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Introduction & Motivations

 Detection of GWs from a CCSN will be the next
milestone in gravitational wave physics and multi-
messenger astrophysics.
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* Recent analyses suggest that GWs from normal
6 -
CCSNe can only be detected during galactic events. ’ Log (time relative to bounce [s])

Kharusi et al. (2021)

» Extreme CCSNe such fast-rotating or strongly
magnetized CCSNe, may have better chances being

Galactic Center i
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detected in extragalactic events (but rare). £ gl mrmomm,
~ —*— Kur+22 s50 (1:67 kiZ) i
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* These extreme events are associated with long : |z gggjg;;gg;l—fg;;;;z}m i
g 0.2 —%— Pan+21 s40 (0.84 kpc) i
gamma-ray busrts, hypernovae, or magnetars, which 8- Fovtis 8 8100
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are excellent targets for multi-messenger astrophysics. | Distance [kpc]

Szczepanczyk et al. (2024) Also see Andy Chen’s poster

SN2025gw: First IGWN symposium on CCSN GW Theory and Detection Kuo-Chuan Pan 2




CCSN Zoo: Diverse explosion morphologies
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FLASH-IDSA simulations

e > 36 magnetized CCSN simulations e The s40 progenitor (Woosley & Heger 2007)

e FL ASH Code (2D in cylindircal coordinates) e SFHo E0S

e Unsplit MHD solver (usm) e \HD enabled (Bo =0, 109, 1019, 1011, 1012 (5)
¢ |DSA for neutrino transport (pibncjgﬁ r+09) e Rotation enabled (initial (2o from O - 0.5 rad/s )
e Effective general rele : - N m resolution in the entaired shock region
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Case A: Failed Supernova

» Shock stalled. Failed supernova
» Strong SASI

» Magnetic field and rotation (2D) delay the BH formation Entropy
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Case B: Bipolar Jet

Jet-driven explosion

Explosion time depends on the roation
» Strong shearing and turbulence triggered by the j je
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Case C: Monopolar Jet

» Delayed explosion

» Evolution was similar to a failed supernova at the
early stage but exploded later.

» Fast shock expansion once exploded
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Case D: Neutrino-driven explosion

Entropy

» Buttertfly pattern
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Neutrino-driven explosion (ND)

MHD-CCSN Zoo

BH formation Mono-polar Jet (MP)

ed | B

200 km

Bipolar Jet (BP)

SN2025gw: First IGWN symposium on CCSN GW Theory and Detection Kuo-Chuan Pan 9



Overview of results

Preliminary results
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Magnetic Energies
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EXplosion Energies
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(GGravitational Wave
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(GGravitational Wave

» The GW “peak” frequency mainly depends
on the rotational speed, but weakly depends
on the magnetic fields.

» Explosion time and the GW amplitudes highly
depends on the rotation and B-fields.

» Each type of morphologies show unique GW

sub-features.
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Magneto-rotational Instabillity

3D CCSN-MHD with GPU, GAMER
* Note that the third dimension allows (effective-GR + neutrino leakage)

additional degree of freedom for
magneto-hydrdodynamics instabilities.

» High-resolution 3D simulations are
expensive but necessary

» 3D GAMER simulation with 250 m
resolution in shocked region (no “angular”
resolution).

top = 79.39 ms

Hsieh et al. in prep.
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Summary & Conclusions

« MHD-driven CCSNe are the possible origins of
hypernovae, magnetars, and long gamma-ray bursts.

» Magnetized CCSN show a wide range of morphologies.
Each of them shows unique dynamics and GW features.
» The peak GW frequencies mainly depend on the
rotational speed and weakly depends on the fields.

» Additional analysis on MRI and 3D effects are
necessary.

» Future GW and MMA observations of a nearby CCSN
are important to examin the CCSN physics.
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Shock dynamics
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- Non-magnetized models and weak fields models =,
form BH at the end of simulations % 100
N

- Magnetic fields assist in explosion (Muller+20)

* Without B, rotation tends to suppress explosion 500, S —
in 2D (Pajkos+19) g of= s f ol

- |f B exists, rotation could assist in the explosion
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