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SUMMARY: We present the first and deepest Australia Telescope Compact Array radio continuum
images of the Honeycomb Nebula at 2000 and 5500 MHz solely from archival data. The resolutions
of these images are 3.6 X 2.8 arcsec? and 1.3 X 1.2 arcsec? at 2000 and 5500 MHz. We find an average
radio spectral index for the remnant of —0.76 £ 0.07. Polarisation maps at 5500 MHz reveal an average
fractional polarisation of 25 £+ 5% with a maximum value of 95 + 16. We estimate the equipartition
field for Honeycomb Nebula of 48 4 5 uG, with an estimated minimum energy of E;, = 3 X 10%° erg.
The estimated surface brightness, £; gz, is 30 X 10720 Wm—2 Hz~1sr—1; applying the 3-D relation
suggests this supernova remnant is expanding into a low-density environment. Finally, using HI data,
we can support the idea that the Honeycomb Nebula exploded inside a low-density wind cavity. We
suggest that this remnant is likely to be between late free expansion stage and early Sedov phase of
evolution and expanding into a low-density medium.

Key words. ISM: planetary nebulae: individual: Honeycomb nebula — Methods: observational — Radio

continuum: ISM — Magellanic Clouds

1. INTRODUCTION

Supernova Remnants (SNRs) play an essential
role in galaxies, enriching the Interstellar Medium
(ISM) producing a significant impact on their struc-
ture and physical properties. However, the study of

© 2024 The Author(s). Published by Astronomical Ob-
servatory of Belgrade and Faculty of Mathematics, University
of Belgrade. This open access article is distributed under CC
BY-NC-ND 4.0 International licence.

SNRs within our own Galaxy is not ideal because
of a high level of dust and gas absorption, com-
pounding the difficulties of achieving accurate dis-
tance measurements. Instead, we look to nearby
galaxies, such as the Large Magellanic Cloud (LMC),
located at a known distance of ~50kpc (Macri et al.
2006, Pietrzynski et al. 2019). This allows observers
to assume all objects within the galaxy are located at
the same distance, making physical measurements,
including the extent of physical size, more reliable.
Additionally, the LMC is approximately face-on in
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orientation (having an inclination angle of ~35°,
van der Marel and Cioni 2001) and is near enough
to allow deep, high-resolution (spatial and spectral)
multi-frequency SNR observations (Maggi et al. 2016,
Bozzetto et al. 2017, Yew et al. 2021, Bozzetto et al.
2023).

The Honeycomb Nebula (MCSNRJ0535-6918)
is one of the most peculiar SNRs in the LMC —
just a few arcminutes south-east of the well-known
SN 1987A. Tt was discovered by Wang (1992) using
the ROSAT survey. Meaburn et al. (1993) presented
a kinematic study of the Honeycomb Nebula and con-
cluded that all the kinematic features can be gener-
ated as one or more young SNRs colliding in a dense
environment. Chu et al. (1995) used a combination
of archival and new ROSAT X-ray data and Aus-
tralia Telescope Compact Array (ATCA) with Mo-
longlo Observatory Synthesis Telescope (MOST) ra-
dio data to find both bright X-ray and nonthermal ra-
dio emission. Moreover, they reported an enhanced
[St1]/Ha ratio and a steep radio spectral index of
—1.2. Redman et al. (1999) used optical observations
obtained from the Manchester Echelle spectrometer
to produce new kinematical and density data for the
Honeycomb Nebula. Meaburn et al. (2010) also used
optical data in a spectral analysis of forbidden line
ratios to infer the nebula is most likely a SNR.

Meaburn et al. (2010) found Honeycomb Nebula
to be more extended in soft X-ray emission and pos-
sibly could be a small section on the edge of a giant
LMC shell. They suggest that a secondary super-
nova explosion on this edge may be responsible for
the creation of the nebula.

In this paper, we present a radio continuum study
of the Honeycomb Nebula using ATCA archival data
to produce high-fidelity images and we compare them
with other multiwavelength data (X-ray and optical).
In Section 2 we present the data used and their reduc-
tion details. Section 3 explores further analysis and
discussion including radio morphology, polarisation,
spectral index, surface brightness and luminosity. Fi-
nally, in Section 4, we conclude with a summary of
our findings.

2. DATA

2.1. Radio continuum observations

The Honeycomb Nebula has been serendipity ob-
served with ATCA, due to its location in the field of
view of SN 1987A (Chu et al. 1995). Archival'! ATCA
observations, including observing dates, project num-
bers, observation frequency and time spent on source
and array configurations are presented in Table 1. All
observations were carried out in ‘snap-shot’ mode,
with 1-hour of integration over a 12-hour period as a

! Australia Telescope Online Archive (ATOA), hosted by
the Australia Telescope National Facility (ATNF): https://
atoa.atnf.csiro.au
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minimum. All used the Compact Array Broadband
Backend with 2048 MHz bandwidth, centred at wave-
lengths of 6cm (v = 4500-6500 MHz; the midpoint
at 5500 MHz) and 13cm (v = 1972 and 2150 MHz).

We used MIRIAD? (Sault et al. 1995), KARMA®
(Gooch 1995), and DS9* (Joye and Mandel 2003)
software packages for reduction and analysis. All ob-
servations were calibrated using the phase and flux
calibrators listed in Table 1 with three rounds of
phase-only self-calibration using the SELFCAL task.
Imaging was completed using the multi-frequency
synthesis INVERT task with uniform Briggs weighting
(robust = 0) and a beam size of 1.3 x 1.2 arcsec? for
5500 MHz (see Fig. 1-top). We combined 2150 and
1972 MHz data to produce one image at 2000 MHz
with a beam size of 3.6 x 2.8arcsec?® (see Fig. 1-
bottom). The MFCLEAN and RESTOR algorithms were
used to deconvolve the images, with primary beam
correction applied using the LINMOS task. We fol-
low the same process with stokes () and U parame-
ters to produce polarisation maps with a beam size
of 3 x 3arcsec? (see Fig. 2 and Section 3.3 for more
details).

2.2. Hi1 observations

To better understand the interstellar environ-
ment surrounding the Honeycomb Nebula, we used
archived Hr data from the ATCA & Parkes 64-m ra-
dio telescope (Kim et al. 2003). The combined Hi
data has an angular resolution of ~60”, correspond-
ing to a spatial resolution of ~15 pc. Typical noise
fluctuations are ~0.3 K at a velocity resolution of
~1.6 km s~ ! (Fig. 3).

2.3. X-ray observations

Detailed comparisons of X-ray morphology with
our new radio images were made using sub-arcsecond
resolution data from the Chandra X-ray Observa-
tory (Weisskopf et al. 1996). Due to its proxim-
ity to SN 1987A, the Honeycomb Nebula has been
observed many times by Chandra. We retrieved all
available data that included the Honeycomb Nebula
using the Advanced CCD Imaging Spectrometer S-
array (ACIS-S, Garmire et al. 2003) with exposure
times of 240 ks. A list of observations is given in
Table 2.

We processed each of these datasets using the
CIAO v4.15° (Fruscione et al. 2006) software pack-

%http://www.atnf.csiro.au/computing/software/
miriad/

Shttp://www.atnf.csiro.au/computing/software/
karma/

4https://sites.google.com/cfa.harvard.edu/
saoimageds9

5See http://cxc.harvard.edu/ciao/
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Fig. 1: ATCA intensity images of the Honeycomb Nebula at 5500 MHz (top) and 2000 MHz (bottom). The ellipses
at the bottom left corner represent a synthesised beam of 1.3 1.2 arcsec? and 3.6 x 2.8 arcsec? for 5500 and 2000 MHz,

respectively. The colour bars on the right-hand side represent intensity gradients in Jy beam ™.
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Fig. 2: Fractional Polarisation vectors of the Honeycomb Nebula overlaid on the ATCA intensity image at 5500 MHz
(left). The blue circle at the lower left corner represents a synthesised beam of 5 X 5 arcsec and the blue line below
represents the 100 per cent polarisation. The bar on the right-hand side represents grey scale intensity gradients in
Jy beam~!. The polarisation intensity map of the Honeycomb Nebula at 5500 MHz (right) with intensity contour
lines overlaid. The contour levels are 0.00005, 0.0001, 0.00015, 0.0002, and 0.00025 Jy beam™!. The colour bar on
the right represent gradients of polarisation intensity.

(a) Hi intensity (sr.: 249.7 - 263.9 km s71)

(b) p-v diagram (RA.: 83.92 - 83.97 deg.
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Fig. 3: (a) Velocity integrated Parkes HI intensity map from 249.7 to 263.9 km s~! superposed with ATCA 5500 MHz
intensity contours. Contour levels are 1.0, 1.2, 1.8, 2.8, 4.2, and 6.0 x 10=° Jy beam~!. (b) HI position—velocity
(p-v) diagram having an integration range from RA 83.92 to 83.97 degrees. The dashed curve indicates the boundary
of a HI hollowed-out structure.
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age with CALDB v4.10.7%. The data were reduced
using the contributed script chandra_repro, result-
ing in the filtered exposure times listed in Table 2.

We reprojected the resulting level 2 event files
from each observation to a common tangent point us-
ing CIAO reproject_obs before merging them using
merge_obs for a combined exposure time of ~ 382 ks.
Finally, flux images were produced from the merged
event file at 0.5-1 keV, 1-2 keV and 2-8 keV us-
ing fluximage . The resulting three-colour image is
shown in Fig. 4.

2.4. Optical observations

HST images of the Honeycomb Nebula were down-
loaded from the Mikulski Archive for Space Tele-
scopes’. We used SWARB® (Bertin et al. 2002) to
stitch four images together to produce a single image
(Fig. 5). We also use the Ha+[N 11] image of the Hon-
eycomb Nebula from Meaburn et al. (2010) (Fig. 6)
for comparison.

3. RESULTS AND DISCUSSION

3.1. Radio morphology

In Fig. 1, we present deep high-resolution radio-
continuum images of the Honeycomb Nebula at
5500 and 2000 MHz. Its radio emission is primar-
ily non-thermal, based on a steep spectral index
(see Section 3.2). The east and south-east parts
of the remnant appears as if a blast wave ex-
panded into a rarefied environment and then col-
lided with nearby dense gas (Meaburn et al. 1993).
Its mid-section is bright, as especially noted in the
2000 MHz image (Fig. 1-bottom). Using our images,
we calculated the centre of the Honeycomb Nebula
at RA (J2000) = 5"35™45.16°, Dec (J2000) = —
69°17'59"795 with a size of ~ 59 x 35arcsec? (~
14 x 8 pc).

To better understand the morphology of the SNR,
we compare our new 5500 MHz ATCA image with
HST and Chandra images as shown in Fig. 5. We
note the radio emission follows the optical emission
somewhat (see Fig. 5(b), but there is no correlation
with the X-ray emission, which we believe is predom-
inantly thermal (Fig. 5(c). The west and south-west
side of the remnant disappear in the Ha+[N11] im-
age (Fig. 6) which support heterogeneous densities as
noted in the blast wave propagation scenario stated
above.

Perhaps most similar to the morphology of
the Honeycomb Nebula is MCSNR J0052-7236
(DEM S68) in the Small Magellanic Cloud, which is

6See http://cxc.harvard.edu/caldb/

"https://mast.stsci.edu/portal/Mashup/Clients/
Mast/Portal.html

8https://www.astromatic.net/software/swarp/

significantly larger with a diameter of 88 pc. Addi-
tional information can be found in Filipovié¢ et al.
(2005), Payne et al. (2007), Filipovié¢ et al. (2008),
Owen et al. (2011), Haberl et al. (2012), Crawford
et al. (2014), Roper et al. (2015), Alsaberi et al.
(2019), Gvaramadze et al. (2019), Maggi et al. (2019),
Joseph et al. (2019) and Cotton et al. (2024).

3.2. Spectral index

The radio spectral index « can be defined as the
slope in power-law dependence of flux density S, on
frequency v: S, « v*. We produced a spectral index
map for the Honeycomb Nebula with the 2000 and
5500 MHz images (Fig. 7) by first re-gridding the im-
ages to the finest pixel size (0.4 x 0.4 arcsec?) using
the MIRIAD task REGRID. These were then smoothed
to a common resolution (4 x 4 arcsec?) using CONVOL,
after which the task MATHS created the spectral index
map (Fig. 7) in a similar way as LMC MCSNR, 0624~
6948 (Filipovic et al. 2022). The spectral index values
for the west and southwest sides of the remnant are
changing from —0.5 to 0.5, while the east, northeast
and main body show steep values (<-0.5). Interest-
ingly, we notice a very steep region (—1.5) towards the
north (see Fig. 7).

In Fig. 8, we plot integrated flux densities at
three frequencies in order to estimate the Honey-
comb Nebula’s overall spectral index. Our observa-
tions were combined with flux density measurements
from ASKAP (Pennock et al. 2021) (see Table 3). We
acknowledge errors are introduced when measuring
ATCA flux densities because of missing short spacing
inherent in the data. In the figure, the black line rep-
resents the best power-law weighted least-squares fit
wherein we find a spatially integrated spectral index
of (o) = —0.76+0.07, flatter than a previous estima-
tion of —1.2 (Chu et al. 1995). This may be indicative
of a younger-aged SNR as our value is steeper than
average shell-type SNRs, as observed for the Galaxy
and a range of nearby galaxies, including the LMC
(Reynolds et al. 2012, Urosevi¢ 2014, Galvin and Fil-
ipovic 2014, Maggi et al. 2019, Filipovi¢ and Tothill
2021, Bozzetto et al. 2017, 2023). Although there are
regions with « > 0, this strongly indicates that non-
thermal radio emission dominates across the SNR.

3.3. Polarisation

Fractional polarisation (P) can be calculated us-
ing the equation:

b VoS

ASI ) (1)

where P is the mean fractional polarisation, Sg, Sv,
and Sy are intensities for the @, U, and I Stokes
parameters, respectively.
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Fig. 4: Three-colour Chandra image of the Honeycomb Nebula. RGB colours are 0.5-1 keV, 1-2 keV, and 2-8 keV.
The image has been smoothed using a 3X3 pixel Gaussian kernel. SN 1987A is the bright source in the top-right of

the image.
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Fig. 5: Honeycomb Nebula: a) our new ATCA image at 5500 MHz, b) partial HST image, and c) smoothed Chandra
(0.5-1keV) image. Green contours are from the 5500 MHz image at 20 uJy.

We used the MIRIAD task IMPOL to produce po-
larisation maps for the Honeycomb Nebula. We find
the fractional polarisation is generally in the radial
direction and prominent in the east, west, and mid-
section of the remnant (Fig. 2). Its average P value
at 5500 MHz is 24 + 5% with a maximum value of
95 + 16%.
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3.4. Equipartition model

There are three standard ways to determine the
magnetic field strength in the ISM: from the Zeeman
splitting, rotation measure, and by using the so-called
equipartition calculation (eqp). The Zeeman split-
ting method is only applicable to very dense phases
of ISM, like cores of molecular clouds. Rotation mea-
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Fig. 6: ATCA image of the Honeycomb Nebula at 5500 MHz (left) with corresponding regions in the Ha-+[NIJ]
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sure method is based on polarisation of radio emis-
sion from radio sources. The eqp method assumes
equipartiton, i.e. equal partition between the cosmic
rays (CRs) and magnetic field energy densities.

To estimate the magnetic field, we used eqp
model’. This method uses modeling and simple pa-
rameters to estimate intrinsic magnetic field strength
and energy contained in the magnetic field and cos-
mic ray particles using radio synchrotron emission
(Arbutina et al. 2012, 2013, UroSevi¢ et al. 2018).

This approach is a purely analytical, described as
a rough, only an order of magnitude estimate, due
to assumptions used in analytical derivations, and
errors in determination of distance, angular diame-
ter, spectral index, filling factor, and flux density,
tailored especially for the magnetic field strength in
SNRs. Arbutina et al. (2012, 2013), Urosevié¢ et al.
(2018) present two models; the difference is in as-
sumption whether there is eqp, precisely constant
partition with CRs or only CR electrons. Urosevic¢
et al. (2018) showed the latter type of eqp is a better
assumption to the former.

Using the Urosevi¢ et al. (2018) model'’; the
mean eqp field over the whole Honeycomb Nebula
is 48 + 5 uG, with an estimated minimum energy of
Epin = 3 x 10¥erg.  As this SNR is young and

9http://poincare.matf.bg.ac.rs/~arbo/eqp

OWe use: a = 076, 6 = 1.22arcmin,
Ss500 MHz = 0.046 Jy, and f = 0.25.

Kk = 0,

expanding into a low-density environment (see Sec-
tion 3.7), the magnetic field has to be amplified, not
only compressed by shock wave. (The original model,
cited in Arbutina et al. (2012), yields a mean eqp field
of 80 £ 5 uG, with an estimated minimum energy of
Enin = 9 x 10 erg.)

3.5. Hi distribution

Fig. 3(a) shows the integrated intensity map of Hi
towards the Honeycomb Nebula. There is an inten-
sity gradient of HI increasing from the centre of the
SNR to the north-east and south-west. The brightest
feature (~600 K km s~1) is roughly twice higher than
the lowest towards the SNR, (~300 K km s~1). On the
other hand, the north-west and south-west regions
show the lowest HI values (~200-300 K km s~!);
roughly consistent with the direction of the SNR.

Fig. 3(b) shows the position—velocity diagram of
Hi1 towards the Honeycomb Nebula. We find the Hi
intensity is hollowed out along the dashed curve, the
velocity range of which is from 257 to 262 km s~!.
Moreover, the spatial extent of hollowed-out HI is
roughly consistent with the radio size of the SNR. We
argue these hollowed-out distributions of HI indicate
an expanding gas motion from stellar winds originat-
ing with the progenitor system. The expanding ve-
locity of HI in the Honeycomb Nebula is estimated to
be AV ~5 km s~!, which is roughly similar to Mag-
ellanic SNRs RX J0046.5—7308 (AV ~3-5 km s~}
Sano et al. 2019) and N132D (AV ~6 km s~! Sano
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Table 1: A summary of ATCA observations used in this study.

Date Project Array No. Bandwidth  Frequency  Phase Flux Tntograted time
Code Configuration  Channels  (MHz) v (MHz) Calibrator Calibrator (minutes)

T0 Apr 2010 o015 GA 3048 2048 2150 PKS B0530-727  PKS B1934 638 103.2
10 Apr 2010 Co15 6A 2048 2048 5500 PKSB0530-727  PKS B1934-638 187.8
11 Apr 2010 Co15 6A 2048 2048 5500 PKSB0530-727  PKS B1934-638 491.4
27 Jun 2010 Co15 6C 2048 2048 1972,2150 PKSB0530-727  PKS B1934-638 73.8
27 Jun 2010 Co15 6C 2048 2048 5500 PKSB0530-727  PKS B1934-638 118.2
10 Jul 2010 Co15 1.5C 2048 2048 5500 PKSB0530-727  PKSB1934-638 118.2
19 Nov 2010  CO015 6A 2048 2048 2150 PKSB0530-727  PKS B1934-638 108
19 Nov 2010  CO015 6A 2048 2048 5500 PKSB0530-727  PKS B1934-638 105
22 Jan 2011 Co15 6A 2048 2048 2150 PKSB0530-727  PKS B1934-638 162.6
22 Jan 2011 Co15 6A 2048 2048 5500 PKS B0530-727  PKS B1934-638 162.6
25 Jan 2011 Co15 6A 2048 2048 5500 PKS B0530-727  PKS B1934-638 475.2
20 Mar 2011 CO15 1.5A 2048 2048 2150 PKSB0530-727  PKS B1934-638 132.6
20 Mar 2011 CO15 1.5A 2048 2048 5500 PKSB0530-727  PKS B1934-638 123.6
22 Apr 2011 Co15 6A 2048 2048 5500 PKSB0530-727  PKS B1934-638 469.8
23 Apr 2011 Co15 6A 2048 2048 1972,2150 PKSB0530-727  PKS B1934-638 133.2
23 Apr 2011 Co15 6A 2048 2048 5500 PKSB0530-727  PKS B1934-638 133.2
27 Aug 2011 CO15 6B 2048 2048 1972 PKSB0530-727  PKS B1934-638 147.6
27 Aug 2011 CO15 6B 2048 2048 5500 PKSB0530-727  PKS B1934-638 148.2
20 Nov 2011 Co15 1.5D 2048 2048 1972,2150 PKSB0530-727  PKS B1934-638 147.6
20 Nov 2011 Co15 1.5D 2048 2048 5500 PKSB0530-727  PKS B1934-638 135.6
12 Jan 2012 Co15 6A 2048 2048 5500 PKS B0530-727  PKS B1934-638 450
16 Feb 2012 Co15 6A 2048 2048 1972,2150 PKSB0530-727  PKS B1934-638 148.2
16 Feb 2012 Co15 6A 2048 2048 5500 PKS B0530-727  PKS B1934-638 133.2
11 Apr 2012 Co15 1.5B 2048 2048 1972,2150 PKS B0530-727  PKS B1934-638 118.2
11 Apr 2012 Co15 1.5B 2048 2048 5500 PKSB0530-727  PKS B1934-638 118.2
06 Jun 2012 Co15 6D 2048 2048 1972,2150 PKSB0530-727  PKSB1934-638 186
06 Jun 2012 Co15 6D 2048 2048 5500 PKSB0530-727  PKS B1934-638 133.8
01 Sep 2012 Co15 GA 2048 2048 5500 PKSB0530-727  PKS B1934-638 497.4
02 Sep 2012 Co15 6D 2048 2048 1972,2150 PKSB0530-727  PKS B1934-638 147.6
02 Sep 2012 Co15 6D 2048 2048 5500 PKSB0530-727  PKSB1934-638 133.2
24 Nov 2012 Co15 1.5C 2048 2048 1972,2150 PKSB0530-727  PKS B1934-638 133.2
24 Nov 2012 Co15 1.5C 2048 2048 5500 PKS B0530-727  PKS B1934-638 124.8
09 Dec 2012 Co15 6B 2048 2048 5500 PKSB0530-727  PKS B1934-638 384
03 Jan 2013 Co15 1.5D 2048 2048 1972,2150 PKSB0530-727  PKS B1934-638 200.4
03 Jan 2013 Co15 1.5D 2048 2048 5500 PKS B0530-727  PKS B1934-638 192
07 Mar 2013 CO15 6A 2048 2048 5500 PKSB0530-727  PKS B1934-638 482.4
03 May 2013  CO15 6C 2048 2048 1972,2150 PKSB0530-727  PKS B1934-638 118.8
03 May 2013  CO15 6C 2048 2048 5500 PKSB0530-727  PKSB1934-638 115.2
04 May 2013  CO15 6C 2048 2048 5500 PKSB0530-727  PKS B1934-638 488.4
17 Jul 2013 Co15 6A 2048 2048 5500 PKSB0530-727  PKS B1934-638 553.2
19 Jul 2013 Co15 6A 2048 2048 1972,2150 PKSB0530-727  PKS B1934-638 118.2
19 Jul 2013 Co15 6A 2048 2048 5500 PKSB0530-727  PKS B1934-638 117
30 Aug 2013 CO15 1.5A 2048 2048 1972,2150 PKS B0530-727  PKS B1934-638 207
30 Aug 2013 CO15 1.5A 2048 2048 5500 PKS B0530-727  PKS B1934-638 207.6
09 Nov 2013 Co15 6A 2048 2048 5500 PKSB0530-727  PKS B1934-638 512.4
16 Apr 2014 Co15 6A 2048 2048 5500 PKSB0530-727  PKS B1934-638 493.2
27 Aug 2014  CO15 6B 2048 2048 5500 PKSB0530-727  PKS B1934-638 62.4
18 Oct 2014 Co15 1.5A 2048 2048 5500 PKSB0530-727  PKS B1934-638 453
19 Oct 2014 Cco15 1.5A 2048 2048 2150 PKSB0530-727  PKS B1934-638 133.2
19 Oct 2014 Co15 1.5A 2048 2048 5500 PKSB0530-727  PKS B1934-638 129.6
02 May 2015  CO15 6A 2048 2048 2150 PKSB0530-727  PKS B1934-638 148.2
02 May 2015  CO15 6A 2048 2048 5500 PKSB0530-727  PKS B1934-638 171.6
05 Dec 2015 Co15 1.5A 2048 2048 2150 PKSB0530-727  PKS B1934-638 133.2
05 Dec 2015 Co15 1.5A 2048 2048 5500 PKSB0530-727  PKS B1934-638 133.2
08 Mar 2016  CO15 6B 2048 2048 2150 PKS B0530-727  PKS B1934-638 148.2
08 Mar 2016 CO15 6B 2048 2048 5500 PKS B0530-727  PKS B1934-638 132.6
04 Jun 2016 Co15 1.5B 2048 2048 2150 PKSB0530-727  PKS B1934-638 143.4
04 Jun 2016 Co15 1.5B 2048 2048 5500 PKSB0530-727  PKS B1934-638 133.2
24 Aug 2016  CO15 6C 2048 2048 2150 PKSB0530-727  PKS B1934-638 133.2
24 Aug 2016  CO15 6C 2048 2048 5500 PKSB0530-727  PKS B1934-638 133.2
22 Nov 2016 Co15 6A 2048 2048 2150 PKSB0530-727  PKS B1934-638 133.2
22 Nov 2016 Co15 6A 2048 2048 5500 PKSB0530-727  PKS B1934-638 123.6
07 Feb 2017 Co15 6D 2048 2048 5500 PKSB0530-727  PKS B1934-638 415.8
08 Feb 2017 Co15 6D 2048 2048 2150 PKS B0530-727  PKS B1934-638 192
08 Feb 2017 Co15 6D 2048 2048 5500 PKSB0530-727  PKS B1934-638 177.6
18 Feb 2017 Co15 6D 2048 2048 2150 PKSB0530-727  PKS B1934-638 133.2
18 Feb 2017 Co15 6D 2048 2048 5500 PKSB0530-727  PKS B1934-638 131.4
29 Aug 2017  CO15 1.5A 2048 2048 5500 PKS B0530-727  PKS B1934-638 249
10 Nov 2017  CO015 1.5C 2048 2048 5500 PKSB0530-727  PKS B1934-638 118.2
11 Nov 2017  CO015 1.5C 2048 2048 5500 PKSB0530-727  PKS B1934-638 325.8
30 Dec 2017 Co15 6C 2048 2048 5500 PKSB0530-727  PKS B1934-638 508.2

Table 2: Details of Chandra X-ray observations.

Obs. ID Date PI Exp. time

(ks)
1967 2000-12-07  R. McCray 98.76
2831 2001-12-12  D. Burrows 49.41
2832 2002-05-15 D. Burrows 44.26
3829 2002-12-31 D. Burrows 49.01
3830 2003-07-08 D. Burrows 45.31
4614 2004-01-02 D. Burrows 46.49
4615 2004-07-22  D. Burrows 48.83
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et al. 2020). If our interpretation is correct, the Hon-
eycomb Nebula exploded inside a low-density wind
cavity. To test this scenario, we need further Hi ob-
servations with finer angular resolution.

3.6. X-ray emission

Our three-colour Chandra image of the Honey-
comb Nebula is shown in Fig. 4. As shown in Fig. 5(c),
its morphology is broadly similar to the radio mor-
phology of our new ATCA images, with its brightness
increasing towards the western side where the SNR is
thought to be evolving into a denser ambient medium.
However, as noted above, on small scales the X-ray
and radio emission are not well correlated, which is
expected given their thermal and non-thermal ori-
gins, respectively.
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Table 3: Flux density measurements of the Honeycomb Nebula.

Frequency Flux Flux error Telescope Reference
(MHz)  (Jy) (Jy)
888 0.181 0.0181 ASKAP  Pennock et al. (2021)
2000 0.110 0.0220 ATCA This work
5500 0.046 0.0089 ATCA This work

Maggi et al. (2016) performed an X-ray spec-
tral analysis of the Honeycomb Nebula using XMM-
Newton data, finding that its emission is soft with a
plasma temperature (kT') of ~ 0.3 keV and faint with
an X-ray luminosity (Lx) of ~ 4 x 103* erg s~! in the
0.3-8 keV range. In addition, the spectra showed
enhanced abundances of a-process elements, which
along with the star formation history in the region
led to Maggi et al. (2016) assigning a high proba-
bility that the Honeycomb Nebula resulted from a
core-collapse event.
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DEC (J2000)
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-89'18'40" |

-1.5

5"36™50° 48" 46° 44° 42° 40° 38"
RA (J2000)

Fig. 7: Spectral index map of the Honeycomb Nebula
(ATCA; 2000, 5500 MHz) with 5500 MHz contour lines
overlaid. The contour levels are 0.00005, 0.0001, 0.00015,
0.0002, 0.00025 and 0.0003 Jy beam™!. The colour bar on
the right-hand side represent gradients of spectral index.

Given the small size of the nebula and assuming
size is a useful proxy for age, the relatively low ob-
served luminosity and temperature are unusual. An-
other example of such an SNR is MCSNR J0512—
6707 reported by Kavanagh et al. (2015), which is
slightly larger than the Honeycomb Nebula though
somewhat cooler and fainter. These authors suggest
that MCSNR J0512-6707 initially evolved into the
wind-blown cavity of the progenitor and is now in-

teracting with the swept-up shell. If the Honeycomb
Nebula resulted from a similar interaction, as we sug-
gest above, the low kT and Lx observed further sup-
port this interpretation.
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Fig. 8: Radio continuum spectrum of the Honeycomb
Nebula.

3.7. The Honeycomb SNR surface brightness

We compared a previous ©-D diagram (Urosevié
2022, 2020, Pavlovi¢ et al. 2018, their Fig. 3)
with our values, D = 17.7pc and ¥;gg. = 30 X
1072°Wm~2Hz ' sr~!, for the Honeycomb Nebula.
From this comparison, we believe that the Honey-
comb Nebula is undergoing expansion within a sur-
rounding environment characterised by a low density
of 0.02-0.2cm =2 (Fig. 9).

We should emphasise that scatter of evolution-
ary tracks in ¥ — D plane is obvious. It is a result
of SNR evolution in different environments with dif-
ferent explosion energies. The Honeycomb nebula is
indeed close to the 0.2 cm™2 and 10°' erg track, at
the brightness maximum which marks the transition
between free expansion and Sedov’s phase. However,
Pavlovi¢ et al. (2018) models are basically for SN Ia
(uniform medium), and only for certain SN II models
they assume a circumstellar medium with power-law
density profile r—2. If this SNR is expanding in a
cavity, then we would have an approximately homo-
geneous density until the transition to ISM where,
probably, would be a dense shell (or shells). Due to
this, the evolutionary status established here should
be taken with caution.
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Fig. 9: Radio surface brightness—to—diameter diagram
for SNRs at frequency of 1 GHz (black triangles), obtained
from numerical simulations (Pavlovi¢ et al. 2018, their
Fig. 3).
red circle while the open triangle represents Cassiopeia A.

The Honeycomb Nebula is marked with open

The open circle represents the youngest Galactic SNR,
G1.940.3 (Luken et al. 2020). Numbers represent the
following SNRs: (1) CTB37A, (2) Kes97, (3) CTB37B
and (4) G65.140.6.

4. CONCLUSIONS

We present new high-resolution and sensitive
ATCA images for the LMC Honeycomb Nebula at
2000 and 5500 MHz. We also compare these images
with the available X-ray, optical and HI images.

The following is a summary of our findings:

e The Honeycomb Nebula has a steeper than av-
erage SNR radio spectral index of —0.76 +0.07,
suggesting a younger age,

e A radial polarisation with an average fractional
polarisation of 24 + 5% and maximum value of
95+ 16% at 5500 MHz, also indicating a younger
age,

e An eqp field of 48 £ 5 uG, also is consistent with
a younger age,

e This SNR has the highest surface brightness,
Yiga: = 30 x 10720 Wm2Hz st~ for its
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diameter in comparison to Galactic SNRs pre-
sented in Fig. 9. It tentatively suggests a pre-
vious expansion in a homogeneous low-density
medium and, after that, collision with a denser
shell of a young SNR in the transition between
the late free expansion and early Sedov phase of
evolution.

When combined with its unusual morphology and
other data found in the literature, this all indicates
that the remnant’s progenitor most likely underwent
a core-collapse event inside a low-density wind cavity.
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Opueunasiy HaywHL pPao

Y oBOM pany mpuKa3yjeMo IpBa IyOUHCKA ap-
XMBCKa [IOCMaTpama OCTATKA CYIEPHOBE MAIJn-
He Cahie (Honeycomb), m3 Benukor Marenaso-
Bor obusaka, temeckonoM ATCA (Australia Tele-
scope Compact Array) y paauo-rontunyymy. OBa
pamuo-nocmarpama cy pabena ma 2000 m 5500
MHz. Ilponamaum cMO na je paauo-CIEKTPAJHU
ungexkc osor ocratka —0.76 £ 0.07 a mpoceu-
Ha mosapusamuja 25 + 5% ca MakcuMaJHOM O
95 + 16%. V3pauyHnanau cMO Ha je €KBUIAPTUIM]-
CKO MarHeTHO II0Jbe OBOT ocTaTka 48+5uG, a Mu-
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HUMAaJHA eHepruja Fpi, = 3 X 1049 erg. [ToBpmun-
cru cjaj marmuae Cahe ma X gny je 30 x 10720 W
m~2 Hz~! sr~!'. Kopucrehu ¥ — D penanujy Ham-
JM CMO [a Ce OCTATaK IMUPU y CPEAWHU Ca HUC-
koM ryctuaoMm. Hama HI mocmarpama morBpbhyjy
unejy na ce maramaa Cahe mmpu yryTap HUCKO-
T'YCTHHCKOI MeXypa CTBOPEHOI BETPOM Ca 3Be3Je
nporenuTopa. HajBepoBarHuje, oBaj ocratak ce
HaJla3u y eBOJyTUBHO] (ha3u m3meDy kpaja ¢asze
cnobonuor mmpewma u pane CenoBmese dase.
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