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Hypernovae & GRBs
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http://apod.nasa.gov/apod/ap000628.html
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• But not all stripped-envelope supernovae come with GRBs  

• Trace low metallicity environments 

• Some SLSNe share same characteristics

• 11 long GRB – core-collapse supernova associations. 

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

Extreme Supernovae and GRBs
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2000km

Outer core accretes onto 
shock & protoneutron 
star with O(1)      /s 

                

Shock stalls at ~ 100 km

Reviews: 
Bethe’90 
Janka+‘12
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2000km

Magnetic field 
amplification? 
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MHD-supernova vs collapsar
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MHD-supernova / magnetorotational 
supernova: outflows driven by 
protomagnetar 
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MHD-supernova / magnetorotational 
supernova: outflows driven by 
protomagnetar 

Two different engines with 
different signatures!

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



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

Two different engines with 
different signatures!

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

Could be realized in same progenitor 
system but at different times 



MHD-powered explosions
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How do we make magnetars? 

When do we form black holes?

What are the engines of type Ic-bl 
and GRB supernova?



14http://einsteintoolkit.org



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

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

• Embedded in the  CarpetX/Einstein Toolkit 
framework

GRaM-X: GPUs

See Swapnil and Sara’s talks
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See Sara’s poster

GRam-X extension to resistive GRMHD

Azizi, Shankar, PM+ 25
Template ID: ruminativemauve  Size: 36x48

Introduction

A resistive MHD module in the GPU-accelerated 
GRMHD code GRaM-X

Sara Azizi, Philipp Mösta, Swapnil Shankar 
Anton Pannekoek Institute of Astronomy, University of Amsterdam

❖ General Relativistic Magnetohydrodynamics (GRMHD) is vital for 
understanding high-energy astrophysical systems. 

❖ Ideal GRMHD approximation assumes plasma has infinite conductivity. It 
simplifies simulations and works well where the plasma is highly dense.

❖ Resistive GRMHD incorporates finite conductivity, and allows the study of 
regions from high and low conductivity to vacuum in a unified framework. 
Resistivity becomes crucial for understanding how electric currents evolve 
and dissipate within the magnetized plasma.

Motivation & Science case

• Modelling behaviour of charged fluids in 
curved spacetime

• NS-NS and NS-BH binary mergers, and 
magnetosphere interactions

• Accretion disks around BHs and AGNs, and 
jet formation

• Study magnetic reconnection and energy 
dissipation 

• Embedded within the ENW-XL collaboration: 
Probing QCD via multimessenger 
observations

Code Features

❖ Combine Maxwell equations with hydrodynamics equations via Implicit-
explicit Runge–Kutta (IMEX) methods 

❖ Use high-fidelity numerical methods for stable evolution in extreme regions

The resistive GRMHD simulation setup includes:
• EoS: 1) Ideal-gas 2) Tabulate 
• The HLLE Riemann solver
• TVD/WENO reconstruction schemes
• 1D and 4D conservative-to-primitive inversion methods

Code Infrastructure

❖ Einstein Toolkit: A community-driven software 
infrastructure for numerical relativity and 
relativistic astrophysics

❖ CarpetX:  New GPU-accelerated AMR driver 
for Einstein Toolkit

❖ GRaM-X: New GPU-accelerated GRMHD code 
within Einstein Toolkit

Conclusion Reference

❖ Resistive GRMHD captures key plasma physics
❖ Enables more realistic modelling of compact object environments and transient astrophysical phenomena
❖ Resistive GRaM-X can be run on both CPUs and GPUs
❖ Running simulations 20-40x Cheaper and approximately 5-10x faster  

E. R. Most, H-Y. Wang, https://doi.org/10.1103/PhysRevD.111.L081304
C. Palenzuela  et al. , https://doi.org/10.1103/PhysRevLett.111.061105
S. Boula, A. Nathanail,  https://doi.org/10.48550/arXiv.2503.09379 
Y. Mizuno, https://doi.org/10.3390/universe8020085
C. Palenzuela et al. 2009, https://doi.org/10.48550/arXiv.0810.1838
S. Shankar et al. , 10.1088/1361-6382/acf2d9

Numerical tests 
& results

❖ 1D: 
• Self-similar current 

sheet 
• Shock-tube 
• Large amplitude CP 

Alfvén waves 

❖ 2D Cylindrical 
explosion 

❖ 3D TOV star
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3D magnetic field structure

dx=500m dx=50mdx=200m dx=100m

PM+ 15 Nature
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PM+15 Nature

How do we make magnetars?
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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

Raynaud+20

Need ms-period proto-magnetar  
-> rapidly-rotating massive stars
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• Relax rotation rate 
requirement 

• Start from highly-
magnetized core of 
a massive star

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

Raynaud+20

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

see Miguel’s talk



3D Volume  
Visualization of

22

Entropy
PM+ 14



dual-lobe ‘slow’ 
explosion
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PM+ 18
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Continued accretion ->  
Black hole engine possible!

Implications for long Gamma-Ray Bursts



Kink instability deforms/disrupts jet

24

Obergaulinger+21

Shibagaki+24

Detailed explosion 
geometry depends on 
lots of factors 

-> code comparison led 
by Matteo Bugli Kuroda+21
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Towards a catalogue of 3D explosions

Shankar, PM+ 25

With Swapnil Shankar
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Shankar, PM+ 25

Towards a catalogue of 3D explosions

With Swapnil Shankar
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Shankar, PM+ 25

Towards a catalogue of 3D explosions

With Swapnil Shankar
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Shankar, PM+ 25

Remnant properties

With Swapnil Shankar
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Shankar, PM+ 25

With Swapnil Shankar

Resolution matters but how much?
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with Swapnil Shankar

Resolution matters but how much?
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Making the heaviest elements

PM+ 18
Halevi, PM+ 18

with Goni Halevi



B = 1012 G octant B = 1012 G full 3DB = 1013 G full 3D

R-process in jet-driven supernovae

PM+ 18
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PM, Roberts, Halevi+ 18

R-process nucleosynthesis in supernovae
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B13 L = 1052 erg/s

B12 ° sym L = 1052 erg/s

B12 L = 1052 erg/s

Explosion type determines 
nucleosynthetic outcome 

see also Martin’s talk directly after



PM, Roberts, Halevi+ 18

R-process in jet-driven supernovae

As a result, there is effectively no material at Ye0.2 for
simulation B12-sym and no material below Ye;0.22 for
simulation B12. The results obtained with the neutrino
luminosities from the tracer particles show this effect even
more clearly. Here, the effect of neutrino interactions is large
enough that even the Ye distribution for simulation B13 is

shifted to values of Ye0.2, the distribution for B12-sym is
now centered at Ye;0.34, and the Ye distribution for
simulation B12 is shifted to Ye;0.36.
The variations in the distribution of Ye have consequences

for the eventual nucleosynthesis, since one must have
Ye0.25 to make the third r-process peak (Lippuner &
Roberts 2015). Figure 8 shows abundance patterns for all three
simulations, B13, B12-sym, and B12. We show the fractional
abundance pattern averaged over all particles in the ejecta as a
function of mass number A.
If no neutrino luminosities are taken into account in the

nucleosynthesis calculation, we find a robust r-process pattern
in all three simulations. This is also true for a constant neutrino
luminosity of = =n n

-¯L L 10 erg s51 1
e e . For neutrino luminos-

ity = =n n
-¯L L 10 erg s52 1

e e , all simulations still show a robust
second r-process peak. B13 still has robust third-peak
abundances, while B12-sym and B12 have reduced abundances
in their third peaks (with B12 seeing the larger reduction). For a
neutrino luminosity of = =n n

-¯L L 10 erg s53 1
e e , none of the

simulations show significant amounts of material synthesized
beyond A=135. In all simulations, the reduction in the
fractional abundance beyond A=135 is accompanied by an
overproduction of nuclei with A<135 compared to the lower
neutrino luminosity cases.
The abundance patterns calculated with the neutrino luminos-

ities, as recorded from the tracer particles, fall in between the
= =n n

-¯L L 10 erg s52 1
e e and = =n n

-¯L L 10 erg s53 1
e e constant

luminosity cases. For simulation B13, material beyond A>135
is reduced by a factor of 10 relative to the Lν=0 case, but for

Figure 5. Top row: electron fraction Ye as a function of time after mapping the particles onto simulation B13 (left), B12-sym (center), and B12 (right) for
representative particles. Different colored lines indicate results for different neutrino luminosities (assuming = =n n n ¯L L Le e) used in the nuclear reaction network
calculation. Black lines indicate results using the neutrino luminosities from the tracer particles advected with the simulations. The dashed lines indicate the evolution
of bYe, for each of the fixed neutrino luminosity simulations. The particle in simulation B13 reaches the lowest Ye values, while the particles in simulations B12-sym
and B12 turn around at increasing minimum Ye values. The dotted-dashed lines show the evolution of Ye in the tracer particles before the nuclear reaction network
calculations begin. Bottom row: weak interaction and dynamical timescales for the same three models. The dashed lines indicate the lepton capture
timescale, l l+ -- +( )e e

1.

Figure 6. Scatter plot of the electron fraction Ye at T=5 GK (x-axis) and
specific entropy s (y-axis) for select particles from simulations B13 (circles),
B12-sym (triangles), and B12 (squares). The symbols are color coded with the
maximum density, ρmax, reached.
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The Astrophysical Journal, 864:171 (11pp), 2018 September 10 Mösta et al.



Halevi, PM 18

R-process in jet-driven supernovae
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R-process nucleosynthesis in supernovae

Reichert+ 23

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

Reichert+ 23

Collapsar/MHD supernova 
hard to distinguish!

Shibata+ 25

PM+ 18
Halevi, PM+ 18
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PM, Roberts, Halevi+ 18

abundance by a factor of a few and by an order of magnitude
for larger neutrino luminosities. For simulation B12-sym, the
reduction in synthesized nuclei beyond the second r-process
peak starts at neutrino luminosities of -10 erg s52 1 but matters
mostly for third-peak r-process nuclei. For simulation B12, the
reduction in abundance of nuclei beyond the second peak is
consistently at least a factor of 10 compared to the lower
neutrino luminosity calculations. The neutrino luminosities
recorded by the tracer particles are typically a few -10 erg s52 1

after the initial neutronization burst has subsided after ∼20 ms
and hence fall in between the constant luminosity cases of 1052

and -10 erg s53 1. Acknowledging a factor of ∼2 uncertainty in
the neutrino luminosities in our simulations, we compare a
neutrino luminosity of constant -10 erg s52 1 between the three
simulations B13, B12-sym, and B12 and the solar abundance
pattern as our most optimistic neutrino luminosity scenario. We

Figure 8. Fractional abundance as a function of mass number A for models B13 (left), B12-sym (center), and B12 (right). Different colored lines indicate results
obtained with different constant neutrino luminosities in the nuclear reaction network calculation. Black lines show the results obtained when using the neutrino
luminosities as recorded from the tracer particles in the simulations. For model B13, neutrino luminosities up to = =n n

-¯L L 10 erg s52 1
e e produce a robust second-

and third-peak r-process pattern. Starting from a neutrino luminosity of = =n n
-¯L L 10 erg s53 1

e e and the neutrino luminosity from the tracer particles, material
beyond the second peak is reduced in abundance. This trend is continued in models B12-sym and B12, but with a reduction in the abundance of nuclei beyond the
second peak starting at lower and lower neutrino luminosities. For model B12, only = =n n

-¯L L 10 erg s51 1
e e still produces a robust r-process abundance pattern.

Figure 9. Fractional abundance pattern as a function of mass number A for
models B13, B12-sym, and B12. Blue, light blue, and light green show models
B13, B12-sym, and B12, respectively, for a constant neutrino luminosity of

= =n n
-¯L L 10 erg s52 1

e e for both electron and electron antineutrinos in the
nuclear reaction network calculation. Black markers indicate the solar
abundance pattern scaled to match the second r-process peak (A = 135) for
simulation B13. Model B13 reproduces the solar abundance pattern reasonably
well, while model B12-sym underproduces third r-process peak (A = 195)
material by more than an order of magnitude. In model B12, all nuclei beyond
the second r-process peak are reduced in abundance by a factor of ∼100.

Figure 10. Elemental abundances as a function of nuclear charge Z for models
B13, B12-sym, and B12. Blue, light blue, and light green show models B13,
B12-sym, and B12, respectively, for a constant neutrino luminosity of

= =n n
-¯L L 10 erg s52 1

e e for both electron and electron antineutrinos in the
nuclear reaction network calculation. The black stars represent the observed
elemental abundances of the low-metallicity halo star HD122563, while the
downward triangles represent observational upper limits (Honda et al. 2006).
The open circles represent the scaled elemental abundances of the low-
metallicity halo star CS22892-052 (Sneden et al. 2000). The overall
normalization of the abundances patterns of HD122563 and CS22892-
052 are scaled to minimize the logarithmic residuals with the abundances of
B12 and B13, respectively, for elements with charge number greater than 49.

Table 2
Total and r-process Ejecta Masses (Material with 120�A�249) for the
Three Simulations, B13, B12-sym, and B12, for the Four Constant Neutrino

Luminosities and the Neutrino Luminosities as Obtained from
the Tracer Particles

Simulation B13 B12-sym B12

:( )M Mej,tot 0.0356 0.0043 0.0048
Mej,r =n

-
:( )L M0 erg s 1 0.0337 0.0042 0.0038

Mej,r =n
-

:( )L M10 erg s51 1 0.0336 0.0042 0.0037
Mej,r =n

-
:( )L M10 erg s52 1 0.0320 0.0034 0.0018

Mej,r Lν from tracer :( )M 0.0038 ´ -5.4 10 5 4.0×10−7

Mej,r =n
-

:( )L M10 erg s53 1 0.0012 0.0 0.0

Note.Masses are in solar masses, Me.

9

The Astrophysical Journal, 864:171 (11pp), 2018 September 10 Mösta et al.

R-process nucleosynthesis in supernovae



Gravitational-wave signatures

with Sophia Schnauck

Schnauck, PM+ 25
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Gravitational-wave signatures

with Sophia Schnauck

Rotation rate

Schnauck, PM+ 25
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Gravitational-wave signatures

with Sophia Schnauck

Schnauck, PM+ 25

Rotation rate

Progenitor
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with Sophia Schnauck

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

• but distance we can expect them 
at??? 

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

• first steps towards this

Gravitational-wave signatures

Schnauck, PM+ 25



with Pravita Hallur 

Neutrino signals from MHD-supernovae
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Simulating Detector Response

with Pravita Hallur 



SNEWPY generated inverse beta decay 
counts in IceCube for different rotation 

SNEWPY: Baxter et al. 2022

Nevents(ti) = Ntargets ∫
Emax

Emin

Φν(E, ti) σ(E ) dE

ν̄e + p → e+ + n

with Pravita Hallur 

Simulating Detector Response
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νe + Ar40 → e− + K*40

Simulating Detector Response
SNEWPY generated inverse beta decay 

counts in Juno for different rotation speeds
Nevents(ti) = Ntargets ∫

Emax

Emin

Φν(E, ti) σ(E ) dE

with Pravita Hallur 
SNEWPY: Baxter et al. 2022
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How do we make black holes?

Halevi, Wu, PM+ 23

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

• But do we form these 
consistently in stellar 
collapse

with Goni Halevi
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Halevi, Wu, PM+ 23

Simulations in 1.5d shows that these progenitors are 
favorable for lGRBs under the collapsar model

All the way to black-hole formation

with Goni Halevi
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Black-hole formation in 3D

Halevi, Shankar, PM+ 25
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Black-hole formation in 3D

Halevi, Shankar, PM+ 25

with Goni Halevi and Swapnil Shankar
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Collapsar formation implications?

Halevi, Shankar, PM+ 25

High accretion rates, 
currently analyzing angular 
momentum profile for 
faster-rotating progenitors 
-> collapsar formation?
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From simulations to observations

Need mapping: 
progenitor -> engine -> observations

Observations: 
•new transients classes and subclasses 
•need detailed predictions to constrain engines

Simulations 
•3D simulations open up diverse outcomes  
•magnetic fields crucial component for signatures
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From simulations to observations

Detailed simulations 
full physics 
~1s 
~10000km

State of the art now:

engine formation/dynamics 
gravitational waves 
nucleosynthesis
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From simulations to observations

Detailed simulations 
full physics 
~1s 
~10000km

State of the art now:
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From simulations to observations

Detailed simulations 
full physics 
~1s 
~10000km

State of the art now: Current frontier:

explosion geometry 
explosion energy 
nucleosynthesis 
basic engine model

1) engine model from            
full-physics simulations 
2) simplified simulations 
with engine model to  
shock breakout

with Swapnil Shankar
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From simulations to observations
State of the art now:

Current frontier:

Detailed simulations 
full physics 
~1s 
~10000km

Full 3D, full physics

Full star

1) Engine model from            
full-physics simulations 
2) Simplified simulations 
with engine model to  
shock breakout

Shankar, PM+ 21with Swapnil Shankar
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From simulations to observations
Current frontier:

Engine model from full 3D 
simulation

Shankar, PM+ 21
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From simulations to observations
Engine model from full 3D 
simulation

Simplified simulations with 
engine model 
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Barnes+ 18 Shankar, PM+ 21
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From simulations to observations

Shankar, PM+ 21
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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 -> engine -> observations
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ECT* workshop in September


