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Gravitational Waves (GWs) from Stellar Collapse .

(see reviews Vickey et al. (2022), Abdikamalov et al. (2021) iy
Kotake and Kuroda (2016)), Kotake (2013), Ott (2011)) - &= ,;

Typical values at the formation of Neutron Star (NS)
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v CCSN event in our galaxy (severaicentury) IS primary target !

Y

: the degree of anisotropy.
NG If collapse proceeds spherically, no GWs!!

What makes the SN-dynamics deviate from spherical symmetry is
essential for the GW emission mechanism !




Gravitational \Waves (GWS) from Stellar Collapse ®
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: the degree of anisotropy.
If collapse proceeds spherically, no GWs!

What makes the SN-dynamics deviate from spherical symmetry is
essential for the GW emission mechanism !




Two candidate mechanisms of core-collapse supernovae
(See reviews in Janka (‘25), Yamada et al. (‘25), Vartanyan and Burrows (‘23), Mueller (‘20), Kotake+ ('12))

Neutrino mechanism

Progenitor Non- or slowing- rotating star Rapidly rotation with strong B
(Qy < ~0.1rad/s) (Qy > ~mrad/s, B, > ~101 G)

Key ingredients v/ Field winding and the MRI
(e.g., Obergaulinger & Aloy (2017), Rembiasz et al.

(2016), Moesta et al. (2016), Masada + (2018))

v Non-Axisymmetric instabilities
(e.g., Takiwaki, et al. (2018), Summa et al. (2017))

Progenitor fraction ~<1% (Woosley & Heger (07), Ap)):
(hypothetical link to magnetar, collapsar)
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(e.g., Burrows et al. (‘24), Bollig et al. (‘21), Mezzacappa+ (‘21), Vartanyan et al. (2022),0’ Conner et al. (22), IVIueIIer (22)




Generic GW signatures of neutrino-driven explosions
Waveform from Murphy et al. (2009) ApJ Waveform from Nakamura et al. (‘16) MNRAS
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(Later confirmed by B. Mueller et al. (‘18), ApJ,
Mezzacappa et al. (2023), PRD)

v Three generic phases in neutrino-driven models: “burst-type” GW
1. Prompt-convection phase : within ~50 ms post-bounce

3. Explosion phase (:Long-lasting signal, but terminates if BH forms
(Muller et al. (2020, ApJ), Cerda-Duran et al. (2013, ApJ), Kuroda et al. (2018))
v Waveforms have no template character: “stochastic” explosion processes!




How to detect GWs with no-template features...
v Excess power method: Flanagan & Hugh (1998)

= Decompose data-stream into time-frequency domains
= Search for “hot” regions with excess power in the spectrogram !

v GW spectrogram from Murphy et al. (‘09) ApJ.
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v (With no template character...) Generic GW phases are in the spectrogram !

v Secular increase of the typical GW frequency (f, ) reflects the PNS evolution.

v On top of f_, the high frequency component comes from strong downflows to PNS.
v These qualitative features : Common to more recent 2D and 3D models.




GW Spectrograms from State-of-the-Art: “Ramp-up” is there!

v 2D GR simulations with VEF (detailed) transport (Vertex-Coconuts code by MPA)
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GW Spectrograms from State-of-the-Art: “Ramp-up” is there!
"PNS™ seismology : Linear analysis of the PNS oscillations

Torres-Forné et al.
(2017, 2018), MNRAS

—_

9211.14.146.18

v The waveforms
“look” different !
N
% Important lessons:
v A universal “relation” proposed; (see talk by Zhao!)
low modes of “f’, “g," insensitive to progenitor, EOS, and numerical details.
— Direct information to the PNS | (Torres-Forne+2017, Sotani+2021).

v For the detection,

crucially




GW Spectrograms from State-of-the-Art: “Ramp-up” is there!
"PNS™ seismology : Linear analysis of the PNS oscillations

Torres-Forne et al. N Sotani et al. (2021) PRD
(2017, 2018), MNRAS
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% Important lessons:
v A universal “relation” proposed; (see talk by Zhao!)
low modes of “f’, “g," insensitive to progenitor, EOS, and numerical details.
— Direct information to the PNS | (Torres-Forne+2017, Sotani+2021).

v For the detection,

crucially




v ”Pulsars”: rotate and magnetized: Magnetohydrodynamics (MHD) is mandatory !
v “High” numerical resolution required to capture “High” frequency GW !

“Eddy” simulations with the same grid setting; Matsumoto et al. (2020), ApJ
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Our SN code (3DSn-MHD)
& 5" order (PPM5) in space : x3 expensive than HD!



2D-IDSA, 20 M, (Woosley & H 00 . s [ko/b: KK, Takiwaki,
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v Quantitative GW/v signal prediction, “updates” (MHD, v physics, GR...) mandatory!
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3D CCSN modeling with MHD are now possible !!!

, Takiwaki, KK (2024), MNRAS et al. (2023)
v 9-20 solar mass progenitors (Sukhbold et al. (2016), Initial B-field: 10'°G (uniform), Non-rotation)






















v' GW landscape from systematic 3D modeling
Nakamura, Takiwaki, KK in prep. (2022) MNRAS
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v’ The amplitudes become higher for models (with high progenitor mass)
with progenitor’s compactness (“M_,,o/R.ore)”

(= abundant gravitational energy releasable)
predominantly because of strong gravity.




/GW landscape from systematic 3D modeling
Takiwaki, KK in prep. (2022) MNRAS
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v/ GW landscape from systematic 3D modeling
Takiwaki, KK in prep. (2022) MNRAS
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= albundaly v High neutrino detection for high “compactness (“M_qe/Reore)



v' GW landscape from systematic 3D modeling
covering

Choi et &

v' 21 models computed in 3D
from 9 to 60 M, stars.

v/ High GW emitted energies
for high progenitor
compactness (consistent with
ours!)

v The longer, The bigger due to

1. long-lasting mass accretion
to the PNS

2. GW from
anisotropic neutrino emission




v' GW landscape from systematic 3D modeling
covering
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Impact of Stellar Rotation of SASI-modulated v and GW signals

rotating collapse

ofa27 M, ) /s IceCube,10kpc

Power spectrum

~.z] Rapid Rotation
200, 300Hz

“"‘pr\ogxenfitor rotation !
because rapid rotation leads to rapidly
ro/atmg PNS and neutrino sphere.

éQO km

5L173 :Deviation from the angle-average flux




Correlation of v and GW signals from a rapidly rotating 3D model

Neutrino event rate (27 M — 2rad/s) Takiwaki, KK, Foglizzo, (2021), Shibagaki et al. (2023)
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Correlation of v and GW signals from a rapidly rotating 3D model

Neutrino event rate (27 M, Q, = 2rad/s)
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v Peak frequency of the GW signals (f

rotation!

) is
gEwW
twice of the neutrino modulation freq (f,.. im0 ) ! due quadrupole GW emissjan
v Also the case for non-rotating progenitor, f, . ,ino, sasi~80 Hz, QUIZ f,,, ~80 o
v Coincident detection between GW and v smoking gun signature of rapid core

Takiwaki, KK, Foglizzo, (2021), Shibagaki et al. (2023)
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v of a 70 M, (M~ 28.5M,,,)
Kuroda et al. MNRAS, 2018, 2022, and in prep

Z70.0(LS220)
Tpb(ms)=-2.59983

Vaolume
Var: Enfropy

2000
‘: 16.25

12.50
8.750
000

v Earliest BH formation after bounce (~300 ms postbouce) !

v Before the BH formation, monotonic increase of neutrino luminosity and rms energy.
(consistent with 1D, e.g., Sumiyoshi+ (2006), Nakazato(+2008,2013), Fischer+ (2009), Huedepohl+(2016))

v Sudden disappearance of the GW and neutrino signals -> BH formation !




v ofa70 M, (M, ~28.5M,,,)
Kuroda et al. MNRAS, 2018, 2022, and in prep

Okm

v Earliest BH formation after bounce (~300 ms postbouce) !

v Before the BH formation, monotonic increase of neutrino luminosity and rms energy.
(consistent with 1D, e.g., Sumiyoshi+ (2006), Nakazato(+2008,2013), Fischer+ (2009), Huedepohl+(2016))

v Sudden disappearance of the GW and neutrino signals -> BH formation !
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v Earliest BH formation after bounce (~300

v Before the BH formation, monotonic increa v Low metallicity environment

(consistent with 1D, e.g., Sumiyoshi+ (2006), Nakazat:
v Sudden disappearance of the GW and neuti
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needed for large stellar mass
BH formation.

(e.g., Kinugawa et al .(2014,2016))



v/ Probe into high-density EOS with “QCD” phase transition

If “first-order” phase transition to the quark-gluon phase takes place... then

black hole
formation

hadron-quark
mixed phase

t ~ 0 (core bounce)

v Original idea:
Takahara & Sato (1988)
Gentile et al. (1993)




v/ Probe into high-density EOS with “QCD” phase transition
_ If “first-order” phase transition to the quark-gluon phase takes place... then
Full GR 2D simulation (Kuroda et al. 2022) including updated v opacities (Kotake + 2018, ApJ)
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v/ Probe into high-density EOS with “QCD” phase transition

_ If “first-order” phase transition to the quark-gluon phase takes place... then
Full GR 2D simulation (Kuroda et al. 2022) including updated v opacities (Kotake + 2018, AplJ)
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v Depending on the progenitor mass and PT physics,

B
B

the fate to neutron star, , |

w If the PT transition is “cross-over”, no “PT-induced” explosions
obtained (e.g., Jakobus et al. (2022) using “CMF” EQS).

- Probe into “Dense QCD” regime (almost unexplored!)



v' Probe into PT physics : Multi-messenger signals !

Kuroda et al. (2022), MNRAS, Jakobus et al. (2022), (2024) PRL

Distinct second burst signals in GW and neutrinos:
a smoking gun of the phase-transioninduced explosion !
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v' Probe into PT physics : Multi-messenger signals !

Kuroda et al. (2022), MNRAS, Jakobus et al. (2022), (2024) PRL

Distinct second burst signals in GW and neutgig

a smoking gun of the phase-transioninduce Black hole

Hybrid star S50
Neutron star

100 1000
f [Hz]

Very strong and high-freq. (21kHz) GW emission obtained

only from a “baby”
The GW and v signals provide the secret to the birth history!



v' Probe into PT physics : Multi-messenger signals !

Kuroda et al. (2022), MNRAS, Jakobus et al. (2022), (2024) PRL

Distinct second burst signals in GW and neutgig

a smoking gun of the phase-transioninduce Black hole

Hybrid star S50
Neutron star

100 1000
f [Hz]

Very strong and high-freq. (21kHz) GW emission obtained

only from a “baby”
The GW and v signals provide the secret to the birth history!



3D modeling on the verge of success and the MM prediction

targets. of LVK throughout our ' Detailed weak Interactions/ new physics
Galaxy, pf CE/ET nearby Gal. incl. axions, and sterile neutrinos?
(Detection of “kHz” GW (see work by Mori+(2024), Lucente+(2021))
hew probe to PNS physms) v/ Multi-D MHD progenitor modeling

v/ Coincident anaIyS{g b_ w and A and,-’observatlon (binary evolution)

pivotal, prowdmg}he “"'_T ok ipg (Mueller & Varma (2023), Smarrt (2022))
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