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Hypernovae & GRBs
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Extreme Supernovae and GRBs
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Progenitor Characteristics

* 11 long GRB - core-collapse supernova associations.

 All GRB-SNe are stripped envelope, show outflows v~0.1c

 But not all stripped-envelope supernovae come with GRBs
* Trace low metallicity environments

* Some SLSNe share same characteristics



Iron core

Core collapse basics

Protoneutron star
r~30km

Nuclear equation of state
stiffens at nuclear density

Inner core (~0.5 M)
-> protoneutron star +
shockwave



Core collapse basics

Iron core Protoneutron star
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Nuclear equation of state
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shockwave
Reviews:
Bethe’90 I,
Janka+‘12 v Outer core accretes onto
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Shock stalls at ~ 100 km




Core collapse basics

Iron core Protoneutron star
r~30km
Nuclear equation of state
stiffens at nuclear density
Inner core (~0.5 M)
-> protoneutron star +
shockwave
Reviews:
Bethe’90 l T,
Janka+‘12 v L
Magnetic field
. accretion — amplification?
— A .
shock *, How to revive the

shockwave?




MHD-supernova vs collapsar

MHD-supernova / magnetorotational
supernova: outflows driven by
protomagnetar
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MHD-supernova vs collapsar

MHD-supernova / magnetorotational
supernova: outflows driven by
protomagnetar

Collapsar: Compact object (likely black
hole) + accretion disk -> outflows driven by
disk wind

Two different engines with
different signatures!

Could be realized in same progenitor
system but at different times
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MHD-powered explosions

How do we make magnetars?

When do we form black holes?

What are the engines of type Ic-bl
and GRB supernova?
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GRaM-X: GPUs

e Dynamical-spacetime simulations of
supernova and neutron-star mergers

e Built to utilize GPUs at scale on the world's
fastest supercomputers

e Embedded in the CarpetX/Einstein Toolkit
framework

See Swapnil and Sara’s talks
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3D magnetic field structure
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How do we make magnetars?

PM+15 Nature



But ... This channel can’t explain the entire
magnetar population

Raynaud+20
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But ... This channel can’t explain the entire
magnetar population

Need ms-period proto-magnetar
-> rapidly-rotating massive stars
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But ... This channel can’t explain the entire
magnetar population

B Need ms-period proto-magnetar
o -> rapidly-rotating massive stars

e Relax rotation rate
requirement

e Start from highly-
magnetized core of
a massive star

see Miguel’s talk
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3D Volume
Visualization of

Entropy
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t=

-3.00 ms
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Implications for long Gamma-Ray Bursts

dual-lobe ‘slow’
explosion

180 200 220 240 260 280
t — thounce [ms]

Continued accretion ->
Black hole engine possible!
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Kink instability deforms/disrupts jet

8000 km

tp, =544.1ms

Obergaulinger+21

Detailed explosion
geometry depends on A _ :
lots of factors | | -

-> code comparison led

by Matteo Bugli K;roda+21

Shibagaki+24



Towards a catalogue of 3D explosions
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Towards a catalogue of 3D explosions
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T 1 L} I
R25B12 - R25B11 I !
R20B12 - R20B11
R15B12 - R15B11
R10B12 R10B11
R0O5B12 - RO5B11
RO1B12 - RO1B11

Energy [x10°° erg]
Polar shock radius [km]

T

T
R25B12 == R25B11
l l R20B12 == R20B11
100 150 R15B12 == RI15B11
R10B12 R10B11
RO5B12 RO5B11
RO1B12 RO1B11

WAV
. Lae

t - tp [ms]

Shankar,

Equatorial shock radius [km]

120 160 200
t - tp [ms]

With Swapnil Shankar




Towards a catalogue of 3D explosions
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Remnant properties
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Resolution matters but how much?
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Resolution matters but how much?

Polar shock radius [km]
Explosion energy [10°° erg]

PNS rotation rate [102 rad/s]
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Making the heaviest elements

Temperature = 3.41E+09 K

Density = 7.75E+06 g / cm®

Heating rate = 3.54E+14erg/s/g

Entropy = 8.31E+00 kB / baryon

Ye =0.175 0 =
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R-process in jet-driven supernovae

<+——— 1600 km ———>
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R-process nucleosynthesis in supernovae

A solar
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Explosion type determines
nucleosynthetic outcome
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R-process in jet-driven supernovae

PM, Roberts, Halevi+ 18



R-process in jet-driven supernovae

1200 km

t=49 ms

Halevi, PM 18



R-process nucleosynthesis in supernovae
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Other groups find similar
results, but there’s still lots
of details to be understood
better
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R-process nucleosynthesis in supernovae

A solar
B13 L = 10°% erg/s
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R-process nucleosynthesis in supernovae
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ravitational-wave signatures
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Gravitational-wave signatures
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Gravitational-wave signatures
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Gravitational-wave signatures

 MHD-powered explosions promising
gravitational-wave source for 3rd
generation detectors

 but distance we can expect them
at???

e Need to massively upgrade our
understanding of systematics for
rotating/MHD explosions

o first steps towards this
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eutrino signals from MHD-supernovae
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Simulating Detector Response
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Simulating Detector Response

. Emax
SNEWPY generated inverse beta decay Ny = Nargets | @y(E. 1) 0(E) dE
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Simulating Detector Response

SNEWPY generated inverse beta decay
counts in Juno for different rotation speeds

Prog. mass: 25Mg, d: 10 kpc
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How do we make black holes?

e Most collapsar
simulations require
shallow density
profiles for long GRB
compatible jets

e But do we form these
consistently in stellar
collapse

L Halevi, Wu, PM+ 23

with Goni Halevi 47



All the way to black-hole formation

Mzams(Ms)
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Simulations in 1.5d shows that these progenitors are
favorable for IGRBs under the collapsar model
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Black-hole formation in 3D
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Black-hole formation in 3D
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Collapsar formation implications?
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From simulations to observations

Observations:

enew transients classes and subclasses
e need detailed predictions to constrain engines

Need mapping:
progenitor -> engine -> observations
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From simulations to observations

State of the art now:

engine formation/dynamics
gravitational waves
nucleosynthesis
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From simulations to observations

State of the art now:

54



From simulations to observations

State of the art now: Current frontier:

explosion geometry
explosion energy

nucleosynthesis
basic engine model

55
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From simulations to observations

Full star

State of the art now:

AN

Full 3D, full physics

Current frontier:

with Swapnil Shankar Shankar, PM+ 21 .. |



From simulations to observations

Current frontier:

Engine model from full 3D
simulation

time = 0.00373 sec, checkpoint=0

—0.004 —0.002 0.000 0.002 0.004 0.006 0.008

57
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From simulations to observations

Simplified simulations with Engine model from full 3D
engine model simulation
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From simulations to observations

Observed SNe Ic-BL/GRB-SN
Engine Model averages
Polar bounds

Equatorial bounds
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Summary

We are building a catalog of 3D GRMHD-
supernova simulations - stayed tuned for M1

Black-hole formation in 3D GRMHD now possible

Need to really connect these models better to
lightcurves/specta
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Summary

We are building a catalog of 3D GRMHD-
supernova simulations - stayed tuned for M1

Black-hole formation in 3D GRMHD now possible

Need to really connect these models better to
lightcurves/specta

Mapping
progenitor -> -> observations

61



. - g (v

: ' %, .. . Staff Login' | Vigitbrs Login
O O 0 UC SANTA BARBARA - oy s L e SO ‘

e & ‘ o £ oy 2" f_,«.!(((‘-J
Kavli Institute for I S AR : ‘

Theoretical Physics

Enigmatic Explosions: Observations, Modelling, and Microphysics of Extreme
Transients

Coordinators: Francois Foucart, Raffaella Margutti, Philipp Moesta, and Rebecca Surman

The detection of bright electromagnetic (EM) transients powered by neutron star mergers, supernovae, and other extreme astrophysical DATES
events associated with compact objects will play a major role in nuclear astrophysics in the coming years. These events act as cosmic Oct 26, 2026 - Dec 18, 2026
laboratories allowing us to study the properties of high-density matter and the origin of heavy elements. Transients may even reveal
particle physics beyond the standard model in conditions that we cannot probe on Earth. The rapidly growing number and variety of INFORMATION
observed EM transients now regularly challenge our incomplete theoretical understanding of the transient sky. These limitations inhibit our
ability to leverage transient observations for high-energy and nuclear astrophysics. Despite significant improvements to the numerical
accuracy and microphysics of numerical simulations, the impact of nuclear physics inputs, approximate physical modeling, and the large PE— P
range in spatial scales and timescales that need to be resolved remain major issues. This program will address these issues with an pplication deadiine is:
. L . . L . Oct 24, 2025.
interdisciplinary group of nuclear, theoretical, computational physicists and astronomers as we prepare for a new era of EM discovery and . .
- ) . . Primary deadline above
anticipated experiments on exotic nuclei.
date.
Rolling admissions after
until the program is filled.

ECT* workshop in September

21-25 The Interplay of Magnetic Fields, Nuclear Physics, and
Nucleosynthesis in Neutron-Star Mergers and
Supernovae

P. Mosta, A. Arcones, S. Curtis, E. O'Connor
62



