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A B S T R A C T 

We present broad-band radio flux-density measurements supernova (SN) 1996cr, made with MeerKAT, ATCA, and ALMA, 
and images made from very long baseline interferometry (VLBI) observations with the Australian Long Baseline Array. The 
spectral energy distribution of SN 1996cr in 2020, at age t ∼8700 d, is a power-law, with flux density, S ∝ ν−0.588 ± 0.011 between 

1 and 34 GHz, but may steepen at > 35 GHz. The spectrum has flattened since t = 5370 d (2010). Also since t = 5370 d, the 
flux density has declined rapidly, with S 9 GHz ∝ t −2 . 9 . The VLBI image at t = 8859 d shows an approximately circular structure 
with a central minimum reminiscent of an optically-thin spherical shell of emission. For a distance of 3.7 Mpc, the average 
outer radius of the radio emission at t = 8859 d was (5.1 ± 0.3) × 10 

17 cm, and SN 1996cr has been expanding with a velocity 

of 4650 ± 1060 km s −1 between t = 4307 and 8859 d. It must have undergone considerable deceleration before t = 4307 d. 
Deviations from a circular shell structure in the image suggest a range of velocities up to ∼7000 km s −1 , and hint at the presence 
of a ring- or equatorial-belt-like structure rather than a complete spherical shell. 

K ey words: Supernov ae: indi vidual (SN 1996cr) – radio continuum: general. 
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H 0 = 67.4 km s −1 Mpc 1 (Planck Collaboration 2020 ), which distance is 
3.16 ± 0.22 Mpc, and the redshift-independent value listed on NED of 
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 I N T RO D U C T I O N  

upernova (SN) 1996cr, in the nearby Circinus Galaxy, had the 
ighest radio flux density ev er observ ed for an optically identified
adio SN (163 mJy at 8.3 GHz; Bauer 2007b ; Bauer et al. 2008 ), as
ell as being one of only a handful of supernovae which can still be
bserved in radio more than 20 yr after the explosion. It was seen in
001 in X-rays (Sambruna et al. 2001 ) and subsequently identified 
s a possible SN (Bauer et al. 2001 ), but only firmly identified as an
N in 2008 (Bauer et al. 2008 ). It was not identified till well after

he explosion, so the explosion date, t 0 , is not accurately known. We
ake t 0 = 1995 September 7 (MJD = 49968), which is the mid-point
f the range given in Bauer et al. ( 2008 ), and all our times, t , are with
espect to this t 0 . We take the Circinus Galaxy and SN 1996cr to be
t a distance D ∼ 3.7 Mpc, 1 and we indicate the dependence of our
 E-mail: mbieten@yorku.ca 
 We average the distance derived from the redshift using the NASA/IPAC 

xtragalactic Database (NED; https://ned.ipac.caltech.edu ), after correction 
or infall to Virgo, the Great Attractor and Shapley supercluster and use 
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erived quantities on D , which is only known to about 25 per cent
ccuracy. 

SN 1996cr was classified as a Type IIn SN in 2008, around a
ecade after the explosion (Bauer et al. 2008 ; see also Ransome
t al. 2021 ), but there are no observations constraining its type at
arly times. 2 Type IIn supernovae are characterized by relatively 
arrow H features superimposed on the broader emission lines and 
re associated with strong interaction with a dense circumstellar 
edium (CSM; e.g. Fransson et al. 2014 ; Smith 2014 ) produced

y winds and outflows from the progenitors before the explosions. 
ype IIn SNe (for example, SN 1986J and SN 1988Z) tend to exhibit
.2 Mpc to arrive at 3.7 Mpc. Ho we ver we note that there is some disagreement 
n the distance to Circinus, see discussion in Mondal et al. ( 2021 ), with values 
s high as 4.2 Mpc (e.g. Freeman et al. 1977 ) and as low as 2.6 Mpc (R ́o ̇za ́nska 
t al. 2018 ) being used in the literature. 
 Some SNe, e.g. SN 2014C (Milisavljevic et al. 2015 ), initially show normal 
ype II spectra, and only after some time evolve to reveal IIn characteristics. 
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Table 1. Total flux density measurements. 

Freq. Date Age a Telescope Flux density b 

(GHz) (days) (mJy) 

1 .28 2018 May 4 8275 MeerKAT-16 c 107 ± 11 
1 .28 2018 Jul 20 8531 MeerKAT 99 ± 10 
2 .10 2020 Jan 31 8911 ATCA 60.8 ± 3.5 
5 .50 2020 Jan 31 ’ ATCA 33.8 ± 1.9 
9 .00 2020 Jan 31 ’ ATCA 25.1 ± 5.5 

18 .00 2020 Jan 31 ’ ATCA 18.4 ± 1.0 
34 .00 2020 Jan 31 ’ ATCA 12.0 ± 0.7 

108 .00 2019 Mar 10 8791 ALMA 4.32 ± 1.23 
223 .00 2019 May 5 8640 ALMA < 3.5 d 

339 .90 2019 Apr 12 8617 ALMA < 4.5 
465 .50 2019 Aug 6 8733 ALMA < 22 

Notes. a The age is the time since the explosion, calculated assuming an 
explosion date of 1995 September 7, and for the mid-point of the observations, 
see text Section 1 . 
b Our standard errors include the image background rms values and a 5 per cent 
flux-density calibration error for ATCA and a 10 per cent one for MeerKAT 

and ALMA, added in quadrature. 
c These observations were made using only 16 antennas, before all 64 dishes 
of MeerKAT became operational. 
d For the ALMA observations at ν > 200 GHz, SN 1996cr was no longer 
distinguishable from the galaxy emission in the image, and we give as an 
upper limit on its flux density the typical brightness per beam of the galaxy 
at the location of SN 1996cr. 
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tronger and longer-lasting radio emission than other Types of SNe
Bietenholz et al. 2021b ), as well as often having stronger X-ray
mission at late times (e.g. Dwarkadas & Gruszko 2012 ). 

SN 1996cr has remained unusually bright in both radio and X-
ays for more than two decades, and is one of only a small number
f long-lived core-collapse SNe (CCSNe) whose evolution can be
tudied o v er more than a decade. Its close distance of 3.7 Mpc makes
t easier to observe than most other Type II SNe. SN 1996cr showed
 rapid rise in radio emission around 1 yr after the explosion and then
 plateau lasting for several more years (Bauer et al. 2008 ; Meunier
t al. 2013 ). The X-rays showed a more gradual increase lasting till
10 yr after the explosion (Quirola-V ́asquez et al. 2019 ). 
SN 1996cr’s rise in radio and X-rays is attributed to the SN

hock interacting with a dense region of CSM (Bauer et al. 2008 ;
warkadas, Dewey & Bauer 2010 ). SN 1996cr first exploded in
 lower -density region, b ut then 1 ∼ 2 yr after the explosion, the
orward shock interacted with a region of dense CSM, which is
haracterized by Bauer et al. ( 2008 ) and Dwarkadas et al. ( 2010 ) as
 shell formed during an episode of mass-loss from the progenitor.
he inner radius of the dense CSM has been taken to be ∼10 17 cm
ased largely on the modelling of the emission at various wavebands
Dwarkadas et al. 2010 ; Dewey, Bauer & Dwarkadas 2011 ; Quirola-
 ́asquez et al. 2019 ) and constrained by the first VLBI measurement

Bauer et al. 2008 ). The dense CSM w as lik ely formed by the
nteraction of the slow but dense red supergiant (RSG) wind with the
ast, low-density , Wolf-Rayet (W -R) or blue supergiant (BSG) wind
tarting some 10 3 to 10 4 yr before the e xplosion. Ev en when starting
ith spherically symmetric winds, factors such as the magnetic
eld, turbulence within the bubble, presence of a binary companion,
nd h ydrodynamic, magneto-h ydrodynamic, and ionization front
nstabilities (see Dwarkadas 2022 and references therein), can all lead
o significant departures from sphericity. These can be exacerbated
n the presence of an asymmetric surrounding medium, giving rise
o a complex morphology. 

 TOTAL  FLUX  DENSITY  OBSERVATIONS  

ITH  M E E R K AT,  AT C A ,  A N D  ALMA  

.1 MeerKAT obser v ations 

e observed SN 1996cr with MeerKAT 

3 on 2018 May 4 (proposal
ode SCI-20180222-MB-01; we give the mid-point dates) and also
sed archi v al MeerKAT observ ations from 2018 July 20 (code SSV-
0180428-FC-01), both at a central frequency of 1.28 GHz with
 bandwidth of 856 MHz split into 4096 channels. The data were
educed using a combination of the OxKAT scripts (Heywood 2020 )
nd manual reduction using the COMMON ASTRONOMY SOFTWARE

PPLICATIONS package ( CASA ; CASA Team et al. 2022 ). To
etermine the flux density of the SN on the scale of Stevens–
e ynolds 2016 (P artridge et al. 2016 ), as well as to calibrate the

nstrumental bandpass, we observed the sources PKS J1939–6342
nd PKS J0408–6544 (QSO B0408–65) on 2004 May 4, and 3C 286
n 2018 July 20. For phase and amplitude calibration, we used the
ources PKS J1424 −4913 and PKS J1619 −8418. The SN 1996cr
ata were self-calibrated in phase but not amplitude. 
The entire primary-beam area was imaged, and SN 1996cr, the

ircinus Active Galactic Nucleus (AGN), as well as unrelated
ackground sources were deconvolved using the CLEAN algorithm
 CASA : tclean ). SN 1996cr is well separated from the AGN of the
NRAS 521, 2239–2247 (2023) 

 Operated by the South African Radio Astronomy Observatory (SARAO). 

4

d

ircinus Galaxy. We estimated the flux densities by fitting a model
onsisting of an unresolved source 4 and a baseline- or zero-level to a
mall region of the image around SN 1996cr, with the former being
nterpreted as the SN and the latter as the diffuse emission from the
alaxy. Although this estimate of the diffuse emission is approximate,
ts value was smaller than our stated uncertainties, so its presence
oes not significantly impact our flux density determination for
N 1996cr. For the 2018 July 20 observation with the full MeerKAT,

he resolution was ∼5 arcsec, SN 1996cr was 99 mJy, the image
ackground rms level was 19 μJy beam 

−1 , and the fitted zero level
as 2 per cent of the peak brightness of SN 1996cr. For the 2018 May
 observation, for which only 16 dishes were used, the corresponding
alues were 8 arcsec, 107 mJy, 98 μJy beam 

−1 , and ∼5 per cent of
he SN 1996cr peak. As well as the statistical uncertainty, our flux
ensity uncertainties include, and are dominated by, a 10 per cent
ystematic uncertainty due to the flux-density bootstrapping (see e.g.
riessen et al. 2022 ). All flux density determinations are listed in
able 1 . 

.2 ATCA obser v ations 

e observed SN 1996cr in 2020 with the Australia Telescope
ompact Array (ATCA; Project Code C3323). The observations
ere reduced using CASA . We again used the flux-density scale
f Stev ens–Re ynolds 2016 (P artridge et al. 2016 ), and set the
cale using observations of PKS J1939–6342. The data were self-
alibrated in phase, but not amplitude, and images deconvolved
sing the CLEAN algorithm ( CASA : tclean ). The full width at half
aximum (FWHM) resolution ranged from 2.8 arcsec at 2.1 GHz to

.3 arcsec at 34 GHz. The flux densities were measured from the
esulting CLEAN images in the same way as described abo v e for

eerKAT, and our uncertainties include an 5 per cent uncertainty
 An unresolved source in the images is an elliptical Gaussian with the 
imensions and orientation fixed to those of the restoring beam. 
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Figure 1. The radio light curves of SN 1996cr at 8.6 and 1.4 GHz, with 
measurements from this paper and from Meunier et al. ( 2013 ). The red points 
and dashed line show the 1.4 GHz light curve, while the blue points and solid 
line show the 8.6 GHz one. For the 1.4 GHz light curve, we include values 
measured between 1.2 and 2.2 GHz, scaled to 1.4 GHz assuming a spectral 
index of −0.6 (see Section 3 ), and for 8.4 GHz light curve we include values 
between 8 and 10 GHz, without any scaling. 

Figure 2. The radio spectral energy distribution of SN 1996cr at t = 8700 d 
(2019.5) from observations with MeerKAT, ATCA, and ALMA. The orange 
line shows a power-law spectrum fitted by least squares for ν ≤ 34 GHz, which 
was S ( ν) = 39 . 8 ( ν/ 5 GHz ) −0 . 580 mJy. The flux density measurements have 
been scaled to a common time of t = 8700 d by assuming a temporal decay 
rate of S ∝ t −2.85 , see Section 3 . 
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5 This probability was derived numerically, the distribution of α108GHz 
34 GHz is 

some what ske w, with a tail to more negati ve v alues, so the probability of 
n the flux-density bootstrapping. The systematic uncertainty is 
he dominant contribution to the uncertainty in the flux density of
N 1996cr at all frequencies except 9 GHz. The values are listed in
able 1 . 

.3 ALMA obser v ations 

e observed SN 1996cr also with the Atacama Large Millimeter 
rray (ALMA) on several occasions in 2019, as part of pro-
ram #2018.1.00007.S (PI: F. Bauer), at 108.0, 223.0, 339.9, and 
65.5 GHz (bands 3, 6, 7, and 8, respectively) on the dates given
n Table 1 below. The observations were taken with the Atacama 
ompact Array of ALMA (ACA) and centred on the SN position, 
ith a total bandwidth of 7.5 GHz in each frequency. The data were

educed using CASA . The flux density scale at ALMA is set by
bservations of one of a set of unresolved calibrator sources (‘grid’
ources), referred ultimately to Solar system objects, and is accurate 
o ∼10 per cent (Francis et al. 2020 ). Spectral cubes were inspected
y eye to flag and remove any channels affected by strong line
mission (e.g. CO) associated with the disc of the host galaxy. Images
ere again made using the CLEAN algorithm ( CASA : tclean ),

dopting Briggs weighting with robust = 0 . 
At 108 GHz, the resolution of the ACA is 12 arcsec, and SN 1996cr

nd the Circinus nucleus are ∼2 beam widths apart, and have some
egree of overlapping emission. There is also the possibility of some 
iffuse emission from the galaxy at the location of SN 1996cr. 
o allow for these two factors, we determined the flux density 
f SN 1996cr by fitting models to the region of the image near
N 1996cr. We used three models: 1) An unresolved source for
N 1996cr with a constant background level, 2) an unresolved source 
or SN 1996cr, with a background level and slope, and 3) using
 larger fitting area, an unresolved source for SN 1996cr, and an
lliptical Gaussian for the nucleus of the Circinus galaxy. We adopt 
he mean o v er the three different models as the final flux density
f SN 1996cr and the standard deviation o v er the three models
s an estimate of the uncertainty in separating SN 1996cr from
he background to obtain a flux density of 4320 ± 1120 μJy for
N 1996cr. (The galaxy contribution at SN 1996cr’s location was 
maller than the uncertainty at ∼400 μJy beam 

−1 ). The image rms
as 300 μJy beam 

−1 , and we take 10 per cent for the flux calibration
ncertainty to arrive at a final value of 4320 ± 1230 μJy. This value
s given in Table 1 . 

At 223 to 465 GHz (ALMA bands 6, 7, and 8), the extended
hermal dust emission associated with a nearby spiral arm dominates, 
nd we could only obtain upper limits on the flux density of
N 1996cr, which are also listed in Table 1 . 

 M E E R K A  T,  A  T C A  A N D  ALMA  RESULTS:  
OTAL  FLUX  DENSITIES  A N D  SED  

e show the radio light curves of SN 1996cr at 8.6 and 1.4 GHz in
ig. 1 . The flux density shows a steep decay since the observations
f Meunier et al. ( 2013 ), who had already suggested a steepening of
he decay near the end of their observations at t ∼ 6000 d. Between
he last two measurements, the flux density decays as t −2.8 ± 0.7 and 
 

−2.9 ± 0.3 at 8.6 and 1.4 GHz, respectively. 
We obtained new flux density measurements at frequencies 

etween 1.28 and 465 GHz using MeerKA T, A TCA, and ALMA
Table 1 ) between 2018 and 2020 ( t = 8275 and 8911 d). We plot these
ux density measurements and a fitted power-law spectral energy 
istribution, SED, in Fig. 2 . 
The SED shows no deviations from a power-law from 1.28 GHz
p to the highest ATCA measurement at 34 GHz, but the ALMA
easurements at ν > 100 GHz show that the spectrum likely steepens

omewhere between 34 GHz and 223 GHz. We fit a power-law
pectrum to ν ≤ 34 GHz using weighted least squares. Before fitting, 
e scaled all the measurements to a common time of 8700 d by

ssuming a decay ∝ t −2.85 . We obtain a fitted SED of S ( ν) =
39.8 ± 1.0)( ν/5 GHz) −0.580 ± 0.023 mJy, with a χ2 = 1.6 for 5 degrees
f freedom. 
The spectral index between 34 and 108 GHz is α108 GHz 

34 GHz = −0 . 88 ±
 . 25, and the probability that the difference in α abo v e and below
4 GHz, and thus the apparent steepening abo v e 35 GHz, are due
o experimental error is ∼8 per cent. 5 Such a steepening might be
xpected to occur because of synchrotron losses. Ho we ver, our results 
MNRAS 521, 2239–2247 (2023) 
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Figure 3. The VLBI image of SN 1996cr at age t � 8959 d, made with 
data from the Australian Long Baseline Array, combining the data at 5 GHz, 
observed 2020 March 28, and the amplitude-scaled data at 2.3 GHz, observed 
2020 February 17 (see text for details). The restoring beam, indicated at lower 
left, was 3.54 × 2.95 mas at p.a. −15 ◦ (FWHM). With the combined data, we 
are sensitive to angular scales from 1 mas to 330 mas. Both the colour scale, 
labelled in mJy beam 

−1 , and the contours show brightness. The contours 
are drawn at −16, 16, 30, 50 (emphasized), 70, and 90 per cent of the peak 
brightness, which was 1.26 mJy beam 

−1 . The rms background brightness was 
72 μJy beam 

−1 . North is up, and east is to the left, and the origin is at the 
fitted centre position of the spherical shell model (see text Section 6.1 ). 
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re not conclusive on this point, and the degree of the steepening, as
ell as the corner frequenc y, would hav e to be confirmed by better
igh-frequency measurements. 

 VLBI  OBSERVATIONS  

e observed SN 1996cr using the Australian Long Baseline Array,
LBA), including the South African Hartebeesthoek antenna, at
.3 GHz on 2020 February 17 and at 4.8 GHz on 2020 March 3
observing codes V253D and V253E, respectively). In both runs, the
hased ATCA (5 × 22 m diameter used for VLBI), Ceduna (30 m),
artebeesthoek (26 m), Hobart (26 m), Katherine (12 m), and Parkes

64 m) antennas took part, although no usable data were obtained
rom the Katherine antenna. At 2.3 GHz, the Tidbinbilla (DSS-
6, 34 m), Warkworth AU-Scope (12 m), and Yarragadee (12 m)
ntennas also observed, although no usable data were obtained
rom either Yarragadee or Warkworth. At 4.8 GHz, we also used
he Warkworth 30 m and Mopra (22 m) antennas. In both cases,
he observations were phase-referenced to ICRF J142455.5–680758
PKS J1424–6807), which we will refer to as J1424 −6807, which is
elativ ely unresolv ed at both frequencies. 

The calibration was carried out with NRA O’ s Astronomical
mage Processing System ( AIPS ; Greisen 2003 ). The initial flux
ensity calibration was done through measurements of the system
emperature at each telescope, and impro v ed through self-calibration
f the data from the phase-reference source J1424 −6807. 
For the final image, we again used the CLEAN algorithm

 AIPS : imagr ), and we combined the 4.8 GHz and 2.3 GHz data,
o as to increase the u - v co v erage. We scaled the nominal visibility
mplitudes of the 2.3 GHz data by 0.8 × so as to match the visibility
mplitudes for both frequencies at the shortest baselines. Since only
ery partial T sys measurements were available at 2.3 GHz, the flux-
ensity scale for the 2.3 GHz data is not well known. If the absolute
mplitude calibration at 2.3 GHz were better, likely the scaling
etween 2.3 and 4.8 GHz would be closer to the factor of 0.65 implied
y the spectral index measured with ATCA and MeerKAT. 
In addition to the 2020 VLBI observations described in this

aper, we had obtained earlier VLBI observations of SN 1996cr
ith the Australian LBA, in 2007, at t = 4307 d and 22 GHz

observing code VX013; Bauer et al. 2008 ), and in 2013, at
 = 6553 and 8.4 GHz (observing code V253C; Bietenholz 2014 ;
artel & Bietenholz 2016 ). Both these earlier LBA observations were
hase-referenced to ICRF J135546.6 −632642 (PMN J1355 −632),
hich is slightly closer on the sky than J1424 −6807. ICRF

135546.6 −632642 was, ho we v er, significantly resolv ed and thus
ed to problems in the phase-calibration and image reconstruction.
ecause of these problems, and also because of the relatively
oor u - v co v erage, there were significant ambiguities in the im-
ge reconstruction, and we therefore do not use the images from
hese epochs, but only use models fitted directly to the visibility
ata. 
Despite the difficulties in imagining, the 2013 image (Bietenholz

014 ; Bietenholz & Bartel 2017 ) shows a structure not dissimilar to
he one from 2020 (see Fig. 3 ), which had much better u - v co v erage
nd was much more reliably determined. 
NRAS 521, 2239–2247 (2023) 

etting a value ≥−0.580 is somewhat smaller than suggested by Gaussian 
tatistics. 
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 VLBI  RESULTS:  I MAGE  

e show the VLBI image of SN 1996cr, made from the combined
.3 and 4.8 GHz VLBI data taken in 2020, in Fig. 3 . The age of
N 1996cr was 8929 d for the 2.3 GHz observations and 8959 d
or the 5 GHz observations taken around a month later. Since the
ractional difference in age is small, and 5 GHz data dominate, we
se 8959 d as the representative age for the image. The combined 2.3
nd 5 GHz observations co v ered a range in u - v spacing from 620 K λ

o 170 M λ, therefore we have some sensitivity to angular scales from
30 mas down to 1 mas. 

 VLBI  RESULTS:  SIZE  A N D  EXPANSI ON  

ELOCI TY  

.1 Size of the emission region 

ince SN 1996cr seems to have an approximately shell-like mor-
hology, we fit a geometrical model directly to the visibilities to
etermine a precise value for the angular size. The model we use is
he same one used for other SNe such as SN 1993J and SN 2014C
see Bietenholz, Bartel & Rupen 2003 ; Bietenholz et al. 2018 ), and
onsists of the Fourier transform of the projection of an optically-
hin shell of emission. The model is characterized by the inner and
uter angular radii of the shell, θi , θo , and the total flux density.
ietenholz et al. ( 2010a ) showed that, in the case of SN 1993J, the

esults obtained through u - v plane model-fitting are superior to those
btained in the image plane. As in the imaging, we used the square
oot of the data weights in the fitting, which makes the results more
obust at the expense of some statistical efficiency. 
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Figure 4. A radial profile of the brightness of SN 1996cr, derived from 

the image in Fig. 3 , at age t � 8959 d. The bottom horizontal axis shows 
angular radius, while the top shows linear radius (for D = 3.7 Mpc). The blue 
solid line shows the observed radial profile. The orange solid line shows the 
profile of the fitted optically-thin spherical model, which has θ o = 9.27 mas 
and R o/i = 1.25, convolved with our restoring beam (3.54 × 2.95 mas at 
p.a. −15 ◦). The dashed-green line shows the profile of the model before 
convolution with the restoring beam. The grey dotted and dash–dotted vertical 
lines show the outer angular radius of the fitted model and the observed 
θ90% flux (the angular radius containing 90 per cent of the observed total flux 
density), respectively. 
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The outer angular radius of the model, θo , is most closely identified
ith the forward shock, and also most reliably determined by the data. 
ur resolution is not sufficient to reliably determine both θ i and θo , 

nd we therefore first fix the ratio R o/i = θo / θi at 1.25, as this value
as been shown to be appropriate in the case of SN 1993J (Bietenholz
t al. 2003 ; Bartel et al. 2007 ). For the case of a simple CSM structure
nd a non-magnetic shell, similar values were also seen in numerical 
imulations (Jun & Norman 1996 ), although we note that the CSM
tructure in SN 1996cr is clearly not simple. None the less, the fitted
alue of θo is only weakly dependent on the assumed value of R o/i 

with the fitted outer radius varying on the order of 
√ 

R o/i ). 
Although our image (Fig. 3 ) was made by combining the scaled

.3 GHz data with the 5 GHz data, it was not possible to combine the
wo frequencies for model-fitting. The 5 GHz data are much more 
onstraining, therefore we did the model-fitting only on the 5 GHz 
LBI data. 
Our best-fit model had an outer angular radius of θo = 9 . 27 mas,

ith a statistical uncertainty of 0.04 mas, or < 0.5 per cent. Ho we ver,
s we found for SN 2014C, the statistical uncertainty is dominated 
y the systematic one. We follow the same procedure we used in
ietenholz et al. ( 2018 ) to estimate a systematic uncertainty, and
gain include three contributions in our final standard error, added in 
uadrature 
The first contribution was estimated using jackknife re-sampling 

McIntosh 2016 ). Specifically, we dropped the data from each of the
ntennas in the VLBI array in turn and calculated N antenna = 7 new
stimates (only 7 antennas contributed data to the final results) of
he fitted size, and the scatter o v er these 7 values allows an estimate
f the uncertainty of the original value that included all antennas. 
e obtained a jackknife uncertainty of 0.42 mas. This is much larger

han the purely statistical one because the errors in the visibilities
re dominated by residual calibration errors and perhaps departures 
f the true morphology from the assumed model, both of which 
re strongly correlated from one visibility measurement to the next, 
ather than purely random and uncorrelated noise. 

To determine the uncertainties due to the inexactly determined 
ntenna gains, we performed a Monte Carlo simulation by randomly 
djusting the antenna gains by an rms of 10 per cent. By subsequently
efitting the size, we obtained an rms scatter of the outer angular ra-
ius of 0.45 mas. Adding these uncertainties in quadrature we obtain a 
nal value for the fitted outer angular radius of 9.27 ± 0.60 mas. This
orresponds to a linear radius of (5 . 1 ± 0 . 3) × 10 17 ( D/ 3 . 7 Mpc ) cm.

Although the optically-thin spherical shell model provides a 
easonable fit to the data and a consistent way of e v aluating the
xpansion as a function of time, the morphology in the image in
ig. 3 shows some deviations from that model. As an alternate, 
odel-independent, means of estimating the mean radius, we turn to 

90% flux (introduced in Bietenholz, Bartel & Rupen 2010b ), which is 
he mean angular radius which encloses 90 per cent of the total flux
ensity in the image. 6 The θ90% flux radius is defined as the square 
oot of the area of the rele v ant contour in the image divided by π .
nlike the radius, θo , of the model fitted directly to the visibilities,

90% flux is dependent to some degree on the size of the convolving 
eam. Ho we ver, if the actual angular radius is larger than the beam,
he dependence is weak. 
 In Bietenholz et al. ( 2010b ), we also used the radius of the lowest reliable 
ontour in the image. For SN 1996cr, the lowest reliable contour was 
6 per cent, and θ90% flux is virtually identical to the angular radius of the 
6 per cent contour in Fig. 3 , so we consider only θ90% flux in what follows. 
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t  

e
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b  

e  
Measuring on the image of Fig. 3 , we find θ90% flux = 11.9 mas.
 test shows that on a spherical shell model, convolved with our
eam, θ90% flux is 1 . 02 × θo . For SN 1996cr, we find, by contrast, that
90% flux is 28 per cent larger than θo . In other words, SN 1996cr has
aint radio emission that extends beyond what is expected from a
ure spherical-shell morphology. This can be seen in Fig. 3 , where,
articularly to the west-north-west (WNW), there is emission well 
eyond the bright ridge, which in a spherical shell is approximately
ocated near the θ i . 

We show a radial profile of brightness for SN 1996cr at t = 8959 d
n Fig. 4 , along with the corresponding profile for the fitted model. 

SN 1996cr shows an excess of emission outside the fitted outer
adius, θo , implying that a significant amount of radio emission 
ccurs outside the model’s outer radius, thus at angular radii larger
han θo , consequently also implying velocities higher than that 
erived from θo . The maximum in the radial profile is flatter and
ore extended than that in the model, suggesting that the radio

mission is more spread out radially than would be expected from
ur shell model, which has R o/i = 1.25. 
The ridge line (or locus of brightest emission) in Fig. 3 appears

lliptical, with an axis ratio of ∼1.5:1. If interpreted as a ring or
quatorial-belt structure rather than a complete spherical shell, this 
xis ratio suggests an inclination angle with respect to our line of
ight, i = 48 ◦. This value of i is close to that of 55 ◦ estimated from
he X-ray line profiles by Quirola-V ́asquez et al. ( 2019 ). A CSM
ensity distribution that was high along the minor axis direction in
he image and low along the major axis one could produce such
llipticity from an initial isotropic expansion. Such a CSM density 
istribution is unlikely to be due to gradients in the ISM density
ut could easily be created by an axisymmetric structure in either the
jecta or the CSM. This structure might be produced, for example, by
MNRAS 521, 2239–2247 (2023) 
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M

Table 2. Angular size estimates. 

Date Age a θo (fitted shell model) b θ90% flux 
c 

(d) (mas) (mas) 

2020 Mar 28 8959 9.27 ± 0.60 11.9 
2013 Aug 17 6554 8.21 ± 1.00 d 

2007 June 24 4307 5.69 ± 1.00 d 

Notes. a The age is the time since the explosion, calculated to the mid-point 
of the observations and assuming an explosion date of 1995 September 7, see 
text Section 1 . 
b The outer angular radius of the fitted model of the projection of an optically- 
thin, uniform spherical shell of emission. 
c The mean angular radius of the solid angle which encloses 90 per cent of 
the total flux density in the image. Due to the unreliability of the images for 
2001 and 2010, it was not possible to determine θ90% flux for those epochs. 
d Uncertainty is estimated. 
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Figure 5. The angular size of SN 1996cr. We show the outer radii, θo , from 

Table 2 , as determined by fitting a spherical shell model directly to the VLBI 
visibilities, along with their uncertainties, converted to a linear values for a 
distance of D = 3.7 Mpc. In addition, we show two fits to the outer radius 
values: First a power-law fit, of the form r ∝ t m , with m = 0.608 ± 0.139 
(orange-dashed line), and the second a constant velocity fit of the form r = ( t 
− t 0 ) × v, with v = 4650 ± 1060 km s −1 (green-solid line). Extrapolations 
beyond the range of VLBI measurements are given with respective dotted 
lines. 
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e  
 stellar wind with a polar-angle dependent flow speed or mass-loss
ate. The VLBI image further suggests a possible ‘blow-out’ region
o the WNW. 

We find therefore that the VLBI image suggests somewhat
nisotropic expansion, which is also suggested by the X-ray line
rofiles (Quirola-V ́asquez et al. 2019 ) and the complex optical
xygen-line emission (Bauer et al. 2008 ). The furthest angular extent

rom the fitted centre position in the VLBI image is ∼15 mas (Figs 3 ,
 ), corresponding to a linear extent of ∼ 8 × 10 17 ( D/ 3 . 7 Mpc ) cm. 

.2 Expansion velocity 

s mentioned in Section 4 , we had also obtained earlier VLBI
bservations of SN 1996cr at t = 4307 d (2007 June 24) and 22 GHz,
nd again at t = 6553 d (2013 August 17) and 8.4 GHz (see Bauer
t al. 2008 ; Bietenholz 2014 ; Bartel & Bietenholz 2016 ). We fitted
he same spherical shell model to the visibilities of these earlier
bservations to obtain angular size estimates also for these two
pochs. The values we obtained were θo = 5.69 mas at t = 4307 d
2007) and 8.21 mas at t = 6553 d (2013). Uncertainties are hard
o estimate since they will be dominated by the effects of the poor
hase calibration, but we estimate that a value of ±1 mas should
ncompass a reasonable uncertainty range. We tabulate the angular
izes in Table 2 and plot the values in Fig. 5 . 

We fitted two expansion functions to our three values of the angular
adius (Table 2 ) by least squares. The first function is a power-law,
ith 

( t) = (4 . 46 ± 1 . 59) × 10 17 

×
(

t 

7000 d 

)(0 . 608 +−0 . 139) (
D 

3 . 7 Mpc 

)
cm . (1) 

he second is a constant velocity fit, with 

( t) = (2 . 9 ± 1 . 3) × 10 17 

+ (4 . 0 ± 0 . 9) × 10 13 

(
t − 7000 

d 

) (
D 

3 . 7 Mpc 

)
cm , (2) 

orresponding to a velocity of 4650 ± 1060 ( D/ 3 . 7 Mpc ) km s −1 .
he two fitted functions are also plotted in Fig. 5 . The measurements
o not distinguish between these two alternate functions. 
At t = 8959 d, the fitted outer angular radius corresponds

o (5 . 1 ± 0 . 3) × 10 17 × ( D/ 3 . 7 Mpc ) cm. This radius corresponds
n turn to an average expansion since the explosion, at t 0 , of
6630 ± 430) ( D/ 3 . 7 Mpc km s −1 (where the uncertainty includes
he contribution of the ∼200 d uncertainty in t 0 ). Ho we ver, the radio
mission e xtends be yond this av erage outer radius, particularly to the
NRAS 521, 2239–2247 (2023) 
NW, so in that direction, the mean expansion velocity since t 0 is
10 4 km s −1 , 50 per cent larger than the value corresponding to the

uter radius of the fitted shell model. 
The current velocity, estimated from our constant velocity fit

etween 4307 and 8959 d, is ( 4650 ± 1060) ( D/ 3 . 7 Mpc) km s −1 ,
nd is clearly lower than the average velocity since t 0 . Therefore,
he expansion early on in SN 1996cr’s history must have been more
apid than it was since 4307 d. 

We estimate the current velocities corresponding to θ90% flux and to
he maximum extent of the radio emission to the WNW by scaling
he values obtained from θo and the fitted shell model, because we
annot reliably estimate those values directly from the 2007 and 2013
mages. We obtain current velocities of ∼5970 km s −1 for θ90% flux and
000 km s −1 to the WNW, both scaling as D/ 3 . 7 Mpc . 
In summary, a representati ve v alue for the current velocity of the

orward shock is (4650 ± 1060)( D/ 3 . 7 Mpc ) km s −1 , but, judging
rom the extended emission to the WNW, a range of current velocities
xtending up to ∼ 7000 ( D/ 3 . 7 Mpc ) km s −1 seems to be present. 

 DI SCUSSI ON  

N 1996cr, in the Circinus Galaxy, had the highest radio brightness
f any spectroscopically identified SN. We obtained new radio obser-
ations of SN 1996cr. Specifically, we obtained VLBI observations,
llowing us to resolve the radio emission spatially at three epochs
4300 d to 9000 d), allowing us to infer the expansion velocity. In
ddition, we obtained broad-band total flux density measurements at
8600 d using MeerKAT, ATCA, and ALMA, allowing us to monitor

he evolution of the radio SED. 

.1 Spectral index 

t age t = 8700 d (2019.5), SN 1996cr’s SED shows an un-
roken power-law down to the values measured by MeerKAT at
.284 GHz. The synchrotron self-absorption frequency must there-
ore be < 1.28 GHz. Taking the average radius of 5.1 × 10 17 cm
Section 6.1 ), and assuming the power-law spectrum with S ∝ ν−0.59 

xtends down to the synchrotron self-absorption frequency, νSSA ,

art/stad415_f5.eps
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e can calculate (Che v alier 1998 ) that νSSA = 176 MHz, and thus
ell below our observed frequencies. Could we observe the SN at 

his frequency? The best telescope at this frequency would be the 
urchison Widefield Array (MWA), but it would not be possible 

o separate SN 1996cr from the Circinus Galaxy nucleus, only 
23 arcsec away or from the diffuse emission from the galaxy. 
The SED was relatively steep at t = 397 d but subsequently

attened with time, with α increasing at + 0.017 ± 0.007 yr −1 to 
= −0.76 by t = 5370 d (Meunier et al. 2013 ). Our value of α =
0.580 ± 0.023 at t = 8700 d is entirely consistent with that increase

n time, despite the increase in the rate of flux density decay with
ime since t = 5307. 

.2 Radio spectral luminosity and its decay 

e measured a total 9 GHz flux density, S 9 GHz , at t = 8911 d
2020), of 25.1 ± 5.5 mJy, corresponding to a spectral luminosity, 
 9 GHz of (4 . 1 ± 0 . 9) × 10 26 ( D/ 3 . 7 Mpc ) 2 erg s −1 Hz −1 . Few SNe
ave been observed at such large t , but that value of L 9 GHz falls
ithin the relatively large range of values one might extrapolate 

or other Type IIn SNe at t = 8911 d (Bietenholz et al. 2021b ).
n particular, SN 1996cr’s L 9 GHz at t ∼ 9000 d is about twice as
igh as that of SN 1986J, and we note that the latter also shows a
teep drop off of radio luminosity at late times (Bietenholz & Bartel
017 ). 
Over the last two years, SN 1996cr’s flux density has decayed 

apidly, with S 9 GHz ∝ t −2 . 8 ±0 . 7 . The two MeerKAT measurements 
n 2018 at 1.284 GHz give a consistent decay rate, albeit with large
ncertainty, of S 1.3GHz ∝ t −2.6 ± 2.3 . In the standard, self-similar model 
f SN evolution, with both ejecta and CSM density profiles being 
ower-laws in radius, there is no solution with the flux density 
ecay as steep as this, ho we ver, steep flux density decay generally
orresponds to a steep CSM density profile (see e.g. Fransson, 
undqvist & Che v alier 1996 ). While SN 1996cr’s e volution is clearly
ot self-similar, the steep observed decline in the flux density may 
one the less suggest, at the present radius of ∼5 × 10 17 cm, a
elatively steep CSM density profile, with ρ ∝ r −s with s > 2, which
s steeper than a wind with constant mass-loss rate and velocity, 
hich has s = 2. This picture is the opposite of what we found for
N 2014C, where the SN shock also interacted with a region of dense
SM, but we found that the CSM density outside of the dense region

ikely had a flat profile with s < 2 (Bietenholz et al. 2021a ). 

.3 Morphology 

ur VLBI image of SN 1996cr at t ∼ 8959 d (Fig. 3 ) shows a
orphology resembling that of an optically-thin spherical shell seen 

n projection. Such a morphology is similar to that of the other SNe
hat have so far been reliably resolved (Bietenholz 2014 ; Bartel,
arimi & Bietenholz 2017 ; for example, see e.g. Bietenholz et al.
003 ; Marcaide et al. 1995 on SN 1993J). A shell-like morphology
s also expected on theoretical grounds (e.g. Che v alier & Fransson
017 ). 
Ho we ver, SN 1996cr shows notable departures from a cir-

ularly symmetric morphology on the sky. The ridge line, or 
ocus of brightest emission, appears to be somewhat elliptical, 
nd emission of lower surface brightness extends well beyond 
he ridge-line, especially to the WNW. The elliptical ridge- 
ine suggests a circular structure tilted to the plane of the sky
y ∼48 ◦. 
Quirola-V ́asquez et al. ( 2019 ) found that the X-ray line profiles

lso suggested complex morphology for SN 1996cr, with neither a 
pherical shell nor a simple ring-like geometry being compatible with 
he observed profiles. In particular, Quirola-V ́asquez et al. ( 2019 )
uggested that there are two X-ray emitting components: A lower- 
emperature one with T � 2 keV with a wide angle of outflow, and
ne with a higher T � 20 keV and a narrower angle of outflow. They
ssociate the hotter, narrow-angle outflow with a reflected shock, 
ormed when the ejecta impacted on the dense CSM region, currently
ropagating inward (in a co-moving frame) into the already shocked 
SM interior to the forward shock, further heating this material and

hus producing the high temperatures. 

.4 Expansion velocity 

e determined the expansion velocity of SN 1996cr by tracking the
volution of the radius between our three VLBI epochs. We obtained
ean radii of SN 1996cr by fitting an optically-thin spherical 

hell model, which can account for the bulk of the emission, to
ur VLBI data, and we took the outer radius of this fitted model
o be a representative mean value for the radio emission region
nd location of the forward shock. At t = 8859 d, this value
as (5 . 1 ± 0 . 4) × 10 17 ( D/ 3 . 7 Mpc ) cm, corresponding to a mean
elocity since the explosion of (6700 ± 430) ( D/ 3 . 7 Mpc ) km s −1 .
his velocity is comparable to, albeit slightly lower than that seen

or other Type II SNe at similar ages: F or e xample, SN 1993J had
 mean velocity of 11 300 km s −1 at t = 3164 d (Bartel et al. 2002 ),
hich, extrapolating the deceleration, would equal 9700 km s −1 at 

 = 8959 d; while SN 1986J had one of 8790 km s −1 at t = 8333 d
Bietenholz et al. 2010b ). 

By using also the radii determined from our VLBI measurements 
rom 2007 and 2013, we found that the present expansion velocity
f SN 1996cr, again as determined from the fitted spherical shell
odel, was roughly constant at (4650 ± 1060) ( D/ 3 . 7 Mpc ) km s −1 

 v er the period 4307 ≤ t ≤ 8859 d. 
Our measurements clearly show that the forward shock has been 

ecelerated since the explosion: The explosion date around 1995 
eptember (see e.g. Bauer et al. 2008 ) requires that the velocity
efore our first VLBI measurement at t < 4307 d must have been
igher at � 11 000 km s −1 (Fig. 5 ). 
Quirola-V ́asquez et al. ( 2019 ) determined velocities from the X-

ay line profiles, and at t � 4900 d, found maximum velocities of
5000 km s −1 for elements such as Si, but only ∼3000 km s −1 for
e . The velocities seen in the X-ray, being lower than those seen in

he radio, are consistent with the expectation that the X-ray emission
rises near the reverse shock, or near a reflected shock, formed when
he forward shock first encountered the dense CSM at t ∼ 500 d,
ince the reverse and reflected shocks are generally expected to have
 lower velocity than the forward one. 

There is a wealth of evidence that the expanding shock in
N 1996cr first mo v ed rapidly through a relatively low density
edium immediately surrounding the progenitor, before impacting 

n dense CSM at radius ∼10 17 cm at around t ∼ 500 d after the explo-
ion (Bauer et al. 2008 ; Dwarkadas et al. 2010 ; Meunier et al. 2013 ;
uirola-V ́asquez et al. 2019 ). Our earliest VLBI measurement at t =
307 d, ho we ver, was considerably later than this impact. Indeed, in
he simulations of Dwarkadas et al. ( 2010 ), the forward shock impacts
n a shell of dense CSM shell, then passes through and exits the shell
gain at t ∼ 2500 d, all before the first VLBI measurement. In those
imulations the shock velocity remains approximately constant at v 

4650 km s −1 after t ∼ 3000 d. This behaviour corresponds well to
he VLBI measurements of the expansion. 

The shock is thought to have impacted on the dense CSM at around
 ∼ 500 d. Extrapolating our constant-velocity fits to the expansion 
MNRAS 521, 2239–2247 (2023) 



2246 M. F. Bietenholz et al. 

M

c
1  

a  

s  

b  

a  

t
 

d  

v  

I  

s  

o
 

i  

s  

a  

o  

s
 

g  

a  

I  

o  

c  

e  

r  

t  

a  

o  

i  

(  

2
 

l  

t  

S  

b  

i  

p  

o  

e  

A  

i  

p  

c  

s  

C  

l  

i  

g
 

t  

d  

f  

o  

I  

p  

(  

m  

t  

c  

f  

t  

t  

r  

e  

s  

p  

8

W  

r  

d  

s  

i  

s

 

c  

s  

b  

b  

a  

t  

s
 

s
1  

m
 

a
4  

t  

t  

i  

b  

d  

w  

t  

l
 

o  

e  

s  

T  

c  

t
 

s  

t  

c  

s  

h  

v  

d  

a
 

2  

p
 

3  
urve back towards that time, we obtain a radius of (1 . 8 ± 0 . 6) ×
0 17 ( D/ 3 . 7 Mpc ) cm. The VLBI measurements therefore suggest
n outer radius of ∼1.8 × 10 17 cm at the time of the impact of the
hock on the dense CSM. This value is somewhat larger than has
een used in the modelling, e.g. 10 17 cm in Dwarkadas et al. ( 2010 )
nd Dewey et al. ( 2011 ), suggesting a more rapid expansion before
he impact on the dense CSM. 

Given that the VLBI image (Fig. 3 ) shows some significant
epartures from a spherical shell morphology, a range of expansion
elocities for the forward shock will be present at any one time.
n particular, the radio emission beyond the boundary of the fitted
pherical shell suggests expansion velocities, for 4307 ≤ t ≤ 8859 d,
f up to ∼7000 km s −1 to the WNW (see Section 6.2 ). 
Although the limited dynamic range and resolution of the VLBI

mage do not allow a conclusive determination of the 3D source
tructure, the morphology could perhaps be interpreted in terms of
 ring or equatorial-band-like radio-bright region, tilted to the line
f sight. This radio-bright region is likely produced by a similarly
haped region of higher density in the CSM. 

There appears to be some similarity between the radio morpholo-
ies of SN 1987A and SN 1996cr. We may therefore go a step further
nd assume that there is a similarity in their formation mechanisms.
n SN 1987A, the brighter radio emission is caused by the interaction
f the shock with the narrow waist of an hourglass or peanut-shaped
avity in an H II region into which the SN expands, which results in a
quatorial-belt like region of denser CSM and consequently brighter
adio emission (Orlando et al. 2019 ). Note that in SN 1987A’s case
here is also a set of three rings of even higher density, however, these
re not thought to affect the radio brightness greatly. The progenitor
f SN 1987A is presumed to have had a binary companion, and it
s thought that binary interaction shaped the cavity in the H II region
and also the dense rings; see e.g. Potter et al. 2014 ; Orlando et al.
015 , 2019 ). 
We may then postulate, on the basis of the morphological simi-

arity, that SN 1996cr’s progenitor star also had a companion, and
hat binary interaction was also the cause of the global asymmetry.
N 1996cr’s progenitor was constrained to be a W-R or BSG star
y Dwarkadas et al. ( 2010 ). Similar to the scenario in SN 1987A,
t is the interaction of the wind from the progenitor immediately
rior to the explosion, that is when the progenitor was in the W-R
r BSG epoch if its evolution, with that from a previous, likely RSG
poch, that leads to the formation of a wind bubble around the star.
symmetries in the RSG wind would then lead to a global asymmetry

n CSM structure, which would be reflected in the radio and X-ray
rofiles of the SN. Note that simulations have shown that there are
onsiderable instabilities in the wind-blown bubbles around massive
tars, which lead strong departures from spherical symmetry for the
SM (see e.g. Dwarkadas 2022 ), although such instabilities are more

ikely to produce a clumpy structure than the global asymmetries seen
n the radio emission. Such instabilities may, ho we v er, enhance an y
lobal asymmetries present in the wind. 
The forward shock is slowed significantly where it impacts on

he denser CSM, but continues to expand more rapidly along the
irections where the CSM is less dense. In SN 1996cr’s case, the
orward shock encountered the dense CSM first at t ∼ 500 d at a radius
f ∼1.8 × 10 17 cm (as opposed to ∼3 × 10 17 cm for SN 1987A).
n this picture, that denser CSM would be a ring or equatorial belt,
erhaps the narrow waist of an hourglass- or peanut-shaped cavity
as in SN 1987A). The interaction would then produce the tilted-ring
orphology of the ridge-line in the VLBI image. Other portions of

he forward shock, ho we v er, mo ving along the axial direction, would
ontinue moving more rapidly. It seems also that some departures
NRAS 521, 2239–2247 (2023) 
rom cylindrical symmetry are required to explain the asymmetry in
he VLBI image, which has more extended emission to the WNW
han to the ESE. Such an asymmetrical ‘blowout’ is seen in the SN
emnant SNR G0.9 + 0.1 where the outflow is likely due to the pulsar
mbedded in the neb ula, b ut is considerably more pronounced on one
ide than the other (Heywood et al. 2022 ). Such an asymmetry could
erhaps also explain the asymmetries seen in the X-ray line profiles.

 C O N C L U S I O N S  A N D  SUMMARY  

e obtained VLBI observations of SN 1996cr, and for the first time
eliably imaged the radio emission. We have also obtained total flux
ensity observations allowing us to monitor the evolution of the radio
pectral energy distribution. SN 1996cr is thought to hav e e xploded
n a low-density region, but then the shock interacted with a massive
hell in the CSM after t = 1 ∼ 2 yr. We found the following: 

(i) Our ne w VLBI observ ations sho w a structure which is relatively
ircular in outline. Within this outline, the brightest emission is
omewhat elliptical, but generally near the outside edge (edge-
rightened), except on WNW, where fainter emission extends well
eyond the bright ridge-line. The morphology in the VLBI image is
pproximately consistent with the projection of a spherical shell, but
he slight ellipticity of the ridge-line may suggest instead a circular
tructure, tilted to the plane of the sky. 

(ii) At t = 8859 d, the average outer radius of the radio emis-
ion, likely close to that of the forward shock, is (5 . 1 ± 0 . 3) ×
0 17 ( D/ 3 . 7 Mpc ) cm, as determined by fitting a spherical shell
odel to the radio emission. 
(iii) The average expansion velocity since the explosion,

gain determined from the fitted spherical shell, is (6630 ±
30) ( D/ 3 . 7 Mpc ) km s −1 . The av erage e xpansion v elocity o v er the
ime of the three VLBI measurements (4307 ≤ t ≤ 8959 d, or 2007
o 2020) was 4650 ± 1060 ( D/ 3 . 7 Mpc ) km s −1 . This difference
mplies that the expansion had been significantly decelerated already
efore our first VLBI measurement at t = 4307 d. Although our
ata do not allow us to say whether this deceleration is ongoing, or
hether it occurred mostly before t = 4307 d, the physical picture of

he shock impacting on a dense CSM shell at t ∼ 500 d suggests the
atter. 

(iv) The deviations of the observed radio morphology from that
f a projected spherical shell suggest the presence of a range of
 xpansion v elocities for the forward shock, in particular, with some
e gments e xpanding at up to ∼7000 km s −1 during 4307 ≤ t ≤ 8959 d.
he range of velocities seen in X-ray line profiles is a bit lower,
onsistent with the expectation that the X-ray emission comes from
he reverse or reflected shocks interior to the forward one. 

(v) If we assume an approximately constant velocity expansion
ince t ∼ 500 d, then the VLBI measurements suggest a radius at that
ime of (1 . 8 ± 0 . 6) × 10 17 ( D/ 3 . 7 Mpc ) cm. This radius therefore
orresponds to the inner radius of the dense CSM region, and is
omewhat larger than the ∼1 × 10 17 cm that has been assumed in the
ydrodynamic models so far, suggesting higher initial expansion
elocities and a stronger deceleration upon interacting with the
ense CSM shell, or an asymmetry in the ejecta/shell, or perhaps
n incomplete shell. 

(vi) SN 1996cr’s radio flux density has decreased rapidly since
006, proportional to t −2.9 . This could be due to a steep CSM density
rofile, with s > 2 where ρ ∝ r −s . 
(vii) The spectral index of the radio emission between 1 and

4 GHz at t = 8700 d (2019.5), was α = −0.580 ± 0.023 with
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he spectrum o v er that range well described by a power-law. The
pectrum likely steepens abo v e 35 GHz. 

(viii) The spectrum below 35 GHz, which we found had α = 

0.580 ± 0.023 at t = 8700 d, has continued to flatten with time
ince the value of α = −0.76 reported at t = 5370 d by Meunier et al.
 2013 ). 

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

e thank Tony Foley (1957 to 2021) for carrying out the observations
f SN 1996cr with MeerKAT. We thank the teams of the LBA,
eerKAT, and ATCA for their work to make the observations 

ossible. The Australia Telescope Compact Array is part of the 
ustralia Telescope National Facility ( https:// ror.org/ 05qajvd42 ) 
hich is funded by the Australian Go v ernment for operation as
 National Facility managed by CSIRO. We acknowledge the 
omeroi people as the traditional owners of the ATCA Observatory 

ite. The MeerKAT telescope is operated by the South African 
adio Astronomy Observatory, which is a facility of the National 
esearch Foundation, an agency of the Department of Science and 

nnovation. This paper made use of the following ALMA data: 
DS/JAO.ALMA#2018.1.00007.S. ALMA is a partnership of ESO 

representing its member states), NSF (USA) and NINS (Japan), 
ogether with NRC (Canada), MOST and ASIAA (Taiwan), and 
ASI (Republic of Korea), in cooperation with the Republic of Chile. 
he Joint ALMA Observatory is operated by ESO, A UI/NRA O, and
AOJ. This research has made use of the NASA/IPAC Extragalactic 
atabase (NED), which is funded by the National Aeronautics 

nd Space Administration and operated by the California Institute 
f Technology. We have made use of NASA’s Astrophysics Data 
ystem Abstract Service. This research was supported by both the 
ational Sciences and Engineering Research Council of Canada 

nd the National Research Foundation of South Africa. Additional 
unding for FEB was provided by ANID - Millennium Science 
nitiative Program - ICN12 009, CATA-Basal - FB210003 (FEB), 
nd FONDECYT Regular - 1190818 and 1200495. VVD is supported 
y NSF grant AST-1911061. 

ATA  AVAILABILITY  STATEMENT  

he raw data underlying this paper are available in the Australian 
elescope National Facility archive, ht tp://at oa.atnf.csiro.au , the 
outh African Radio Astronomy Observatory archive https://archive. 
arao.ac.za , and the ALMA archive https://almascience.nrao.edu/aq . 
ther data will be shared on reasonable request. 

EFERENCES  

artel N., Bietenholz M. F., 2016, Proceedings of the Conference, Supernova
Remnants: An Odyssey in Space after Stellar Death. p. 133 

artel N. et al., 2002, ApJ , 581, 404 
artel N., Bietenholz M. F., Rupen M. P., Dwarkadas V. V., 2007, ApJ , 668,

924 
artel N., Karimi B., Bietenholz M. F., 2017, Astron. Rep. , 61, 299 
auer F., 2007a, Cent. Bur. Electron. Telegrams, 876, 1 
auer F., 2007b, Cent. Bur. Electron. Telegrams, 876, 14 
auer F. E., Brandt W. N., Sambruna R. M., Chartas G., Garmire G. P., Kaspi

S., Netzer H., 2001, AJ , 122, 182 
auer F. E., Smartt S., Immler S., Brandt W. N., Weiler K. W., 2007, in Immler

S., Weiler K., McCray R., eds, AIP Conf. Ser. Vol. 937, Supernova 1987A:
20 Years After: Supernovae and Gamma-Ray Bursters. Am. Inst. Phys., 
New York, p. 427 
auer F. E., Dwarkadas V . V ., Brandt W. N., Immler S., Smartt S., Bartel N.,
Bietenholz M. F., 2008, ApJ , 688, 1210 

ietenholz M., 2014, in Tarchi A., Giroletti M., Feretti L., eds, 12th European
VLBI Network Symposium and Users Meeting (2014). SISSA, Trieste, 
p. 51 

ietenholz M. F., Bartel N., 2017, ApJ , 851, 7 
ietenholz M. F., Bartel N., Rupen M. P., 2003, ApJ , 597, 374 
ietenholz M. et al., 2010a, Proceedings of the 10th European VLBI Network

Symposium and EVN Users Meeting: VLBI and the New Generation of
Radio Arrays. SISSA, Trieste 

ietenholz M. F., Bartel N., Rupen M. P., 2010b, ApJ , 712, 1057 
ietenholz M. F., Kamble A., Margutti R., Milisavljevic D., Soderberg A.,

2018, MNRAS , 475, 1756 
ietenholz M. F., Bartel N., Kamble A., Margutti R., Matthews D. J.,

Milisavljevic D., 2021a, MNRAS , 502, 1694 
ietenholz M. F., Bartel N., Argo M., Dua R., Ryder S., Soderberg A., 2021b,

ApJ , 908, 75 
ASA Team et al., 2022, PASP , 134, 114501 
he v alier R. A., 1998, ApJ , 499, 810 
he v alier R. A., Fransson C., 2017, Thermal and Non-thermal Emission from

Circumstellar Interaction. Springer, Berlin, p. 875 
ewey D., Bauer F. E., Dwarkadas V. V., 2011, in McEnery J. E., Racusin J.

L., Gehrels N., eds, AIP Conf. Ser. Vol. 1358, Gamma Ray Bursts 2010.
Am. Inst. Conf. Ser., New York, p. 289 

riessen L. N. et al., 2022, MNRAS , 512, 5037 
warkadas V. V., 2022, Galaxies , 10, 37 
warkadas V. V., Gruszko J., 2012, MNRAS , 419, 1515 
warkadas V. V., Dewey D., Bauer F., 2010, MNRAS , 407, 812 
rancis L., Johnstone D., Herczeg G., Hunter T. R., Harsono D., 2020, AJ ,

160, 270 
ransson C. et al., 2014, ApJ , 797, 118 
ransson C., Lundqvist P., Che v alier R. A., 1996, ApJ , 461, 993 
reeman K. C., Karlsson B., Lynga G., Burrell J. F ., van W oerden H., Goss

W. M., Mebold U., 1977, A&A, 55, 445 
reisen E. W., 2003, in Heck A., ed., Astrophysics and Space Science Library

Vol. 285, Information Handling in Astronomy - Historical Vistas. Berlin 
Springer, Verlag, p. 109 

eywood I., 2020, Astrophysics Source Code Library, record ascl: 2009.003 
eywood I. et al., 2022, ApJ , 925, 165 

un B., Norman M. L., 1996, ApJ , 465, 800 
cIntosh A., 2016, preprint ( arXiv:1606.00497 ) 
arcaide J. M. et al., 1995, Science , 270, 1475 
eunier C. et al., 2013, MNRAS , 431, 2453 
ilisavljevic D. et al., 2015, ApJ , 815, 120 
ondal S., R ́o ̇za ́nska A., Bagi ́nska P., Markowitz A., De Marco B., 2021,

A&A , 651, A54 
rlando S., Miceli M., Pumo M. L., Bocchino F., 2015, ApJ , 810, 168 
rlando S. et al., 2019, A&A , 622, A73 
 artridge B., L ́opez-Canie go M., Perle y R. A., Stev ens J., Butler B. J., Rocha

G., Walter B., Zacchei A., 2016, ApJ , 821, 61 
lanck Collaboration, 2020, A&A , 641, A6 
otter T. M., Stav ele y-Smith L., Reville B., Ng C. Y ., Bicknell G. V .,

Sutherland R. S., Wagner A. Y., 2014, ApJ , 794, 174 
uirola-V ́asquez J., Bauer F. E., Dwarkadas V . V ., Badenes C., Brandt W. N.,

Nymark T., Walton D., 2019, MNRAS , 490, 4536 
ansome C. L., Habergham-Mawson S. M., Darnley M. J., James P. A.,

Filippenko A. V., Schlegel E. M., 2021, MNRAS , 506, 4715 
 ́o ̇za ́nska A., Bresler K., Bełdycki B., Madej J., Adhikari T. P., 2018, A&A,

612, L12 
ambruna R. M., Brandt W. N., Chartas G., Netzer H., Kaspi S., Garmire G.

P., Nousek J. A., Weaver K. A., 2001, ApJ , 546, L9 
mith N., 2014, ARA&A , 52, 487 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
MNRAS 521, 2239–2247 (2023) 

https://ror.org/05qajvd42
http://atoa.atnf.csiro.au
https://archive.sarao.ac.za
https://almascience.nrao.edu/aq
http://dx.doi.org/10.1086/344198
http://dx.doi.org/10.1086/521326
http://dx.doi.org/10.1134/S1063772917040011
http://dx.doi.org/10.1086/321123
http://dx.doi.org/10.1086/589761
http://dx.doi.org/10.3847/1538-4357/aa960b
http://dx.doi.org/10.1086/378265
http://dx.doi.org/10.1088/0004-637X/712/2/1057
http://dx.doi.org/10.1093/mnras/stx3194
http://dx.doi.org/10.1093/mnras/staa4003
http://dx.doi.org/10.3847/1538-4357/abccd9
http://dx.doi.org/10.1088/1538-3873/ac9642
http://dx.doi.org/10.1086/305676
http://dx.doi.org/10.1093/mnras/stac756
http://dx.doi.org/10.3390/galaxies10010037
http://dx.doi.org/10.1111/j.1365-2966.2011.19808.x
http://dx.doi.org/10.1111/j.1365-2966.2010.16966.x
http://dx.doi.org/10.3847/1538-3881/abbe1a
http://dx.doi.org/10.1088/0004-637X/797/2/118
http://dx.doi.org/10.1086/177119
http://dx.doi.org/10.3847/1538-4357/ac449a
http://dx.doi.org/10.1086/177464
http://arxiv.org/abs/1606.00497
http://dx.doi.org/10.1126/science.270.5241.1475
http://dx.doi.org/10.1093/mnras/stt340
http://dx.doi.org/10.1088/0004-637X/815/2/120
http://dx.doi.org/10.1051/0004-6361/202140459
http://dx.doi.org/10.1088/0004-637X/810/2/168
http://dx.doi.org/10.1051/0004-6361/201834487
http://dx.doi.org/10.3847/0004-637X/821/1/61
http://dx.doi.org/10.1051/0004-6361/201833910
http://dx.doi.org/10.1088/0004-637X/794/2/174
http://dx.doi.org/10.1093/mnras/stz2858
http://dx.doi.org/10.1093/mnras/stab1938
http://dx.doi.org/10.1086/318067
http://dx.doi.org/10.1146/annurev-astro-081913-040025

	1 INTRODUCTION
	2 TOTAL FLUX DENSITY OBSERVATIONS WITH MEERKAT, ATCA, AND ALMA
	3 MEERKAT, ATCA AND ALMA RESULTS: TOTAL FLUX DENSITIES AND SED
	4 VLBI OBSERVATIONS
	5 VLBI RESULTS: IMAGE
	6 VLBI RESULTS: SIZE AND EXPANSION VELOCITY
	7 DISCUSSION
	8 CONCLUSIONS AND SUMMARY
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY STATEMENT
	REFERENCES

