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SN 1998bw — first relativistic supernova
o SN 1998bw/GRB 980425 (Kulkami+98)

» GRB ~ 108 erg

« SN - apparent velocity ~2c=>
a shock wave moving at
relativistic speed.

 -More relativistic SNe/GRBs -
SN 2003dh-GRB0O30329
(Hjorth et al. 2003), SN
2006aj- XRFO60218
(Soderberg et al. 2000) etc
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Peak Radio Luminosity (erg s=! Hz™1)
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—irst relativistic supernova — SN 20090b

« Radio imaging v=0.85C

» Corresponding Lorentz factor 1.3

* Energy 1.3249 erg needed

coupled to the relativistic outflow

o [f purely by shock acceleration
then total SN energy >10°%erg

* Another energy reservoir needed

- A central engine
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—irst relativistic supernova — SN 20090b

» Exploded in super-solar
metallicity environment
(Levesque+10)

» Nearly free expansion for a year —

Baryon loaded ejecta
(Chakraborti+11)

» Possible sources of post-G/K

cosmic ray production
(Chakraborti+10)
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SN 2007gr — almost a candidate

* A 0.6C expansion in a nearby type Ic supernova, SN 200/7gr —
radio VLBl 60 days apart (Paragi+10)

» Regular Ic (and not lc-BL) - Optical observations - gjecta
velocities ~6,000kms.

* Modeling of 6 months of X-ray and radio observations — 0.2¢
speed and ~2x10 erg energy in the radio emitting material

(Soderberg+10)

* Independent analysis of VLBl data - VLBl data and propose that a
modest [0ss of phase coherence



SN 2012ap — a rapidly

decelerating mildly
relativistic SN

« SN 2012ap - A lc-BL SN
40 Mpc away.

* Milaly relativistic ejecta O.7¢
out with fast deceleration
(Chakraborti+13,
Margutti+14)

Margutti+14
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Kinetic Energy (erg)

Fast deceleration in SN 2012ap
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 Kinetic energy evolution
steeper than GRBs but
shallower than regular Ibc
supernovae

e Consistent with sub-
energetic GRBs
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Central engine!

o [f SN 2012ap low-luminosity
GRB seen off-axis?

e Radio luminosity comparable
to off-axis GRBs
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Central engine!

e Radio luminosity comparable
to off-axis GRBs

« X-ray — 100 times fainter

» Not explained by GRB seen
Off-axis

* [he difference between
relativistic SNe and sub-
energetic GRBs is intrinsic
and not due to line-of-sight
effects.
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Fast deceleration in SN 2012ap

» Not a baryon loaded SN

e A link connection

between Supernovae
and GRBs
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NMore relativistic supernovae without GRBS

o PTF17cw - ~0.6¢
speed (Corsi+17)

o Survey of ~15 IPTF
lIc-BL to search for

relativistic ejecta
(Corsi+16)

e Survey of ~16 ZTF
lIc-BL to search for

relativistic ejecta
(Corsi+23)
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More relativistic supernovae without G

e <19% lc-BL
assoclated with
relativistic ejecta

* Exclude an
assoclation of SNe
lc-BL with largely off-
axis GRB afterglows
with energies £ >10°Y
erg expanding in
ISMs with densities >
1 cm—s,

Bl

Radio Luminosity density (erg/s/Hz)
-
o

=10°%erg n=10cm™3

1027 : S — v[ .................................... \\\\ .............. v
] B
SN2021y\v\v\f\‘§ 10*erg i=1cm>
E= 1049erg n=0. lcm‘3 g
1026 +— . —
10* 102 1i6=

Corsi+23

Rest frame days since explosion

qd4 494994«

<

SN2018etk
SN2018hxo
SN2018jex
SN2019hsx
SN2019xcc
SN2020lao
SN2020rph
SN2021xv
SN2021aug
SN2021epp
SN2021htb
SN2021hyz



Central engines of relativistic supernovae

* Low luminosity GRBs seen off-axis
» Proto-magnetar (Shankar+21)
« Cocoon model (De Colle+18, Gottlieb+22)



Central engines of relativistic supernovae

o Similarities SN 200bb and SN 2012ap

» solar and super-solar metallicity (Levesgue+10, Millisavjevic+14)
environment

* Presence of Helium in both SNe (Margutti+14, Pignata+11)

* Differences - SN 200pbb and SN 2012ap
« SN 2009bb — free expansion
« SN 2012ap — fast deceleration
« Baryon loading factor



Central engine of relativistic supernovae

« Shorter lived engine- a different lifetime of the central engine - the
entire zoo of relativistic SNe, low-luminosity GRBs, and ordinary
GRBs) Lazzati et al. 2012,

» Central engine duration determines the radio luminosity and
fastest shock speed.



ASASSN-16fp — a non-relativistic Ic BL

* Freqg coverage 0.33-25 GHz,
ight curves 1200 days (Nayana
& Chandra 2020)

« O.2¢C ejecta, Evolution of gjeta
for ~300 days

* Radio luminosity similar to
SN2009bb (soderberg et al. : BZi =,
207 Ob) and SN 201 28[3 i .. Day 43.60
(Chakraborti et al. 2015). [ Day 104.25 |1
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Radius [cm]

ASASSN-16T0 — a non-relativistic Ic BL
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Central engine of relativistic supernovae

e Off-axis model:

* high-energy (X-rays and y -rays) properties vastly different

« The different levels of X-ray emission between relativistic SNe and sub-E GRBs
cannot be ascribed to beaming collimated emission away from our line of sight.

« metallicity environment,

 higher metallicity of the progenitors of relativistic SNe inhibited the formation of a
powerful jet able to pierce through the stellar envelope.

 presence of helium in their gjecta.

 jet falled because it was dumped by the additional helium layers of the stellar
progenitors of relativistic SNe,

* Intrinsically different emissions



Central engine of relativistic supernovae

* Proto-magnetar

e jets from proto-magnetars - viable engines for SNe |c-bl
(Shankar+21).

« Central engines with smaller opening angles (~11¢) associated
with GRB

e Relativistic Ic-bl's without GRBs - associated with wider outflows.



Central engine of relativistic supernovae

e« COCOON emissic
2018, Gottlieb+.

« Cosmological lo
from the stellar €

e [ ow-luminosity (

De Colle+18
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Flux density (m]y)
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* 1000 days study (Maity & Chandra (2021)
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SN 201 71uk/G

 Farly radio
COCO0ON
dominated

[ ate radio jet

dominatead
« Slightly off-

axis jet

lzz0+19
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Role of radio opservations

Chandra+
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Are some |c-BL assoclated with off-axis

iets — long time measurements needed
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Role of
degene

‘acles

* Nakauchi+19-
Overestimation
of speed- by
overlooking
some factors
related 1o the
minimum energ
of non-thermal
electrons.
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Role of radio observations - — removing
degeneracies

* \Wide band radio measurements needed to fix microscopic
parameters

* Size measurements may be wrong due to assumption of
equipartition

» Size from peak of radio
emission

100

« Assumption of equiparititon
and filling factor
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Role of radio opservations

* \Wide band radio measurements needed to fix microscopic
parameters

* Size measurements may be wrong due to assumption of
equipartition
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Role of radio

« \Wide band radio n
parameters

e Size measurement
equipartition
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SN1993J Radius (mas)

* Only a few cases

A Decade of Expansion of SN1993J

Role of radio opservations

o Radio VLBl — direct
estimation of size
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INNhomogenelties In snocks- Incorrect
measurements of shocks sizes

« Radio spectra/light curve- superposition of synchrotron spectra of
varying optical depths (due to inhomogeneous B field)

» Broadening In the resulting spectrum
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INNhomogenelties In snocks- Incorrect
measurements of shocks sizes
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* Huge underestimation of the blast wave radius and -
electron index by assuming homogeneous model (Chandra,

Nayana+19)

Role of radio observations — SN J1104
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* Missing SN
20064aj kind
events

 Fast follow up
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summary and

—uture

Crospects

» Central engine of relativistic supernovag”

« \What fraction of BL-Ilc SNe make a successful GRB jet, at least
from some viewing angle — long term radio measurements

needed

« ENgine duration vs different progenitor structure - mu
» A coordinated optical, radio and X-ray follow up neeo
o [ SST — transient discovery machine, ngVLA high frec

mas resolution, SKA low frequency critical

tiwavebano
ed
uency and



