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Core-collapse supernovae (CCSNe; Type Ib/c and Type Il Siejhe endproducts of massive
stars (M> 8 M), and yield radio events whose brightness depends on téesity of the in-
teraction experienced by the supernova ejecta with theristellar presupernova wind material
[. The fact that CCSNe are intrinsically radio supernovakoeit with a huge range of different
radio powers— and hence unaffected by dust absorptionthegeith the high resolution and
high sensitivity provided by current VLBI arrays, has be&pleited to directly image the radio
brightness structure of CCSNe in nearliy £ 20 Mpc) galaxies. This has allowed to gain
insight into the physics of both CCSNe and of the circumatetiedium (CSM) with which they
interact. In addition, ultra-high-resolution, ultra-higensitivity radio observations of CCSNe
in Luminous and Ultra-Luminous Infrared Galaxies (LIRGldiLIRGSs, respectively) in the
local Universe, can be used to directly measure of the cu@&$SN rate and star formation rate
(SFR), given an assumed initial mass function (IMF).

In this contribution, | give a brief overview of VLBI obserians made of some CCSNe in nearby
galaxies, and then present some of the most relevant reduttined with high-resolution radio
observations of (U)LIRGs in the local Universe, aimed atdily detecting CCSNe via their radio
emission, and thus determine their CCSN and star formadi@s rindependently of models. This
is of particular relevance, in view of the fact that our esties of star formation (and CCSN) rates
in high-z starburst galaxies relies on standard relatigsshetween far-infrared luminosity and
star-formation rate. In particular, | will present recgribtained results with the e-EVN on the
nuclear region of Arp 299-A.
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1. Circumstéllar interaction and VL BI imaging of core-collapse supernovaein
near by galaxies

Type Il supernovae (SNe) are associated with massive stars thatkpeled slow, dense
winds during their supergiant phase. The stellar explosion drivesck $hiw this wind, at speeds
as high as 20000 kn$ and temperatures of 10°K. In addition, a reverse shock propagates
back into the stellar envelope at speeds of 500-1000 Kmedative to the expanding ejecta. This
is the so-called standard interaction modeél [1], and radio, optical, arayXmission from Type
Il supernovae have been usually interpreted within this model. The outghok forms a high-
energy-density shell that is responsible for the production of syitrdroadio emission, while the
reverse shock accounts for the optical and soft X-ray emission.

A beautiful confirmation that the above scenario applies to Type Il SNe edmaa SN 1993J
(Type llb) in M81 (D~3.63 Mpc) was imaged with VLBI just six months after its explosion, show-
ing a shell-like radio structurg][2]. Its first year of expansion proeddd a self-similar way[]3],
in perfect agreement with predictions from the standard interaction motiel.cdntinuous mon-
itoring of SN 1993J with VLBI arrays at centimeter wavelengths have alldwextharacterize its
expansion and determine the properties of the shock/CSM interaftidn [4, 5]

No less spectacular than SN 1993J is the case of SN 1987A in the Largaldag Cloud
(D ~ 150 kpc). SN 1987A faded away very quickly (a few days) at radieelengths, indicating
that the shock front had gone past the presupernova wind, whicla wa#d behaviour for a Red
Super Giant (RSG) progenitor. When it was clear that SN 1987A wénttdle in its BSG phase,
it was predicted that once the shock front would reach the RSG wind girtsgenitor star, we
would then witness a rise in flux density. In fact, SN 1987A reemergediat veavalengths in mid
1990, and images taken in 1996 and later on, showed a remarkably diraylammetric structure,
as displayed by SN 1993J. Recently, SN 1987A was successfully imatged-WLBI (Tingay et
al., see these proceedings).

VLBI observations of SN 1986J (Type IIn) in NGC 89 £ 9.6 Mpc) taken approximately 16
yr after its explosion showed that SN 1986J has a distorted, rather tlcatacly symmetric, shell
of radio emission, indicative of a deformation of the shock front, andaislybdue to the collision
of the supernova ejecta with an anisotropic, clumpy medigm [6]. Further maitelength VLBI
observations of SN 1986J have shown that this supernova hosts a ctoofyject in its center
[[], tentatively identified with a pulsar, the remnant left after the explosfdheprogenitor star.
SN 1979C (Type Il L) in M100D ~ 16.1 Mpc) is another remarkable supernova that in the last
years has shown an increasing flux density. This has allowed for VLBgiimgeof its fine radio
structure and for a monitoring that has permitted to determine its deceleratimgtar,m (r 0
t™). SN 2001gd (Type llb) and SN 2004et (Type IIP) have also beegeachavith VLBI, but the
large distance and relatively quick evolution of SN 2001idd [8] and thg faint event yielded
by SN 2004et[[9] resulted in VLBI images which do not resolve adequdttely radio brightness
structure.

2. High-resolution radio imaging of starburst galaxies

A large fraction of the massive star-formation at both low- and ldtas taken place in
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(U)LIRGs. Thus, their implied high star-formation rates (SFRs) are dgdeto result in CCSN
rates a couple of orders of magnitude higher than in normal galaxiesefdhera powerful tracer
for starburst activity in (U)LIRGs is the detection of CCSNe, since the BF#rectly related to
the CCSN rate. However, most SNe occurring in ULIRGs are opticallywkddy large amounts
of dust in the nuclear starburst environment, and have therefore rethaidiscovered by (opti-
cal) SN searches. Fortunately, it is possible to discover these CCSNiglhna@h-resolution radio
observations, as radio emission is free from extinction effects. Furtherf@@€SNe are expected,
as opposed to thermonuclear SNe, to become strong radio emitters when gjecg&Ninteract
with the circumstellar medium (CSM) that was ejected by the progenitor starebigfaexplosion
as a supernova. Therefore, if (U)LIRGs are starburst-dominateghtlradio SNe are expected
to occur and, given its compactness and characteristical radio behasamube pinpointed with
high-resolution, high-sensitivity radio observations (e.g., SN 2000fiGCN 469 [IP]; SN 2004ip
in IRAS 18293-3413,[[A1]; SN 2008cs in IRAS 17138-1017] [12B][ supernovae in Arp 299
(4], Arp 220 [1%,[1b[ 7], Mrk 273[[18]). However, since (URGs are likely to have an AGN
contribution, it is mandatory the use of high-sensitivity, high-resolutiofradservations to dis-
entangle the nuclear and stellar (mainly from young SNe) contributions tadth@ emission, thus
probing the mechanisms responsible for the heating of the dust in theirrtejmmuclear regions.

One of the most remarkable cases among (U)LIRGs is the prototypical AR 220. Its
central region is composed of two radio nuclei, each of them hosting anamgéer of compact
components, mostly identified with young SNe and SNRk [1p[16, 17]. Tdie fght curves
of many of those SNe appeared to be stable over petiddygr, indicating their interaction with
a dense ISM[[19]. The eastern nucleus hosts 20 RSNe, while the westernosts 29 RSNe,
and its about three times brighter, suggesting that there might be a difféfergidree absorption
in the nuclei [1B]. Recently[[]17] have detected many of the compact coemts in Arp 220 at
frequencies above 1.6 GHz, and their spectra indicate the presenothaklatively young SNe
along with SNRs. Moreover, the radio supernova rate found dy [1ificmtes with the expected
CCSN rate (4 SN/yr) as inferred from Arp 220 infrared luminosity. Siritéha new RSNe are
very bright, indicating they are Type lIn-like SNe (whose progenitorsséae very massive), this
indicate a top-heavy IMF for the stars in the nuclei of Arp 220.

3. eVLBI imaging of Arp 299-A

Arp 299 (the merging system formed by IC 694 and NGC 3690) is the “ofiggtarburst
galaxy (Gehrz et al. 1983) and an obvious merger system that hastoeléed extensively at many
wavelengths. An active starburst in Arp 299 is indicated by the high &ecyof recent optically
discovered supernovae in the outer regions of the galaxy. Since timdréaed luminosity of Arp
299 isLg ~ 6.5 x 10''L., the implied CCSN rate is o£1.7 SN/yr. Given that 50% of its total
infrared emission comes from source A (see fig. 1), itis expected tigiilpl SN/yr will explode
in region A. Therefore, this region is the one that shows most promiséadiamg new supernovae.
Indeed, Neff et al. (2004) found a new component in this region, bypasing VLBA observations
carried out in April 2002 and February 2003.

We proposed e-EVN observations aimed at detecting the radio emissiorrdcantly ex-
ploded SNe in Arp 299. Our observations, carried out in April 2008 Badember 2008 at 5.0



Core collapse supernovae and starbursts Miguel A. Pérez-Torres

GHz, resulted in the deepest images ever of Arp 299-A (see Higureeljoid 26 compact com-
ponents aboved® rms noise, whose nature can be only explained if they are SNe and/or, SNRs
likely embedded in super star clusters, and may challenge the standaaticteat directly links
far-infrared luminosity to a CCSN and star formation rate, since the appaterof CCSNe might

be much higher than expected. We leave, however, a detail discusditis ahd other issues for
future publications.

4. Summary and discussion

VLBI observations of nearby CCSNe have allowed for a better undwetistg of the physics,
namely the determination of the deceleration parameter, interaction betwetnagjdqresuper-
nova wind, characterization of the mass loss history and —sometimes— thsier@oenario, esti-
mation of magnetic field and energy budget in fields and particles. Hovikisewealth of informa-
tion has been obtained only for those supernovae that are blright € 1.5x 10?7 erg st Hz™ 1),
long-lasting (radio lifetimes of a few years at least) and close enddghZ0 Mpc), so that VLBI
observations can adequately resolve and monitor their expansion. éngeler that normal galax-
ies have small CCSN rates¥ 0.01 SN/yr), and that most CCSNe (Type IIP and Type Ilb) have
radio peaks of a few times #®erg s'* Hz1at most, this explains why so few radio supernovae
have been observed with VLBI in the last 20 yrs, despite the VLBI alireyreasing their sensitiv-
ity. One importan way in which e-VLBI may contribute significantly in this field is in pinempt
response that it offers. For example, Type Ib/c SNe, recently linkechtp®&RBs, are known to be
rapidly evolving {peak~ 10— 20 days) radio supernovae. Currently VLBI arrays do not offer the
needed dynamic scheduling to, e.g., react on a nearby event, while eéffieBs such flexibility
and, thanks to its ability to carry out real-time correlation, allows for a potefail@w-up of the
most interesting targets.

The CCSN rate in (U)LIRGs is expected to be at least one or two ordensghitude larger
than in normal galaxieg [R0], and hence detections of SNe in (U)LIR€&s afpromising way of
determining the current star formation rate in nearby galaxies. Howeweditect detection of
CCSNe in the extreme ambient densities of the central few hundred pcloRG} is extremely
difficult, as the optical and IR emission of supernovae is severely hachpgithe huge amounts of
dust presentin those regions, and can at best yield an upper limit toéh@@8N rate. Fortunately,
it is possible to directly probe the star forming activity in the innermost regidrigIRGs by
means of high angular resolution, high-sensitivity radio searches oNEC% radio does not suffer
from dust obscuration. Current VLBI (and e-VLBI) arrays aretstg to yield astonishing results,
thanks to their fewsJy sensitivity and milliarcsec resolution at cm-wavelengths. In particular, the
findings in Arp 220 using global VLBI and Arp 299 (using the e-EVN), nehgllenge the standard
scenario that directly links far-infrared luminosity to a CCSN and star formatite, which is of
much relevance for studies of starburst galaxies at high-z.
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Figure 1: Top panel:5 GHz VLA archival observations of Arp 299 on 24 October 2008@playing the
five brightest knots of radio emission in this merging galakiddle and bottom panels GHz e-EVN
observations of the central 500 light years of Arp 299-A on@ilA2008 and 5 December 2008. The off-
source root-mean-square (r.m.s.) noise level ist3%beam and 2pJy/beam for the middle and bottom
panels, respectively, and show the existence of B and 2@acncomponents with a signal-to-noise ratio
(s.n.r.) equal or larger than five on 8 April 2008 and 5 Decamab@8, respectively. The size of the FWHM
synthesized interferometric beam was of (0.6 arcsd®.4 arcsec) for the VLA observations, and of (7.3
milliarcsecx 6.3 milliarcsec) and (8.6 milliarcsec 8.4 milliarcsec) for the e-EVN observations on 8 April
2008 and 5 December 2008, respectively.
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(CSIC) The European VLBI Network is a joint facility of Europearhi@ese, South African and other radio
astronomy institutes funded by their national researcincital e-VLBI developments in Europe are sup-
ported by the EC DG-INFSO funded Communication Network Dgwaents project 'EXPReS’, Contract
No. 02662.
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