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Ehring et al. (2025), PRL 
 ✓ Phenomenological treatment 
       of Fast-Flavor Conversion (FC) 

→ Following the prescription,  
Mori et al. (2025) reported  
3D-IDSA models with stronger 
explosion with FC parametrization  
(1010~13  g/cm3 )　-> Should be fixed!                 

Challenging themes → My talk limited to “Classical” 
modeling ✓ Potentially leading to strong GW emission    

      at prompt convection.  
✓ “BSM” opens new window for GW emission           
      channel, but what about ingredients (QCD etc.)!?

Congrats to PRL  
But little power in 2D..



Nature is not that simple! See review by Yamada et al. (2025) 
・Nagakura (2023) PRL 

・Nagakura, Sumiyoshi et al. PRD,  
   (2025) 
・Highlights include: 

　Zaizen and Nagakura (2024) 
　Akaho et al. (2026) 

→ Postprocessing treatment, 
     approximate GR models. 
     No quantitative predictions  
     on CCSN treasures made in 
     3D-GR models..   
 See Wu and Xiong’s talk !     From Nagakura’s presentation Behind the scenes ;-) 

Multi-D full GR rad-hydro  
code by T. Kuroda  
Kuroda, Takiwaki, KK(2016),  
ApJS (see talk on this Friday) 
“mariage” with  
Agile-Boltztran:  
Matysiak-Fischer+ in prep. 
→ Should be real!



         “T” is the key of the neutrino-mechanism! 
    ✓”Pulsars”: rotate and magnetized: Magnetohydrodynamics (MHD) is mandatory ! 
　 ✓ “High” numerical resolution required to capture the nature of “T” !  
      “Eddy” simulations with the same grid setting;  Matsumoto et al. (2020), ApJ

Accuracy: Our SN code   (3DSn-MHD)                       
3rd  order in time & 5th order (PPM5) in space  : x3  expensive than HD!

Previous SN codes (Fornax):   
2nd order in time & 3rd in space  



2D-IDSA, 20 Msun(Woosley & Heger (2007)) 
                    

KK, Takiwaki, 
Fischer, 
Nakamura, 
Pinedo, et al. 
 (2018), ApJ

✓Quantitative GW/v signal prediction,  “updates” (MHD, v physics, GR...) mandatory!

The “devil” is in the details ...(of neutrino physics)

See Tobias’s talk !

✓The PNS formation of 
    BPNS, surface ~ 1012  G 
    MPNS ~ 1.6 Msun  
    PPNS ~ 200 ms 
    (in good agreement with 
     obs. e.g., Utrobin+19,  
     Ertl +20, ApJ)   

✓27 Msun star   
   (Woosley + 2002)



More 3D CCSN MHD modeling, but limited to ~500 ms p.b.
Nakamura, Takiwaki, KK (2025), MNRAS Matsumoto et al. (2024) 

✓ 9-20 solar mass progenitors (Sukhbold et al. (2016),  Initial B-field: 1010 G (uniform), Non-rotation) 

See Kumar’s talk !



✓GW landscape from systematic 3D MHD modeling
Nakamura, Takiwaki, KK  (2025) MNRAS

☆ Important lessons:                  

✓ A universal “relation” proposed (Torres-Forne et al. 2017, Sotani et al. 2021  
      low modes of “f”, “  insensitive to progenitor, EOS, and numerical details.  
    →  Direct information to the PNS evolution (the “M-R” relation)!  
        What about rapid rotation/MHD including QCD, BSM physics?  

✓ For the detection,  LVK collaborations and dedicated analysis crucially needed ! 
      See talk by M. Szczepanczyk !

𝑔1"  See Yip’s talk !



✓GW landscape from systematic 3D HD modeling 
                          covering a “long-term” evolution (~4 s)

Choi et al. (2025, ApJ), Burrows et al. (2024), Vartanyan+(2023) ApJ 

✓ 21 models computed in 3D 
     from 9 to 60 Msun stars. 

✓ High GW emitted energies  
     for high progenitor  
     compactness (consistent with 
     ours!) 
✓The longer, The bigger due to  
      1. long-lasting mass accretion 
          to the PNS 
      2. GW from 
          anisotropic neutrino emission 
   

✓ ET/CE (< 100Hz) and kHz detectors  
     both needed for SN GWs !



Impact of Stellar Rotation and SASI-modulated v and GW signals
Rapidly rotating collapse 
 of a 27 Msun  (Ω0 = 2 rad/s)

Takiwaki, KK, Foglizzo (2021)

✓　Peak frequencies  become higher with  
       progenitor rotation !  
        because  rapid rotation leads to rapidly  
        rotating PNS and neutrino sphere.  
 → The light-house effect  
                         

:Deviation from the angle-average flux

Ω0 = 1 rad/s
Ω0 = 2 rad/s

Ω0 = 0  rad/s

SASI 
80Hz

Rotatio
n 
150Hz

Rapid Rotation 
200, 300Hz



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

Gravitational waveform

10kpc

10

Takiwaki, KK, Foglizzo, (2021), MNRAS, Shibagaki+2021. MNRAS 
Cusinato et al. (2026), CQG in press

Neutrino event rate (27 Msun, Ω0 = 2rad/s)

Neutrino 
“light-house” 
effect

Seen from equator

Seen from pole

~400 HzfGW

fneutrino

(EOS dependence including QCD PT,  

       n
ot explored !) 



✓  Probe into high-density EOS with “QCD” phase transition
If the PT be the “first-order” (should be proven!!!!, ask Niels and Tobias!)

1D explosion 
of 50 solar-mass  
star (Fischer+ 
Nature Astron. 
2018)

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

 ✓Depending on the progenitor mass and PT physics,      
      the fate to neutron star, hybrid star (HS), black hole!
      ☆ If the PT transition is “cross-over”, no “PT-induced”  explosions 

           obtained (e.g., Jakobus et al. (2022) using “CMF” EOS).　 

      → Probe into “Dense QCD” regime (almost unexplored!) See Largani’s talk !



✓  Probe into PT physics : Multi-messenger signals !
Kuroda et al. (2022), MNRAS, Jakobus et al. (2022), (2024) PRL

✓ Very strong and high-freq. (≿1kHz) GW emission obtained
     only from a “baby” hybrid star.  
✓ The GW and v signals provide the secret to the birth history!   

See Shibagaki’s talk !



Started from wrong?   3D-MHD precollapse models needed!

T. Yoshida,  Takiwaki, KK, et al. (ApJ, 2019,2020,2021)

  25Msun star 
Si-O burning

(3D stellar evolution calculations: Couch et al. (2015), Mueller et al. (2016))

✓  One-Bethe 
   3D model  
was reported 
 by Garching  
SN team using  
3D progenitor! 
(starting from  
Bollig et al. (2021)

MHD modeling 
in progress 
(Takata et al.　in prep): 

Consequence of precollapse spiral flows?! 
✓Should include updated weak rates 
     and larger network!



 ✓ Systematic 3D MHD modeling 
      with GW/v signal predictions  
      are in steady progress (P and F) 
     → Need long-term simulation 
       (>~10 s,GPU: see talk by Takami)    
✓ GW signals from 3D SN models 
      targets of LVK throughout our 
      Galaxy, of CE/ET nearby Gal.  
      (Detection of “kHz” GW 
       new probe to QCD physics)  
✓ Coincident analysis of GW and v,  
      pivotal, providing the smoking  
      gun of the engine! 
     (✓Rotation, SASI  
          “frequency doubling” 
           between v and GW) 
      ✓Dictate BH vs. NS formation 
     But what about BS models?! 

☆Signal prediction from Hypernovae! 

 3D-MHD modeling of “Jets”, BH/accretion-disk 
  (:3D-GR MHD code with neutrino transport)  
  Need to understand long-duration GRBs  
 pair-instability supernova, SL-SNe,  
 from first principles (see Benjamin’s talk)! 
 (MM signals predictions/what can be learned 
  about the central engines? Unexplored.)

✓ Inclusion of neutrino flavour conversion 
     (Ehring+2023, Nagakura+2023, Akaho 2026) 
✓ Detailed weak Interactions/BSM physics/EOS 
      incl. hyperons/axion. sterile v, dark photon.. 
     (Zatini+(2026), Fischer+(2025),Mori+(2025)) 
✓  Multi-D MHD progenitor modeling 
        and observation (binary evolution) 
       (Griffiths+(2026), Mueller & Varma (2023)) 
✓ Upgrade of GW and v detectors 
      (LVK extension, CE, ET,  hyper-K, Dune)

3D modeling and the MM prediction in the next decade

Who can revolutionize the CCSN theory  
                  in the next decades?


