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SN 1993J in M 81, a powerful radio supernova high in the nartls&y, has been carefully mon-
itored with VLBI throughout its lifetime. Its extremely cular shell-like radio structure has
expanded over 15 years in a rather self-similar way in resisienagreement with Chevalier’'s
model. An extension of Chevalier's model simultaneouslyoamts for all the light-curve and
VLBI results. Beyond the first year a single deceleratiorapsater,my e = 0.874+ 0.02, char-
acterizes the shock expansion. However, at short wavdisragtd beyond 5 years, an enhanced
decelerationMshortwavelengths= 0.79+0.01, is measured. This enhancement is interpreted as due
to a combination of effects ranging from varying free-frggaaity in the supernova ejecta at the
short wavelengths to the radial shape of the intensity ofntlagnetic fields in the emitting re-
gion. The final radio-loud stage is characterized by an dliaprease of radio emission. This
large flux-density decay rate can be explained as due to frexisova shock surpassing the outer
boundary of the circumstellar medium generated by the sigvarprogenitor. Presently, the su-
pernova expansion beyond the circumstellar/interstbliandary is rather radio silent, although
there are indications that the supernova remnant coulduokéest by LOFAR and eMERLIN.
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Foreword by Jon Marcaide: | first met Richard Schilizzi in 1979 and we started soon dnadtriend-
ship. Over all these years we collaborated in various wais) @ scientific projects. One of those projects
was the “VLBI study of the expansion of SN1993J", a majorreffdich spanned from 1993 through 2011.
We published about 10 refereed papers in this project antditwas coauthor of 4 of those. This is why
| have chosen this contribution to honor his “retirement”. aly other peopfecollaborated at different
stages in this effort. In particular, more than half of my distudents were involved. All of them made strong
contributions. However, | would like to make a special n@antio the key contributions of Alberdi in the
early phase and Marti-Vidal in the final phase. Because sdhmfithe final analysis and conclusions of our
decade-long effort relies on the work of Marti-Vidal, | hateught appropriate to write this contribution
with him.

1. Introduction

Supernova SN 1993J exploded on 1993 March 28. By mid Aprinsafter the first radio
detection, it was clear that SN 1993J was a powerful typedibraupernova. It was a core-collapse
supernova with a red giant progenitor in the nearby galaxglMat a high declination in the
northern hemisphere sky. It was the kind of radio supernme&tad been waiting for to make a
thorough VLBI study. It was the ideal radio supernova to teksevalier's model [2] [3] in gory
detail. In Chevalier's model, the radio emission is due to-tteermal synchrotron generated by
relativistic electrons as they interact with the magnetidfin the shocked circumstellar medium
(CSM). The electrons are accelerated to relativistic spead the magnetic field is intensified by
the expanding shock of the supernova. In Chevalier's mdtielradio-emitting region has the
shape of a spherical shell (hence the alternative hanmeiifshell model) and the expansion is
self-similar (i.e., the structure at a given epoch is justalexd version of the structure at any other
epoch). The radius of the spherical sh&l),is proportional ta™, a power law of the supernova
aget, wherem s the so-calledleceleration parametent can be shown thah= (n—3)/(n—s)
(wheren ands are the exponents of the power laws that describe the ragiieity profiles of the
ejecta and the CSM, respectively).

2. Early results

The most basic assumption of the mini-shell model was coefirmith our discovery of the
shell-like radio structure (see Fig. 1 left) from VLBI obgations carried out at 3.6 cm on day 239
after explosion [5]. The self-similar expansion was alsoficmed with data from the first 500 days
[6] (see Fig. 1right). The first determination of the valuelef deceleration parameter had to await
to the availability of 3 years of VLBI data [7]. The value deténed, m= 0.86+ 0.02, allowed
us to estimate the power index of the ejecta density prafjlessuming a standard CSM profile
(i.e.,s= 2). However, at that time, there was some confusion with nkerpretation of the early
X-ray results, and it was debated whether the CSM profileesponded to a value of= 2 (i.e.,
the expected value that would result from a constant steilad of the progenitor) os=1.6— 1.7
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(i.e., due to a stellar wind with mass-loss rate decreasiitiy time). Time settled the question to
the value os= 2 (e.g., [4]), and hence the valuemivas reliably determined.
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Figure 1: Left, figure of the discovery of the shell-like radio struawf SN 1993J. Right, self-similar
expansion of SN 1993J.

3. Long journey

With the main features of Chevalier's model confirmed it rerad to study the expansion with
high precision in order to test possible departures frorrti@del. The expansion was taking place
rather self-similarly, but regions of slightly enhancedission in the shell structure were apparent
and changing. Also, the width of the shell was an importarampter to be determined. However,
determining the width of the shell was not easy task and wedttl much effort to it. To make
things more difficult, we also found out that the emissiomfrfar side of the shell was absorbed
by the ionized ejecta and hence an overall optically-thirdeh@ould not be used to estimate the
shell width. We made an initial determination of both thellsivedth and the ejecta opacity using
novel methods [8]. At about the same time, a competing tednwdich had been making VLBI
observations as often as us, but using a somewhat differategy, came to similar conclusions to
ours, although they analyzed their data with differentgaoid in Fourier space. They estimated
shell widths much narrower than we digd@.2 times the outer shell radius, compared to our findings
of ~0.3).

Since the circularity of the shell was remarkably high (eually we estimated the departures
from circularity to be under 2 percent), we started to dgvelew analysis tools using the circular
symmetry to our advantage. These new tools would allow usdasore with high precision the
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supernova size in the sky plane. As a consequence of outgesith the new method, at some
point around year 2006 we started to have slight discreparinithe interpretation of results with
our colleagues. With the new tools we had developed to medkarcircular shell size, we could
clearly see what in a Fourier analysis appeared only as armanely, that at the wavelength of
18 cm the source appeared larger than at 6 cm. Actually, ¢ing gbes the other way around: both
teams could measure a progressive change of expansiont imrabeyond approximately day
1500 after explosion. For us, the enhanced deceleratiaife elbar at 6 cm, was not taking place at
the longer wavelength of 18 cm. However, if the data at 6 anchi@ere analyzed jointly, the data
at late epochs (with relatively more observations at 18 ama)ctbe interpreted as corresponding
to a re-acceleration in the expansion [1]. Our colleagugpatied this interpretation as being
compatible with that expected from hydrodynamic simulaiaising a very singular explosion
model. For us, there was no re-acceleration in the exparaiail, and the different evolution in
the expansion at 6 and 18 cm, of which we had firm evidence @desaction), was a manifestation
of the characteristics of the emitting and absorbing regji@m evolving and frequency-dependent
free-free ejecta opacity for the latter and a non-uniforapehof the magnetic-field intensity in the
radio-emitting region for the former).

In [9] we presented the analysis of all our VLBI data, whicinsigted of over thirty VLBI runs
at 4 frequencies. We estimated the supernova sizes usirigotinenon Point Method (CPM, [10])
which, as said, we developed to measure with high precisidhe sky plane taking advantage of
the extreme circular symmetry of the source. The expansishawn in Figure 2. We found that the
expansion was characterized for the first 5 years (we hadtagdar to day 181) by a deceleration
parameterrfi= 0.845+ 0.005) which happened to be the same as the expansion obséf&dma
for the remaining years (until the radio source started pidig fade out). However, at shorter
wavelengths the deceleration was enhaneee-(0.788+ 0.015). We noticed also, in our VLBI
flux densities, that appearing about 5 years after expldasiere was an excess of emission at the
shorter wavelengths. This excess of flux density at highuiegies could also be observed in the
multi-frequency flux-density monitoring of Weiler et al.3JL In the next section, we explain how
both effects (i.e., a slight over-emission at higher fregies coupled to an enhanced deceleration
in the expansion observed at the same frequencies) can laénexpusing one single model.

4. Global analysisand simulations

Having two sets of data taken by different teams with diffiéi@serving strategies, analyzed
differently and interpreted differently, did not look to as the ideal situation, even though the
main results (i.e., a self-similar expansion following aveo-law of time) were similar. Actually,
we had analyzed our data both using the CPM in the sky plane@maentional fitting in Fourier
space (perhaps, the temonventionalis not the appropriate term here, given that the model to be
fitted presented parameters, like shell width or degree tfalphickness in the ejecta, that were
not well known a priori). Hence, we decided to undertake thermous effort of reanalyzing our
data and the data of our colleagues (retrieved by us from tti@AVarchives) from scratch in a
very uniform manner with a strategy designed to minimizesééaand be able to compare results
obtained with different methods. In this reanalysis, weduseasurement methods in the sky plane
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Figure 2: Expansion of SN 1993J over a decade, based solely on our Bla¢adeceleration rate remains
unchanged at 18 cm (empty circles) while at 6 cm (filled caktbe deceleration is enhanced, thus providing
valuable information about the physical parameters in thigtiag region.

and in Fourier space. Most importantly, we also developeode RAMSES, to generate realistic
simulations of the radio emission from the supernova [12].[In this code, an extended numerical
Chevalier model, we included effects that were not conedién the original formulation of the
model and which could affect the results of both expansiomecand flux-density evolution at the
high-precision level achievable in the observations. €heffects included radiative and inverse-
Compton losses, evolving free-free absorption in the ajgmssible non-uniform amplification of
the magnetic field in the shocked region of the CSM, etc. Gihanhwe also had a complete set
of light curves available at wavelengths ranging from 3 m@@m [13], we planned to use the
RAMSESode to fitsimultaneouslythe VLBI expansion curves and the radio light-curves at all
frequencies.

The analysis of the two sets of VLBI data (over thirty VLBI suispanning almost 15 years in
each set) gave results similar to those previously repdoyads [9]. Figure 3 shows the final result
using the joint dataset and the CPM. Analyzing the datasgtarately, or using model fitting in
Fourier space instead of the CPM, gives essentially the sesudts if we consider the small biases
between the methods (see [11] for details). Figure 3 showetiellent fit of the simulations to
both the VLBI data and the radio light curves at all frequeaciWe would like to emphasize again
that both fits are obtained simultaneoulsy (i.e., using glsimodel).

Table 1 summarizes the best-fit parameters obtained in tbERIAMSESo the global VLBI
data set (66 epochs of observation) and to all the radio-tighte data. For a more detailed
explanation on the meaning of these parameters, see [12].

Two main results of our analysis of the joint dataset are sarired in the following subsec-
tions. Other relevant results (e.g., the determinatioh@fhell width size, the structure of the shell
inhomogeneities and its evolution, the evidence of CSM glimess from the early opacity evolu-
tion, or a “flare” resulting from a large over-density in th8k& at~1150 AU from the progenitor)

2RadiationAbsorptionModelling of theSynchrotronEmission fromSupernovae
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Expansion curve Particles & fields CSM density & temperature
Myue = 0.8740.02 Bop=651+16G No = (640.9) x 108 cm=3
Mshortwavelengths= 0.794+0.01 | frgy = (54+0.5) x10° | T =(20+£0.1) x 1° K
p=—2.554+0.01 tm = 2500+ 100 days

Table 1: Summary of RAMSES fitted parameters for SN 1993J. The phlys@aditions are given for a
reference supernova age of 5 days. The deceleration pamenagiply for ages beyond 360 days (see [12]
for details).
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Figure 3: Above: radio light curves of SN 1993J. Below: expansion esraf SN 1993J obtained after a
reanalysis of 66 (all the available) VLBI observation epooh SN 1993J at 18, 13, 6, and 3.6cm (1.6, 2.3,
5.0, and 8.4 GHz, respectively) For both simultaneouslgt-ieERAMSESnodel (above: solid line; below:
solid line for the 18 cm data and dashed line for data at shadgelengths).

which are too long to be explained in these proceedings, eseritbed in [9], [11], and [12].

4.1 Changing opacity in the g ecta

In Figure 4, we show the evolution in the spectral index atahé@ 5.0 GHz [13], compared
to theRAMSESnodel (continuous line) and to the analytical model regbitethe quoted paper
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(dashed line). A flattening in the spectrum at late epochks @ decrease in the absolute value of
the spectral index) can be appreciated in the figure, whah sthows how thRAMSESnodel fits
remarkably well the evolution in the spectral index at albbeps. The flattening in the spectrum
at late epochs is modelled BYAMSESas due to a changing opacity in the ejecta (i.e.,dhme
effect that allowsRAMSESo fit the different VLBI expansion curves at different wasedjths).
This flattening cannot be adequately modeled with the madslgmted in [13].
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Figure 4: Evolution in the spectral index of SN 1993J, between 1.6 aAd31z. The dashed line is the
best-fit model of Weiler et al. (2007) and the continuousisntbeRAMSESnodel fit. The inset is a blow-up
of the figure for the latest epochs.

4.2 Radio-death: evolution into a supernova remnant

In [13], Weiler et al. report an enhanced flux-density decag in their light curves at all
frequencies in their late data (from day3100 after explosion onwards). These authors explain
such a decay as due to an exponential fall in the CSM radiadiyeprofile. Such a rapid fall
in the CSM density could be due to the boundary of the CSM wisdtelated to the onset of
the strong wind of the progenitor. Howev&@AMSESs able to reproduce this enhanced decay
asjust due to the synchrotron ageing of the electrons, as long assawaree that the expanding
shock passed throughsharpboundary from the CSM into the interstellar medium (ISM)other
words, radiative losses, alone, allow us to explain the mieseenhancement in the flux-density
decay at late epochs, without the need of a soft expondikgadecay of the CSM density, but
just a well-defined boundary with the ISM. However, “softérdnsitions from the CSM to the
ISM would also be compatible with the data, as long as othearpaters in the simulation (e.g.,
escaping of the electrons from the emitting region) ar@dhiced. We notice though that the CSM-
ISM transition boundary (whose real structure depends empé#nticulars of the onset of the stellar
wind in the progenitor star) must be, in any case, sharper tti@ exponential-like decay claimed
in [13].

5. Conclusions

We have highlighted the main results obtained from the VLBhitoring of supernova SN 1993J:
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from the discovery of the shell-like radio structure andshely of its self-similar expansion to the

discovery of a wavelength-dependent expansion (mainNa@ggd by a changing ejecta opacity)

and its relationship to unmodelled effects in the radiotligrves (a flattening in the spectrum

at late epochs). Observations obtained by another resgaocip, who reached different conclu-

sions on the details of the expansion curve, are compatiltfeaur results after a homogeneous
reanalysis, even after using different approaches to atgitie supernova shell size. We explain
the difference between our and their conclusions as dudstbeshiases related to the data analysis
strategy.

Even though some years have elapsed since the last repadiedobservations of SN 19937,
and the exponential-like flux-density decay may have caetinsince then, SN 1993J could still
be detected with new available instrumentation (e.g., eMERand LOFAR). The minimum ex-
pected flux density at GHz frequencies is a fraction of a ma&yeable with MERLIN or the
extended VLA). According to our simulation software, SN 39%hould be currently peaking at
about 250-300 MHz at the level of 1.5-2.0 mJy and it could g@esibe a good target for LOFAR.
New monitoring of the flux-density decay with these arrayslddoring valuable information on
the dynamics of the shock in the circumstellar/interstelfansition region and on the interstellar
region in M 81.

6. Multimedia

Some graphic material can be found at our weBsitéiree movies of the supernova expansion
at different stages and two composite figures of the expgrgtiell have been produced.
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