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Abstract. The nearby (d = 3.6Mpc) starburst galaxy M82 has been studied for several decades by very long baseline
interferometry (VLBI) networks such as e-MERLIN and the European VLBI Network (EVN). The numerous
supernova remnants (SNRs), H ii regions and other exotic transients make it a perfect laboratory for studying
stellar evolution and the interstellar medium (ISM). Its proximity provides a linear resolution of 17 pc/arcsec,
enabling decadal-time-scale variability and morphology studies of the tens of compact radio sources. In these
proceedings, we describe the use of new techniques developed in the last ten years that provide deeper, more robust
imaging, enable in-band spectral index mapping, and allow wider fields of view to be imaged to find new radio
sources.

1. Introduction

M82 is perfect laboratory for studying stellar evolution,
owing to its proximity (d=3.6 Mpc, Fenech et al. 2008),
its high star formation (SF) rate and consequently
high supernova (SN) rate of 1 every 10-20 years
Fenech et al. 2010. Optically, the emission is highly ab-
sorbed, necessitating high resolution VLBI radio stud-
ies to infer the SF and SN rates. Over the past three
decades, EVN and e-MERLIN monitoring has stud-
ied the 10s of compact radio sources in the central
kpc of M82. As the telescope sensitivity has improved,
so has the number of sources observed, with more
than 100 cataloged now. The majority of the compact
sources have been categorised as SN remnants (SNRs) or
H ii regions (see Beswick et al. 2006, Fenech et al. 2008,
Fenech et al. 2010, Gendre et al. 2013) based off their
morphology and in some cases their radio spectral index
(S ∝ να, where α is the spectral index). Other than the
common SNRs, H ii regions, and the occasional new SN
(e.g. SN2008iz, see Kimani et al. 2016), M82 contains sev-
eral ‘exotic’ transient sources where long-term monitor-
ing has been invaluable for understanding their origins.
For example, the compact source 41.95+57.5 has been de-
creasing in flux by ∼8.8% per year, is likely responsible
for M82’s brighter single-dish flux in the 1960s and 1970s
and could be the long-lived emission from a Gamma Ray
Burst (Muxlow et al. 2005). An ‘unusual’ radio transient
was discovered in 2009 Muxlow et al. 2009 which could be
an extra-galactic analogue of SS433 (Joseph et al. 2011,
but see Muxlow et al. 2010 also). While new discoveries
of transients are always possible in M82, monitoring of
the compact source population is necessary to understand

how these objects interact with the interstellar medium,
providing insight into the physics of stellar evolution.

2. 2015 e-MERLIN and 2022 EVN data

In this work, we present e-MERLIN data taken in 2015
and preliminary results from European VLBI Network
(EVN) data obtained in 2022. The e-MERLIN data were
obtained from 2015 May 28 to 2015 May 31, resulting
in over 40 hours of on-source time. Observations were
performed in two 512 MHz bands, centred at 5005 and
6202 MHz to provide a wider spectral index lever arm.
The data were processed using the e-MERLIN CASA
Pipeline (Moldon 2018). wsclean (Offringa et al. 2014,
Offringa & Smirnov 2017) software was used to image and
self-calibrate the e-MERLIN data. We used a ‘thresholded
masking’ method, to gradually include more of the radio
sources in the model1, taking care to not include imaging
artefacts. In wsclean we included the e-MERLIN primary
beam2 and multi-scale cleaning to fit the spectrum across
the 8 non-contiguous spectral windows. The final image
achieved an r.m.s noise level of 6.5µJy/beam. The image
quality close to the bright SN2008iz is poorer, but further
work is underway to mitigate its effect on the wider image.
Some of the sources are presented in Fig. 2.

1 We used a modified version of a thresholded
mask code written by Ian Heywood for OXKAT:
https://github.com/IanHeywood/oxkat/blob/master/

tools/make_threshold_mask.py. The mask files were in-
spected after each new one was generated to ensure only real
components were included in the imaging mask

2 The primary beam models were made by Nicholas Wrigley
and added to a wsclean container by Bob Watson. The con-
tainer is available on request.

31

https://github.com/IanHeywood/oxkat/blob/master/tools/make_threshold_mask.py
https://github.com/IanHeywood/oxkat/blob/master/tools/make_threshold_mask.py


32 Williams-Baldwin et al. 2024: New insights on supernova remnants and HII regions in M82

Fig. 1. Eight sources obtained from the e-MERLIN data presented here. The left column shows SNRs, where the
expanding shells are clearly resolved by e-MERLIN. The middle two columns show the compact younger supernova
remnants 43.31+59.2 and SN2008izand compact ’exotic’ sources such as the ”M82 transient” and 41.95+57.5. The
final column shows examples of faint low-surface brightness H ii regions in M82, highlighting the need for sensitivity to
detect these objects (see also Fig 3). N.B. the contour levels are not identical between the images but instead highlight
the main emission areas.

We also present preliminary analysis from EVN
data observed in 2022 June (Project code: EW029, PI:
Williams). These observations were made in both L and
C band with 18 hours on source in both bands, using
EVN+e-MERLIN to sample a wider range of spatial scales
necessary for detecting faint diffuse emission in SNRs. In
order to sample the full central kpc of M82, we used mul-
tiple correlation centres tessellated across this region and
included an additional 5 correlation centres for off-nuclear
sources of interest that had been picked up in archival
widefield imaging of the M82 field in the LeMMINGs sur-
vey (Baldi et al. 2021). The EVN data were processed us-
ing VPIPE (Radcliffe et al. 2024), a CASA pipeline de-
signed for calibrating VLBI data. VPIPE is particularly
useful as it performs primary beam correction for EVN
data, and casts the solutions from the pointing centre to
the other correlation centres used in this project. The full
dataset is still being analysed, but we show a preliminary
L band image of SNR 43.31+59.2 in Fig. 4.

3. Results and Discussion

3.1. Improvement in imaging in 30 years

Figure 3 shows the improvement in image fidelity and sen-
sitivity over the last 30 years with MERLIN (the prede-
cessor of e-MERLIN), and the 2013 data presented here.
The increasing improvement in sensitivity is evident, with
lower surface brightness features and diffuse components
becoming easier to detect in the most recent e-MERLIN

data. While the SNRs appear mostly the same as they
did in the 2002 maps (Fenech et al. 2008), the additional
sensitivity is of critical importance for recovering the to-
tal flux of H ii regions in particular: the H ii regions are
much larger than previously observed and consequently
have larger total fluxes. The new e-MERLIN map has also
discovered 10 new sources of radio emission at levels of
∼50µJy/beam. Of the five additional off-nuclear sources
found in archival e-MERLIN data, 3/5 were detected in
the 2022 EVN observations, showing that e-MERLIN’s
sensitivity is ideal for finding uncataloged sources in M82.

3.2. In-band Spectral Index maps

We made pixel-by-pixel spectral index maps of the
sources, using the morphen code (Lucatelli 2024)3. To
make the requisite maps we remade our images with a
common circular restoring beam. Using morphen, we fit
the spectral index across the e-MERLIN band and sepa-
rate the SNRs - which tend to have steeper spectra and
circular morphologies - from the H ii regions - which have
flat or inverted spectra and complex morphologies - for the
first time using a single dataset (see Fig. 3.1). This method
is a significant improvement on previous works, where ra-

3 Themorphen code was originally designed for decomposing
emission from different mechanisms in nearly ULIRGs (see ?),
but can be applied here in the simplistic case of providing a
spectral index map. A version of the code was provided by
Geferson Lucatelli for this purpose.
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Fig. 2. Improvement in MERLIN/e-MERLIN image quality over 3 decades: the top row represents a classical SNR,
39.10+57.3, and the bottom row represents a HII region, 41.18+56.2. From left-to-right, the panels shown are: left: 1992
MERLIN image, obtained from Fenech et al. 2008, middle: 2002 MERLIN image, obtained from Fenech et al. 2008
and right: e-MERLIN image presented from the data in this work.

dio fluxes may have been obtained with different arrays
and at different times, which could lead to issues with
sampling the same spatial scales or be affected by source
variability (see e.g. Fenech et al. 2010). The morphen code
also calculates source sizes and computes fluxes, with a
full analysis planned for an upcoming paper (Williams-
Baldwin et al., in prep.)

3.3. The inclusion of e-MERLIN in EVN

e-MERLIN provides shorter baselines than the EVN and
is sensitive to structures on 10s mas scales. This is
of critical importance for studying SNRs, as they will
eventually become resolved out by the EVN and unde-
tectable. Combined EVN+e-MERLIN observations pro-
vide the best of both: mas-scale resolution with EVN
baselines, coupled with sensitivity to larger angular scales
with e-MERLIN. This is demonstrated in Fig. 4 for SNR
43.31+59.2, which is only slightly resolved in e-MERLIN-
only data (see Fig. 2). EVN-only data in 2009 and 2012
(Fenech et al., in prep) show that the 10s-mas-scale flux
in this source to be resolved out, but the inclusion of e-
MERLIN in the 2016 C band and 2022 L band data pre-
sented here recovers much of the lost flux.

4. Conclusions

We have presented new data analysis techniques to pro-
vide further insight on the compact source population
found in M82. Not only have these new techniques en-
abled the detection of previously uncatalogued sources,
but they have also shown that i) the H ii regions in M82
are larger than previously thought with a greater total
flux density, ii) in-band e-MERLIN radio spectra are reli-
able for many of the SNRs and H ii regions, with resolved
spectral index maps a useful tool in diagnosing the source
type, and iii) the inclusion of e-MERLIN in the EVN is
absolutely necessary for detecting the SNRs as they con-
tinue to expand and evolve as they will become resolved
if the shorter spacings of e-MERLIN are not included.
Furthermore, wide-field e-MERLIN observations can be
used to find faint radio sources emission away from the
central regions of galaxies which can then be followed up
with the EVN to identify what the origin of these uncat-
alogued sources.
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Fig. 3. Top: Spectral Index colour map of SNR
45.75+65.3 and bottom: H ii region 40.94+58.8, both made
using the morphen code (Lucatelli 2024). Contours are
plotted on top to show the regions of brighter flux. The
SNR shows flatter spectra at the points where the flux is
brighter (see Fig. 2 bottom left panel), whereas the H ii
region is consistent with a flat or slightly inverted spec-
trum across the entire source.
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