mocMaTparma BUCO-
Ke pe3oiynuje OTKpuBajy Ha je ocrarak Behux
IUMEH3Mja Yy OMHOCY Ha IIPETXOJHA Mepema, IITO
yuau J0450—7050 jemuum on majehimx mozHaTux
OCH. HomaTtHO, AETEKTOBAJM CMO IOBPIIUHCKNA
cjaj Behu on OYEKMBAHOT M HEOOUYHO OJiar CIek-
rpasuu uanexkc (o = —0.26 £0.02), ca Bpsio Ma-
JI0 Bapujamuja ay»k ocraTka. [locmarpana je cjaj-
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Ha Jbycka y guauju Ha mTo yka3yje Ha 3HAUYAjHO
xnabeme, amu u ekcuec emucuje y auauju [OIII]
HA UCTOYHOM meay ymapa, cyrepurryhu Behy Op-
3MHY IEeJIOBa yAapHOI Tajaca. Pa3Morpuam cMmo
HEKOJIMKO TEOPHUjCKUX CIeHApUja eMUCHUje U Pa-
muo-eoayruje J0450—-7050 y TMnuyHOM OKpYyiKe-
By BMO u 3armyunian na ce BEPOBATHO PAIM O
crapom OCH ca Behom kommpecujom Ha ynap-
HOM TaJjlacy Koja maje OJiayky HeTepMaJIHU CIEK-
Tap, y KOMOMHAIMjU ca TepMaaHuM (3aKOUHKM )
3pavemeM Koje nMma onpebheHu mompuHOC.
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