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I discuss Very Long Baseline Inteferometry (VLBI) observations of supernovae (SNe) and
gamma-ray bursts (GRBs). Such observations allow us to place a direct observational constraint
on the size of the emission region, and thus on the speed of the ejected material and the forward
shock. In a small number of well-resolved cases, the morphology can also be determined. I show
well-resolved images of SN 1993J, SN 1986J and two SNe for which VLBI images could recently
be obtained, SN 1996cr and SN 2011dh. Most resolved SNe seem to have shell structure indicat-
ing interaction of the ejecta with the circumstellar medium, and VLBI observations can provide an
important observational window on this interaction. VLBI observations of GRB 030329 showed
that the expansion was superluminal and therefore confirmed the fireball model. VLBI observa-
tions can also be important in resolving GRB events where the jet is near the plane of the sky
(orphan afterglows), although to date no conclusive determination or relativistic ejection in such
an object has occurred.
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Supernovae (SNe) and Gamma-ray bursts (GRBs) involve explosive ejection of material mov-
ing at speeds ranging from several thousand km s−1 to near c. It would obviously be desirable to
image this ejected material to study the explosive process and its aftermath. However, in the last
millennium, only about a dozen SNe and no GRBs have been recorded in our Galaxy, so we must
turn to extragalactic events. At distances beyond the Magellanic clouds, Very Long Baseline Inter-
ferometry (VLBI) observations are the only way of attaining the required resolution: at a typical
frequency of 5 to 10 GHz global VLBI observations give an angular resolution of order of 1 mas,
which corresponds to a linear size of ∼1 light-month at 5 Mpc and ∼1.6 light-years at a distance
of 100 Mpc.

In this review I restrict myself to core-collapse SNe (those of Type Ib, Ic or II), and long
GRBs (with durations & 2 sec), both of which involve an explosive ejection of material associated
with a core-collapse event in a massive star. I do not discuss Type Ia SNe or short GRBs, neither of
which are associated with massive-star core collapses, and neither of which have been detected with
VLBI. As the ejecta produced in these events expand, they interact with the surrounding material,
giving rise to a forward shock and a reverse shock driven back into the ejecta. These shocks, and
associated instabilities, can both amplify the magnetic field and accelerate the particles, which are
the ingredients necessary for synchrotron emission. The surrounding medium could be either the
circumstellar medium (CSM) around the progenitor star, formed from the stellar wind emitted by
the star before the explosion, or the interstellar medium (ISM).

The brightness of the radio emission depends on the density of the surrounding medium as
well as on the dynamics of the shock. Generally, it is only cases with relatively dense CSM (or
ISM) that produce sufficient radio emission to be detectable with current technology. Almost all
SNe are first discovered in the optical rather than in the radio, and almost all GRBs are first detected
in the gamma-ray, with only a fraction of either having detectable radio emission. Global VLBI
at e.g. 5 GHz wavelengths can resolve a non-relativistic young SN shell out to distances of 10
to 20 Mpc, whereas relativistic SNe or GRBs can be resolved out considerably farther. So far,
approximately 19 SNe have been detected with VLBI (see [1] for a tabulation of those observed up
to 2008; see [2] for a recent review specific to Type I b/c SNe). Only a few have been sufficiently
close and radio-bright to allow well-resolved imaging since shortly after the supernova explosion:
SN 2011dh (M51; ∼8 Mpc; e.g. [3]), SN 2008iz (M82, ∼4 Mpc, [4]), SN 1996cr in the Circinus
galaxy, SN 1993J (M81, ∼4 Mpc), SN 1986J (NGC 891, ∼10 Mpc), SN 1979C (M100, ∼16 Mpc,
e.g. [5]), and of course SN 1987A (LMC; ∼50 kpc, e.g. [6]) which was close enough to image
using connected-element interferometry, although it was also observed using VLBI. There are also
well-resolved VLBI images of several SNe in M82 which were not optically detected which are
likely a few decades old. GRBs, on the other hand, are considerably rarer than SNe, and only one
relatively nearby one, GRB 030329 (z = 0.1685), has been imaged with VLBI.

The VLBI images of expanding SNe or GRBs that have so far been obtained provide a fas-
cinating picture of the interaction of the ejecta with the surrounding CSM or ISM. In addition to
studying the actual ejection event, the shock provides a probe of the CSM or ISM, allowing us to
study for example the wind history of a supernova progenitor over the period before the explosion.

Finally, in star-forming regions in distant galaxies, which are typically highly obscured in the
optical, VLBI studies of SNe are an important tool for measuring the SN rate, and thus the star
formation rate.
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Figure 1: VLBI image of SN 1993J at
1.7 GHz, taken on 2010 March 5-6, at
t = 16.9 yr after the explosion, using a
global array of telescopes. Contours are
at 10, 20, 30, 40, 50, 70 and 90% of
the peak brightness of 117 µJy bm−1,
and the rms background brightness was
3.7 µJy bm−1. The FWHM of the con-
volving beam is indicated at lower left.
North is up and east to the left.

1. SN 1993J

SN 1993J remains the supernova that is the best studied with VLBI. It reached a peak flux
density of ∼100 mJy (8.4 GHz) making it one of the radio-brightest SNe ever seen. VLBI obser-
vations were obtained after only one month, and continue to the present. The VLBI images show a
remarkably circular shell morphology (see [7, 8, 9] and references therein). The angular expansion
velocity could be accurately measured, and SN 1993J is the first case in which a changing deceler-
ation rate could be directly measured [10, 11]. A direct distance to SN 1993J of 3.96±0.29 Mpc,
slightly larger than the commonly used Cepheid distance (3.6± 0.3 [12]), was determined using
the “expanding shock front” method [13]. We show a recent VLBI image of SN 1993J in Figure 1.
At early times, there are clear, time-dependent modulations around the ridge of the shell, by at
least a factor of two in brightness [8]. Such modulations likely persist till late times, but the low
signal-to-noise ratio does not allow conclusive determination of the degree of modulation.

2. SN 1986J

SN 1986J is one of the few SNe first discovered in the radio, probably about 3 years after the
explosion. An early VLBI image of it marked the first time that shell-like structure was seen in an
IAU-designated supernova [14]. Its structure is rather more distorted than the text-book shell of
SN 1993J, as can be seen in the image in Figure 2. However, despite the distortions, the outline
remains roughly circular, suggesting that the expansion is relatively symmetric, rather than, for
example, being bipolar. SN 1986J also unique in that it has a central component, which has a
notably different radio spectrum than the shell, as can clearly be seen in the dual-frequency image
in Figure 2 [15]. The nature of this component has not been conclusively established, however
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Figure 2: A phase-referenced dual-
frequency VLBI image of SN 1986J
from data taken 2002 to 2003, show-
ing the compact, inverted-spectrum com-
ponent located almost precisely in the
projected centre of the expanding shell.
The red colour and the contours represent
the 5 GHz radio brightness, showing the
shell emission. The contours are drawn
at 11.3, 16, 22.6, . . . , 90.5% of the peak
5 GHz brightness of 0.55 mJy bm−1.
The blue through white colours show
the 15 GHz radio brightness distribution,
which is dominated by the compact, cen-
tral component which appeared around
1999. North is up and east to the left.
For details see [15].

an obvious possibility would be that it is emission associated with the compact remnant of the
explosion, which in the case of SN 1986J could be either a black hole or a neutron star [16].

3. SN 1996cr

SN 1996cr, in the Circinus galaxy (∼4 Mpc), was first detected in the radio and X-ray about
a decade after the explosion [17]. Its behaviour is reminiscent of SN 1987A in that it showed a
marked increase in both radio and X-ray luminosity some years after the explosion. It was fairly
radio bright, but due to its southern declination and a resolved calibrator source, VLBI imaging has
been difficult. We show a VLBI image of SN 1996cr in Figure 3. The average expansion speed
since the explosion could be determined to be ∼9000 km s−1 (Bietenholz et al., in preparation).

4. SN 2011dh

SN 2011dh occurred in the nearby galaxy M51 (∼8 Mpc). Radio emission was detected within
4 days of shock breakout [18]. SN 2011dh is unusual in that a yellow supergiant, which has now
disappeared from the Hubble Space Telescope (HST) images, was identified as the progenitor,
[19]. Recently, the progenitor’s blue binary companion star has also been identified [20]. We show
a recent VLBI image of SN 2011dh in Figure 3 [21].

5. Other Supernovae observed with VLBI

A total of about a dozen more SNe have been observed with VLBI, including SN 1987A
[22, 23], SN 2001em (more below), SN 2001gd [24], SN 2004et [25], and SN 2007gr [26]. Most
of them were only marginally resolved. SN 1987A however is close enough that its structure
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Figure 3: In each panel, both the colour scale and the contours show the brightness, the colour-scale is
labelled in mJy bm−1, and the contours are drawn at −12, 12, 20, 30, 40, 50 (emphasized), 70 and 90%
of the peak brightness. North is up and east is to the left, and the FWHM CLEAN beam is indicated at
lower left. Left: An 8.4-GHz VLBI image of SN 1996cr at age ∼18 yr on 2014 Aug 17, from observations
with the Australian Long Baseline Array. The image rms was 0.1 mJy bm−1. Right: An 8.4-GHz VLBI
image of SN 2011dh at age 453 days on 2012 Aug 26, from observations made with the NRAO Very Long
Baseline Array, and the Effelsberg and the Green Bank telescopes. The image rms was 12µJy bm−1. A
fuller discussion of these observations and results is in preparation (de Witt et al).

could be resolved in radio, optical and X-rays (e.g. [27]), and it has a shell structure at all three
wavelengths, although the HST images show it to be very complex.

Wide-field VLBI observations of distant star-forming galaxies provide an important comple-
ment to VLBI studies of individual SNe. Such observations of several star-forming galaxies have
detected a number of radio-emitting (but optically obscured) SNe or SN remnants in M82 [28] and
other galaxies. Such observations provide an important constraint on the core-collapse SN-rate,
and hence on the star formation rate. For example in the case of the starburst galaxy Arp 299 the
rate of radio SNe has been determined to be ∼0.4 per year [29, 30], while in Arp 220 a rate of 4±2
was obtained [31] (however, there is recent evidence that a number of the sources are not in fact
SNe, implying a lower supernova rate [32]).

6. SNe and GRBs: Relativistic Ejecta?

Long-duration gamma-ray bursts (GRBs) are associated with Type I b/c SNe. GRB 030329
was associated with SN 2003dh and is the single GRB which was sufficiently near and radio bright
for VLBI observations. These observations clearly showed superluminal expansion with apparent
speed of ∼ 8c in the first 25 days, and slowing at later times. These observations provided the most
compelling observational evidence for a relativistic outflow and the fireball model [33, 34].
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As GRBs are thought to be highly beamed, events which are observed off-axis should be at
least 10× more common than the ones seen as GRBs. The prospect of resolving the jet of an
off-axis GRB event (or orphan afterglow) associated with a Type I b/c SN is therefore a tantalizing
possibility. However, this prospect has so far remained elusive: no emission clearly associated with
an off-axis burst has yet been identified. Although fairly strong afterglow emission was generally
expected from such jets, particularly in the radio, it was recently shown that the range in possible
radio brightness is quite large, and that only a fraction of such off-axis jets may be radio-bright [35].
Several candidate Type I b/c SNe have been observed with VLBI (see review in [2]). However, in
most cases, such as that of SN 2003gk [35], instead of confirming a relativistic jet, the VLBI obser-
vations in fact ruled out relativistic expansion, so only a small fraction of Type I b/c SNe produce
relativistic ejecta. So far, the best evidence for relativistic ejection was in SN 2009bb, although
the VLBI observations could only provide a 3σ upper limit of 1.74c on the shock velocity [36].
Nonetheless, VLBI imaging of future candidates is crucial as it will provide the most definitive test
of the presence and morphology of relativistic ejecta.

7. Summary and Conclusions

VLBI imaging has proved invaluable in the study of young SNe and GRBs. The direct mea-
surement of superluminal expansion in GRB 030329 conclusively confirmed relativistic ejection
and the fireball model. In the case of SNe, the determination of the expansion speed and deceler-
ation have provided important constraints on the mass-loss history of the star. VLBI imaging has
also allowed us to determine the morphology of the expanding shell of ejecta in a number of SNe,
and so far all SNe which have been imaged with sufficient resolution show an edge brightened
structure which is roughly circular in outline1, which is in fact the expected morphology of an op-
tically thin spherical shell of emission. This suggests that the maximum velocity of the SN ejecta
is relatively isotropic, in other words the explosions tend not to be one-sided or bipolar. However,
all the resolved SNe also show significant asymmetries in the brightness, with one-sided and bipo-
lar and possibly more complex brightness enhancements of the basic shell structure. This finding
implies that significant density anisotropies, either in the CSM or the ejecta, or both, are a common
feature. Since SNe which are near and radio-bright enough to be observable with VLBI are not
common, it will be important to continue to observe any which occur in the future.
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