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VLBI Imaging of Young Radio Supernovae
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Abstract. In this contribution, we present an overview of several young radio supernovae
studied with the VLBI technique. Imaging radio supernovae has permitted, among other
things, to characterize the structure of the emitting region, and to estimate the deceleration
of supernovae expansion and to probe the circumstellar interaction, thus yielding relevant
information on the ejecta and circumstellar density profiles. We review results on high reso-
lution observations of the nearby radio supernovae: SN 1979C, SN 1986J, SN 1993J and SN
2001gd. Finally, we review recent results on the detection of radio supernovae in starburst
galaxies, the so-called ”Supernova Factories”.
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1. Introduction

Radio emission has been detected from a very
small percentage of supernovae. From those,
only the radio supernovae that are young, very
bright and nearby can be studied with the high
resolution provided by the Very Long Baseline
Interferometry (VLBI) technique.

The radio emission from supernovae is
usually explained within the standard inter-
action model (SIM), initially proposed by
Chevalier (1982). In this model, a self-
similarly expanding shell-like structure, from
which the observed synchrotron radio emis-
sion from relativistic electrons (N(E)=No E−γ)
arises, is formed as a result of a strong in-
teraction between the high velocity expanding
supernova ejecta (density profile, ρe j ∝ r−n)
and the ionized circumstellar medium (CSM;
density profile, ρcsm ∝ r−s). It can be shown
that the expansion of the shell radius deceler-
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ates with time (R ∝ tm; m=(n-3)/(n-s)). For
n>5, self-similar solutions are possible: the
radii of forward shock, reverse shock, and con-
tact discontinuity are related, and all evolve in
time with the same power law. In the SIM,
it is assumed that both magnetic energy den-
sity and relativistic energy density evolve with
time as the post-shock thermal energy den-
sity. The relevant sources of absorption are
free-free absorption by thermal electrons in the
CSM, coexisting both uniform and clumpy ab-
sorbers (Weiler et al. 2002), and synchrotron
self-absorption (Fransson & Björnsson 1998;
Pérez-Torres et al. 2001).

With VLBI observations, imaging of the
structure of the radio supernova as it expands
is possible. With a detailed analysis of the im-
ages, it is possible to determine the decelera-
tion of the supernova expansion, to estimate the
ejecta and CSM density profiles, to image the
distortions of the shock front and potentially
detect the formation of Rayleigh-Taylor insta-
bilities.



Alberdi & Pérez-Torres: Imaging of RSNe 543

Fig. 1. Sequence of images of SN 1993J from VLBI observations obtained 239, 1304, 2369 and 3511 days
after explosion.

2. Radio Supernovae

2.1. SN 1993J in M81

SN 1993J is the radio supernova whose evo-
lution has been monitored in greatest detail.
It exploded on March 28th, 1993 and its ra-
dio emission was discovered a few days later.
Its brightness and proximity has permitted un-
precedented VLBI studies since the date of ex-
plosion. Marcaide et al. (1995a) showed that
SN 1993J had, at an age of 239 days, a shell-
like radio structure, the youngest ever discov-
ered in a supernova. As seen in Fig. 1, the ra-
dio shell was almost circularly symmetric, sug-
gesting for the supernova explosion and the
expanding radio shell a nearly spherical sym-
metry. Marcaide et al. (1995b) presented the
first movie of the angular expansion of a ra-
dio supernova. The movie included observa-
tions from day 182 to day 541. SN 1993J
has already been imaged, and its angular ex-
pansion monitored, for more than ten years.
Along these years, the supernova has expanded
rather isotropically (as seen in a 2D sky pro-
jection) showing a circular shell-like structure,
with deviations from circularity of the outer
radius smaller than 3%. However, the bright-
ness distribution around the source center has
been systematically changing both in time and
azimuth. We show in Fig. 1 four images of
SN 1993J obtained on 22 November 1993 (age
239 days), 22 October 1996 (age 1304 days),
22 September 1999 (age 2369 days) and 7
November 2002 (age 3511 days).

Alberdi & Marcaide (2004) (and refer-
ences therein) have modelled the supernova
expansion through day 3511 allowing for a

change of deceleration rate in the expansion of
SN1993J (implying two deceleration parame-
ters). The best fit is obtained with the following
parameters: m1 = 0.93±0.06, m2 = 0.82±0.01,
and tbr = 383 ± 121 days (see Fig. 2). This
fit has a reduced χ2

ν=2.18. Analyzing the same
data set with only one deceleration parameter
we obtain m = 0.83 ± 0.01, with a reduced
χ2
ν=2.76. This change in the angular growth

rate of SN 1993J could be due to i) a change
in the density profile of the CSM caused by
a changing mass loss rate of the progenitor
and/or ii) a change in the density profile of the
supernova ejecta. Since there is increasing ev-
idence that synchrotron self-absorption (SSA)
is also relevant for SN 1993J (Pérez-Torres et
al. 2001; Mioduszewski et al. 2001; Fransson
& Björnsson 1998) and that the light curves
can be explained by a standard s = 2 density
profile for the presupernova wind (Fransson
& Björnsson 1998), the expansion decelera-
tion could be associated with n (ejecta density
profile) changing from 14.9 to 7.6, which is
in agreement with expections for a red super-
giant progenitor for SN 1993J. The supernova
emission is becoming progressively more dom-
inated by swept-up material, with the evolution
of the supernova governed by the interaction of
the high energy particles in the shell with the
surrounding medium. Assuming s=2 and typi-
cal values for the mass-loss rate and wind ve-
locity (Ṁ = 5 × 10−5M�/yr, vw= 10 km/s), the
swept-up mass after 3157 days, ∼ 0.4 M�, is
comparable to the low-mass envelope, thus fa-
voring a binary scenario for the explosion.

A fit to the radio spectra of SN 1993J from
∼70 up to 2820 days shows a clear, albeit slow,
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Fig. 2. Weighted least squares fit to the outer shell
radius of SN1993J as a function of time since ex-
plosion, allowing for a change in its deceleration
rate. The VLBI data up to t ≤ tbr=383 days (where
the solid and dashed lines in the figure cross each
other) can be well fitted by a power-law with index
m1=0.93±0.06 (solid line), while for t ≥ tbr the best
fit is given by a power-law of index m2=0.82±0.01
(dashed line). Note that the scale is logarithmic.

evolution with α changing from ' −1 to '
−0.67 (Pérez-Torres et al. 2002a). Fransson &
Björnsson (1998) have determined a magnetic
field of B∼ 64 (Rs/1015cm)−1 G, which argues
strongly for a turbulent amplification behind
the shock.

2.2. SN 1979C in M100

SN1979C was discovered in the galaxy M100
on 4 April 1979. VLBI observations of
SN 1979C taken about 5 yr after its explosion
did not resolve the radio structure of the super-
nova. The observations were consistent with
an undecelerated expansion of the supernova
(m = 1) for the first five years. We observed
SN 1979C on June 1999 using VLBI at 18 cm
and estimated an angular size of 1.80 mas for
the outer shell supernova radius. Combining
our VLBI observations (t ∼ 20 yr) with those
by others, we could estimate both the deceler-
ation parameter, m, and the epoch at which the
deceleration most likely started. We estimate
that the supernova shock was initially in free
expansion (m = 1.0) for the first 6 ± 2 yr and
then experienced a very strong deceleration,
characterized by a value of the deceleration pa-
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Fig. 3. Angular diameter of SN 1979C, in milliarc-
seconds, against time since explosion. The solid line
indicates a possible expansion, which goes undecel-
erated (m = 1) for the first five years, and strongly
decelerated (m = 0.62) from then on.

rameter of m = 0.62 (see Fig. 3; Marcaide et al.
2002). These results are consistent with a con-
stant stellar wind velocity and a constant mass-
loss rate as deduced from X-ray observations
(Immler et al. 2005).

Such strong deceleration implies that the
mass of the CSM swept up by the shock
front, Mswept, must be comparable to or larger
than the mass of ejected hydrogen-rich enve-
lope, Menv. Assuming a standard s=2 CSM
density profile, we estimate Mswept ∼ 1.6
M�. Momentum conservation arguments then
suggest that Menv ∼ 0.9 M�. Therefore, if
SN 1979C originated in a binary star system,
the low value of Menv suggests that the com-
panion of the progenitor star stripped off most
of the (initial) hydrogen-rich envelope mass of
the progenitor, prior to the explosion. If we as-
sume equipartition between fields and particles
for SN 1979C and consider the observed level
of radio emission, the minimum magnetic field
should be in the range of 10–80 mG, which
suggests turbulent amplification as the most
promising amplification mechanism.

2.3. SN 1986J in NGC 891

SN 1986J exploded in the galaxy NGC891.
We used archival 6 cm VLBI observations of
SN 1986J taken on February 1999. The super-
nova showed itself as a highly distorted shell of
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Fig. 4. VLA image (left) of the galaxy NGC 891 and its supernova SN 1986J, at the same frequency (5
GHz) and epoch of the global VLBI observations (right).

radio emission, indicative of a strong deforma-
tion of the shock front (see Fig. 4). The bright-
ness distribution was anisotropic, and clearly
indicated an ongoing asymmetric expansion.
We determined an angular size of ∼4.7 mas
(∼ 0.22 pc). We estimated a value of m ≈ 0.90,
indicative of just a mild deceleration in the
expansion of SN 1986J (Pérez-Torres et al.
2002b).

We found Mswept ∼ 2.2M�. Considering
the mild deceleration suffered by SN 1986J and
momentum conservation laws, Menv ∼ 12M�.
This value suggests that the supernova progen-
itor likely kept intact most of its hydrogen-
rich envelope by the time of explosion, and fa-
vors a single star scenario for SN 1986J. As
in the case of SN 1979C, magnetic field turbu-
lent amplification is likely acting in SN 1986J,
if equipartition between particles and fields ex-
ists (the magnetic field should lie in the range
(13 − 90) mG).

Recently, a bright, compact radio compo-
nent has been discovered near the center of the
expanding shell of SN 1986J. This component
has an inverted radio spectrum, different from

that of the shell (Bietenholz et al. 2004). This
new component could be the link between a
young supernova and a black hole or neutron
star.

2.4. SN 2001gd in NGC 5033

The Type IIb supernova SN 2001gd in NGC
5033 (see Fig. 5) was discovered by on 24
November 2001 by Nakano et al. (2001); how-
ever, its explosion date is uncertain. Matheson
et al. (2001) pointed out that an optical spec-
trum obtained on 2001 December 4 was almost
identical to that of SN 1993J obtained on day
93 after explosion, suggesting that SN 2001gd
would also be a strong radio emitter. In fact,
Stockdale et al. (2002) detected SN 2001gd
on 2002 February 8 at centimetre wavelengths
with the Very Large Array (VLA).

We performed 8.4-GHz VLBI observations
of SN 2001gd in NGC 5033 on 2002 June 26
and 2003 April 8 (see Fig. 6). The radio struc-
ture is not resolved for any of the two epochs.
We estimated angular diameter sizes for the su-
pernova by model fitting (Pérez-Torres et al.
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Fig. 5. Hybrid image of the galaxy NGC 5033 and
its supernova SN 2001gd made at 8.4 GHz with the
VLA, from observations on 2003 April 8.

2005). Our data nominally suggest a relatively
strong deceleration for the expansion of SN
2001gd, but the possibility of a free supernova
expansion cannot be excluded. From our VLBI
observations on 2003 April 8, and assuming
equipartition between fields and particles, we
inferred an average magnetic field of Bmin ≈
50-350 mG, which suggest that turbulent am-
plification is acting..

Pérez-Torres et al. (2005) have also
presented multiwavelength Very Large Array
(VLA) measurements of SN 2001gd made at
the second VLBI epoch at frequencies of 1.4,
4.9, 8.4, 15.0, 22.5 and 43.3 GHz. The VLA
data are well fitted by an optically thin, syn-
chrotron spectrum (α = -1.0±0.1), partially ab-
sorbed by thermal plasma. The best fit to the
VLA radio spectrum can also be used to in-
fer the most likely ranges for the electron tem-
perature in the wind (Te=2-20 ×104K) and the
mass-loss rate, (Ṁ = (2−12)×10−5M� · yr−1).

SN 2001gd was detected on 2002
December 18 by XMM-Newton. The su-
pernova X-ray spectrum is consistent with
optically thin emission from a soft com-
ponent (associated with emission from the
reverse shock) at a temperature of around
1 keV. The X-ray spectrum is consistent

Fig. 6. 8.4 GHz VLBI images of SN 2001gd

with expectations from X-ray emission from
Type II supernovae, and suggests the in-
teraction of a relatively shallow supernova
ejecta density profile (n∼10), with a standard
circumstellar wind density profile (s=2.0),
characterized by a presupernova mass-loss rate
of Ṁ = 2.5 × 10−5M� · yr−1 for SN 2001gd.

2.5. Other Radio Supernovae

Other radio supernovae have also been studied
with VLBI:



Alberdi & Pérez-Torres: Imaging of RSNe 547

SN 1987A: Radio emission from SN1987A
in the Large Magellanic Cloud was detected
immediately after outburst. The rapid flux den-
sity evolution and the low radio luminos-
ity were consistent with interaction of the
shock wave with a fast low-density wind from
the blue supergiant progenitor Sk−69◦202.
VLBI observations indicated a fast (> 19000
km s−1) shock front (Jauncey et al. 1988).
SN1987A re-emerged as a radio source in
1990.5 (Staveley-Smith et al. 2004). Radio
monitoring observations from day 1000 indi-
cate an approximate linear increase to date.
Intrinsically, SN1987A is still 8000 times
fainter than SN1993J at maximum. High res-
olution images taken with ATCA show a ring-
like structure, which has been modelled as a
thin spherical shell and a number of hotspots
(Manchester et al. 2002). The remnant contin-
ues to expand at a rate of 3500 ± 100 km s−1.
The spectrum of SN1987A is non-thermal with
an index α ≈ −0.8, and currently increasing at
a rate of α̇ = 0.02 yr−1.

M82: M82 is a well known nearby (dis-
tance of 3.2Mpc) starburst galaxy. The cen-
tral 1 kpc region contains at least 30 compact
supernova remnants (SNR) with ages of less
than around 1000 years which have been im-
aged at high angular resolution by MERLIN
and VLBI. The size of the remnants range from
0.3 pc to 5 pc. The relatively compact rem-
nants in M82 are found to be expanding over a
wide range of velocities unrelated to their size.
Pedlar et al. (2004) tentatively conclude that
the lower expansion velocities (∼ 2000 km/s)
are found for those remnants in dense clouds,
while the higher expansion velocities (∼ 10000
km/s) are found for those remnants in front of
dense HI/CO/OH clouds.

3. Supernova Factories

The discovery of ultraluminous and highly lu-
minous infrared galaxies has stimulated the
scientific discussion about the relative contri-
bution of an active galactic nucleus or a com-
pact luminous starburst to the total galaxy lu-
minosity. Arp 220 is the prototype ultralumi-
nous infrared galaxy with a luminosity of log
LFIR = 12.11L�. Smith et al. (1998) showed,
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Fig. 7. 8.4 GHz VLA A-configuration image of
NGC 7469 from observations on 27 october 2000.
SN 2000ft is located in the circumnuclear starburst,
at a distance of 600 pc of the nucleus.

using VLBI observations, that on linear scales
from 1 to 30 pc the compact radio emission
consists of a dozen unresolved sources, with
flux densities between from 0.2 to 1.2 mJy,
which were interpreted as luminous SN 1986J-
like radio supernovae. This interpretation sup-
ported a simple starburst model for the Arp 220
infrared luminosity that has a supernova rate of
1.75-3.5 yr−1.

NGC 7469 is a well known barred spi-
ral galaxy located at a distance of 70 Mpc,
containing a luminous Seyfert 1 nucleus sur-
rounded by a dusty starburst of about 1 kpc in
size (Wilson et al. 1991). NGC 7469 is also
a very luminous infrared galaxy with Lir(8-
1000µm) = 5 x 1011L� were 2/3 of the lumi-
nosity is emitted by the starburst (Genzel et al.
1995). Moreover, there is evidence for a 107M�
central black hole coming from reverberation
mapping.

Colina et al. (2001) initiated a high sensi-
tivity VLA A-configuration X-band monitor-
ing program of NGC 7469 in order to detect
radio supernovae. In fact, on 2000 October 27
a strong compact radio source was detected in
the circumnuclear starburst of NGC 7469i (see
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Fig. 8. 5 GHz MERLIN image of NGC 7469 from
observations on 23 February 2001. NGC 7469 nu-
cleus shows a core-jet structure. The circumnuclear
starburst is resolved.

Fig. 7). The variation in flux for the first six
months after detection confirmed the source as
a radio supernova (Colina et al. 2002). It was
named SN 2000ft and it is the first radio super-
nova ever detected in the circumnuclear ring of
a Seyfert 1, luminous infrared galaxy and at a
distance of a mere 600 pc from the galaxy nu-
cleus. At a distance of 70 Mpc, SN 2000ft is
one of the most luminous and distant radio su-
pernovae ever detected.

After the discovery, a multifrequency
radio continuum monitoring program of
NGC 7469/SN 2000ft was initiated. All 8.4
GHz VLA maps show a similar structure to
that shown in Fig. 7: a bright unresolved core,
an extended region of emission showing a
two-arm spiral-like morphology, and the radio
supernova. All 5 GHz MERLIN maps (see
Fig. 8) show also a similar structure consisting
of a core-jet structure galaxy nucleus and the
radio supernova SN 2000ft. The extended,
diffuse emission coming from the circumnu-
clear starburst is completely resolved. The 1.6
GHz MERLIN maps (see Fig. 9) show the
source to consist of the galaxy nucleus, which
is basically unresolved, and the extended
structure. SN 2000ft is not (or marginally)
detected three years after its discovery in the
radio.

We have monitored the flux density evolu-
tion of SN 2000ft for three years after its dis-
covery and have fitted the light curves in terms

Fig. 9. 1.6 GHz MERLIN image of NGC 7469
from observations on 17 November 2000. SN 2000ft
is not detected.

of the “mini-shell” model of Chevalier (1982).
We conclude (Alberdi et al. 2005) that i) the
radio evolution of SN 2000ft shows the typi-
cal characteristics of a luminous type II super-
novae. SN 2000ft shows a 8.4 GHz peak lumi-
nosity of 9.4×1020 W Hz−1, a spectral index
of α=0.9±0.1, and a power-law flux density
time decay of β=-1.81; ii) the non-detection
of SN 2000ft at 18cm continuum 1.5 years af-
ter detection is explained considering the exis-
tence of a foreground free-free absorption; iii)
the evolution of SN 2000ft is governed by the
interaction between the supernova ejecta and
the circumstellar medium. The galactic inter-
stellar medium is not influencing the supernova
evolution yet, despite SN 2000ft having ex-
ploded in a very dense, dusty, magnetized and
radiation dominated environment compared to
the local interstellar medium of spirals.

Recently, young radio supernovae have
been found in other luminous infrared galaxies.
Gallimore & Beswick (2004) have presented
multi-epoch and multi-frequency VLBA im-
ages of NGC 6240. Its far infrared luminos-
ity, LIR ∼ 6 × 1011 L�, is similar to the
NGC 7469 luminosity. The inner structure con-
sists of two Seyfert-like low-luminosity Active
Galactic Nuclei, probably associated with two
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nuclei in an early phase of a merger process,
and a third source whose properties suggest its
interpretation as a luminous radio supernova.
Neff et al. (2004) have imaged the nearby
galaxy merger Arp 299 with the VLA and the
VLBA. Its infrared luminosity, LIR ∼ 3 × 1011

L�, is typical of the luminous infrared category,
within a factor of two of the NGC 7469 lumi-
nosity. Its arcsecond scale consists of bright ra-
dio sources, probably complexes of supernova
remnants, within diffuse emission. Five com-
pact radio sources have been found within one
of these complexes, most of which have flat or
inverted radio spectra, a property that is typical
of young type II supernovae near their peaks.
We should note that the peak luminosity and
CSM opacity of the brightest radio supernovae
in the ultraluminous infrared galaxy Arp 220,
of the radio supernova in the luminous infrared
galaxy NGC 6240, and of the young radio su-
pernovae in Arp 299, are comparable to the
values of SN 2000ft and typical of type II radio
supernovae. Moreover, the inferred supernova
rates for the nuclear regions of NGC 6240 and
Arp 299, in the range 0.5-1 SN/yr, are in agree-
ment to the value found for NGC 7469.
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