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Core-collapse supernovae SNe and
their relation with GRBs

~ Result from collapse of iron cores of massive stars M=8 Msun.
They lead to neutron stars, black holes as compact stellar
remnants.

~ A subset of core-collapse SNe of type l¢’s have been found n
some cases to be associated with long duration Gamma Ray

Bursts. For example SN 1998bw was found to be coincident with
GRB 930425.

~ Normally a typical SN would show a non-relativistic outflow of its
outermost layers as seen by the non-thermal radio emission from
it, whereas a GRB outflow 1s mitially relativistic, believed to be
powered by a “central engine”.
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Different types of Supernovae

thermonuclear core collapse
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Past Supernovae in the Milkyway:
they are in the galactic plane

Distribution des supernovae

Deéclinaison

Credit:

24 22 20 18 16 14 12 10
Aacension droite

Supernovae take place from stars heavier than ~3 times that of the sun occur mostly in the
galactic plane, i.e. in the spiral arms. Stars heavier than 8 MSUN lead to core collapse SNe.
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GAMMA-RAY BURSTS

DISCOVERED BY MILITARY SATELLITES LOOKING FOR NEAR EARTH
ATOMIC BOMB TESTS IN THE LATE 1960S. PROMPT EMISSION: LONG
GRBsS (> 2sgeEcC); SHORT GRBS

ISOTROPIC (APPARENT) LUMINOSITIES: 10°'- 10°2 ERG/S; BUT
NARROWLY BEAMED => TOTAL ENERGIES ONLY AROUND 10°! ERG.
PROMPT EMISSION FOLLOWED BY A LONG LASTING LOWER ENERGY
“AFTERGLOW?” IN X-RAY, OPTICAL AND RADIO. AFTERGLOW => HOST
GALAXIES AT LARGE DISTANCES EVEN UPTO Z = 8.3

SOME GRBS ARE ASSOCIATED TEMPORALLY AND SPATIALLY WITH
FRESHLY EXPLODED SUPERNOVAE

FIREBALL & INTERNAL-EXTERNAL SHOCK MODEL: KINETIC ENERGY OF

relativistic outflow 1s DISSIPATED. INNER ENGINE THAT DRIVES A
RELATIVISTIC OUTFLOW => ENERGETICS AND TIMESCALES IMPLY THE
FORMATION OF A BLACK-HOLE AFTER STELLAR COLLAPSE OR NEUTRON

STARS MERGER. GRBS’ PROMPT EMISSION => [nternal pissiPATION

WITHIN THE FLOW. GRB AFTERGLOW => DUE TO SHocK’s external
INTERACTION WITH CIRCUMBURST MEDIUM.

PIRAN, REV. MOD PHYS (2004); GEHRELS ET AL ARAA 2009; RUDERMAN (1975) 7TH TEXAS SYMPOSIUM
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Figure 4

Duration and redshift distribution for Swift GRBs. (#) The duration distribution. The blue histogram is the measured 7y distribution;
the orange one is corrected to the source frame: Ty/(1 + 2). () The redshift distribution for Swift GRBs in blue and pre-Swift GRBs in
grey. Swift is detecting higher redshift bursts on average than pre-Swift. The thick solid red theory curve illustrates the evolution of a
comoving volume element of the Universe; the thin dotted red curve is a convolution of the comoving volume with a model for the
star-formation rate as calculated by Porciani & Madau (2001).
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LETTERS

A relativistic type Ibc supernova without a
detected y-ray burst

A. M. Soderberg', S. Chakraborti’, G. Pignata®, R. A. Chevalier®, P. Chandra’, A. Ray”, M. H. Wieringa®, A. Copete’,
V. Chaplin’, V. Connaughton’, S. D. Barthelmy®, M. F. Bietenholz”'?, N. Chugai'', M. D. Stritzinger'>'>, M. Hamuy”,
C. Fransson'?, O. Fox*, E. M. Levesque"'>, J. E. Grindlay’, P. Challis', R. J. Foley', R. P. Kirshner', P. A. Milne'®

& M. A. P. Torres!

POONAM CHANDRA
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SN 2009bb observed with GMRT & VLA

The Giant Meterwave Radio Telescope (GMRT) of TIFR

A = 50cm map with GMRT
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Type Ic SN

SN2009bb: a SN powered by a central engine
driving a relativistic plasma outflow but
without a detected GRB

No GRB found by all-sky IPN network; E, - < 1048 erg (25-120 ke V)

Friday 26 February 2010

10



Synchrotron self-absorbed spectrum

Due to relativistic electrons accelerated around the forward shock . rem——
ey . - Radio emission

| traces the fastest

(outermost) ejecta

E’ 10 3 Vo2 @ @ Measure peak flux c.lensity and
— I peak frequency gives under
b - & assumption of equipartition of
z " (D relativistic particles and
é‘ i magnetic field, the Brightness
v I temperature which in turn
é‘ gives the radius of the radio
(L (D emitting zone.
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Gamma-ray Bursts
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Explosion Environment

# ) e
< log([N1I/[O11})

Fic 4 — Congarson of our SNAOSH 2ot galaxy emissdon line foatures to & wariety of galaxy samphes and stedlor population synthesls
models [Levesque et al. (20000), On the NI/ Ha vs OHIE/HS (eft) and NI/ [OIE we [OIH] SO0 (righs ) emission line ratio diagnostic
diagrams, we compare the SNIZOOELL explosion site (yellow star) 10 ratios for SNe Ic host galaxios and explosion sites (Modjax et al,
AOS groem clecles and stars], loog duration GRE host galaxics and explosion sites (Lovesque et al, 200%, Ohristerson et al 2008 bioe
crcles and stars), and & sample of GO0 star forming SDSS galaxics [Kewley o1 ol 2006, poirts)  The Levesqoe et al, [20050) models
AISUNC & 2T0-age Instantanscus burst star focmation Mstory, an dectron density of s < 100 cm “4_and & range of aization paramcter
~30 < U < ~1.0 | Levesque o2 al, 20060

Friday 26 February 2010



Radio to Optical spectral energy density of
host galaxy NGC 3278 gives the Star Formation Rate

GMRT ' '

: -
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3 o

3 | SFR=5- 7 Msun/yr

e & _ a la Kennicutt (1998)
10-3} N NGC 3278 Yun & Carilli 2002)
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Frequency (Hg)

Levesque, Soderberg,..., Chakraborti, Ray;..., Chandra et al ApJL (2010)
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How many central engine driven
relativistic supernova among SN Ibcs ?

VLA made an extensive radio survey of 143 optically discovered local SN Ibc and
found 1 object (SN 2009bb) with relativistic outflow. Implied fraction of engine driven
SNe is - 0.7 %.

Wide-field optical surveys (Palomar Transient Factory (- 50 SN Ibc per yr), Pan-
STARRS (25 SN Ibc per yr) etc) will quadruple the discovery rate young local type Ibc

SNe in the next 3-5 years (assuming volumetric rate of 1.7 104 Gpc3yr?.
=

Together with the ten-fold increase in the sensitivity of the Expanded VLA,
relativistic SNe will be uncovered at an increased rate of - 1 per year within d < 200

Mpc.

This is - 3 times higher than the rate at which nearby GRBs are discovered by current
Gamma-ray satellites. Thus radio surveys will soon provide a more powerful tool to
pinpoint the nearby engine driven relativistic SNe compared to detections made by
their Gamma-ray emission. Radio SN 2009bb like objects with light curves upto 100
days can be detected out to a distance of - 130 Mpc at current VLA sensitivities (0.1
m]y in 15 min).

Friday 26 February 2010
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Need wide-field, pan-chromatic, radio detector
Array & low frequency survey

Beamsizes are large at low frequencies. Wider sky coverage. Pan-chromatic response
may help weed out terrestrial Radio Frequency Interference.

Need sensitivity typically few to 10 milli Jansky per beam.

Use Ooty Radio Telescope with wide-beam coverage @ 327 MHz in drift-scan mode
for a baseline survey to be used for reference map.

Also need some higher frequency coverage to about § Ghz, since SNe turn on first
at high frequencies. This is a competing requirement vis a vis the wide field
criterion.

GRBs detected at 1 Burst per day currently. GRBs may be 1000 x more numerous at
Radio wavelengths (spectral modelling by Perna and Loeb 1998).

a § GHz survey of 10 square degrees with Allen Telescope Array will detect in 12 hrs
upto 100 GRBs. A comparable VLA survey requires 200 hrs.
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RELATIVISTIC GRB JET BREAKOUT

FOR A 15Msyny WOLF-RAYET STAR

Figure 8
Break out of 2 relativistic y-ray burst jet with energy 3 x 10°" ergs™! 8 s after it is launched
from the center of 2 15 M, WR star. The radius of the star is 8.9 x 10" cm and the core jet,

at infimty, will have a Lorentz factor I' ~ 200. Note the cocoon of mildly relativistic material

hat surrounds the jet and expands to larger angles. Once it has expanded and converted its
internal energy this cocoon material will have Lorentz factor I ~ 15-30. An off-axis observer
may see a softer display dominated by this cocoon ejecta. If the star were larger or the jet
stayed on a shorter time, the relativistic core would not emerge, though there would still be a
very energetic, highly asymmetric explosion. (Zhang, Woosley & IHeger 2004.)

WOOSLEY & BLOOM

ARAA 2006
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Hydro simulations of y-ray burst jets

through the progenitor star

Morsony, Lazzati and Begelman (arXiv: 1002.0361) investigate the
effects of variability of the central engine luminosity and light
relativistic jet propagation through the star with a special
relativistic adaptive mesh refinement hydrodynamic code FLLASH in

2D.

MLB (2007) started simulations from a stellar model 16T1 from
Woosley and Heger (2006) of a Wolf-Rayet star with an initial mass

of 16 My, . Also used are other initial models.

Three phases of Jet propagation: 1) Precursor phase (wide angle
release of mildly relativistic material); 2) Shocked Jet phase (jet
material that flows out of the star has been heavily shocked; the
energy flow is highly variable; the jet is highly collimated); 3) Third
phase jet has a freely expanding core surrounded by a shocked layer
at the boundary with cocoon material. Energy flow is almost
constant and jet opening angle increases with log t.

Friday 26 February 2010
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VARIABLE INJECTED LUMINOSITY

OF THE CENTRAL ENGINE

Variability in GRBs
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FIG, 1. — Luminosily injected by the cenlral engine for the four simulations described in the text. The ligure shows only a 3 seconds zoom ol the ssmalstions
thal last & tofal time of S0 seconds. The luminosity is noemalized 1o the aversge isotropic eguivilent luminosily of Lo} = 3.5 % 107 eng/s. The injected
luminosity for the variable eatropy and varisble baryon Joad simulations s the same.

Morsony, Lazzati and Begelman (arXiv: 1002.0561)
investigate the effects of variability of the central
engine luminosity and jet propagation through the
star with a special relativistic adaptive mesh

refinement hydrodynamic code FLLASH.

77:L/1f;fzc2

VARIABLE ENTROPY:
CHANGE LUMINOSITY
BY CHANGING

ENTROPY 1] WHILE
HOLDING MDOT
CONSTANT
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JET PROPAGATION WITH VARIABLE
CENTRAL ENGINE LUMINOSITIES

LOGARITHMIC DENSITY CONTOURS FOR FOUR SIMULATIONS UPTO T= 5.5 S

NARROW LOW Uniform Variable baryon load
S BT MORSONY ETAL 2010
VARIABLE BARYON LOAD:
CHANGE LUMINOSITY BY
CHANGING BARYON LOAD MDOT
TURBULENT COCOON
MADE OF SHOCKED
STELLAR MATERIAL

Variable entropy Step

the central engine.

Density images ol our four simalations 5.5 secoxds after the onset of

17:L/r;162

VARIABLE ENTROPY: =
CHANGE LUMINOSITY
BY CHANGING ENTROPY
1] WHILE HOLDING
MDOT CONSTANT

JET PENETRATES THE CORE TO DIFFERING EXTENTS
DEPENDING UPON ENGINE ACTIVITY AND PROPAGATION TIME
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Hydro simulations of y-ray burst jets
through progenitor star: Morsony etal 2010

@ SHORTEST PROPAGATION @ IF THE ENGINE IS ACTIVE
TIME FOR A UNIFORM FOR A SHORTER TIME
INJECTED LUMINOSITY THAN PROPAGATION TIME,
WITH THE HEAD OF THE AN ENGINE DRIVEN SN IS
JET BREAKING OUT OF THE LIKELY PRODUCED,
STAR’S SURFACE IS ~6.2S. RATHER THAN A

SUCCESSFUL GRB.

@ VARIABILITY IN THE YV-RAY
LIGHT CURVE MAY BE DUE @ VARIABILITY PROPERTIES

TO: 1) INTRINSIC ON SECONDS SCALES
VARIABILITY OF THE DEPEND UPON

ENGINE (MS PERIODS) PROGENITOR STRUCTURE
2) STAR INDUCED & INSENSITIVE TO THE
VARIABILITY. OUTFLOW INJECTED BY

CENTRAL ENGINE. FAST
VARIABILITY --> NATURE
OF CENTRAL ENGINE.
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NEUTRINO SIGNALS OF SMOTHERED JETS IN
V-RAY DARK SNE?

@ LOOK FOR Ey > 100 GEV CASCADES IN KM3 DETECTORS A LA: RAZZAQUE,
MESZAROS & WAXMAN (2003 PRD) AND ANDO & BEACOM MODELS FOR A
CENTRAL ENGINE DRIVEN SN/GRB WITHIN 10 MPc. THEY PREDICT VERY SOFT
NEUTRINO SPECTRUM IN ICECUBE. TABOADA (ARXIV: 1002.0593) CALCULATES
EVENT RATE FOR CORE COLLAPSE SNE AS OBSERVED BY DEEPCORE AT ~ 10 GEV.
TAKES INTO ACCOUNT VACUUM OSCILLATIONS OF THE FLAVOR FLUX RATIOS AT
EARTH FOR BOTH PION AND KAON PRODUCED NEUTRINOS.

@ OBSERVATIONS OF NEUTRINOS AT > 10 GEV ARE MOSTLY SENSITIVE TO THE
PION COMPONENT OF NEUTRINO PRODUCTION IN THE CHOKED JET, WHEREAS
THE > 100 GEV COMPONENT MAINLY DEPENDS UPON THE KAON PRODUCTION
AND DECAY INTO NEUTRINOS. THESE SIGNAL DETECTIONS HAVE TO BE IN
COINCIDENCE WITH OPTICAL OBSERVATIONS OF THE RISING LIGHT CURVE OF A
SUPERNOVA AT THE SAME PLACE AND IN A 100 S SIGNAL SEARCH WINDOW
(RSTAR/C) TO DISCOUNT ACCIDENTAL COINCIDENCE OF ATMOSPHERIC NEUTRINO
BACKGROUND.

@ HIGH ENERGY NEUTRINOS ARE PRODUCED BOTH IN PY AND PP INTERACTION, (Er
~ 10'S EV ON Y-PHOTONS OF Ey ~ 10°EV: P Y --> A --> N T* AND P ¥ --> N T°
AND SECONDARY N Y --> P T REACTIONS) DOMINANTLY THROUGH SECONDARY
PIONS Tt*" --> LLVy =--> € Ve Vy Vy. KAONS ARE ALSO PRODUCED IN PHOTO-HADRONIC
REACTIONS AND THEN DECAY VIA (E.G. K* --> u*vy, (63%)).
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TABOADA, ARXIV:1002.0593
CHOKED JETS IN GRBsS AND NEUTRINOS
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FIG. 2. The panels show the expected signal above a given energy for DeepCore for v, (left). v, (center) and v, (right). The
solid (black in the online version) histogram is the total expectation of the RMW /AB model, the long dashed histogram (blue in

the online version) is the pion contribution and the short dashed (red in the online version) histogram is the kaon contribution.
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FIG. 3: The panels show the expected signal above a given energy for cascades in IceCube/KM3Net for v, (left). v, (center)

and v, (right). The solid line (black in the online version) is the total expectation of the RMW /AB model, the long dashed line
(blue in the online version) is the pion contribution and the short dashed line (red in the online version) is the kaon contribution.

@ TABOADA FINDS 3.3 Vu EVENTS IN ICECUBE FOR A 10 MpPCc SN DUE TO Vi
EFFECTIVE AREAS ATTRIBUTED TO THRESHOLD EFFECTS NEAR 100 GEV
(DIFFERENT FROM ICECUBE PUBLISHED). SIMILARLY THE NEUTRINO
INDUCED CASCADES EXPECTED IN ICECUBE IS 6.1 EVENTS. IN DEEPCORE
ALL FLAVOUR EXPECTATION IS 4 EVENTS.
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Conclusions

e Supernova’s central engine can be revealed in the radio
frequency bands by detecting the relativistic motion of the
external plasma. Important to look for signals beyond those
from (or even without) the deep core signals, e.g. y-rays.
Engine driven SNe do occur in high metallicity environments,
i.e. there seems to be no cutoft metallicity for relativistic SNe.

e There may be smothered jets of GRBs that are buried deep in
core of the star. High energy neutrinos (> 10-100 GeV)
IceCube / DeepCore may reveal these.

e Wide field optical surveys (e.g. Palomar Transient Factory;
Pan-STARRS) will quadruple discovery rate of local SN Ibc,
and EVLA upgrade will make radio discovery of relativistic
SNe exceed the discovery through the GRB channel by a

factor of 3.
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THE END

Thank you




