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Nature is not that simple!

Space-time diagram of ELN-angular crossings in CCSNe
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Time ~ 1s

From Nagakura’s presentation

Vlasenko et al. 2014, Volpe 2015,

Quantum Klnetlcs neUtrIno transport Blaschke et al. 2016, Richers et al. 2019
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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..
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) Kuroda, Takiwaki, KK(2016),
ApJS (see talk on this Friday)
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v”’Pulsars”: rotate and magnetized: Magnetohydrodynamics (MHD) is mandatory !

v “High” numerical resolution required to capture the nature of “T” !
“Eddy” simulations with the same grid setting; Matsumoto et al. (2020), ApJ
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Our SN code (3DSn-MHD)
& 5th order (PPMD5) in space : x3 expensive than HD!
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3D CCSN MHD modeling. but limited to ~500 ms p.b.

. Takiwaki, KK (2025), MNRAS et al. (2024)
v 9-20 solar mass proger‘”"" [CiilblhhAld A+ Al [DN1EY  Lnitial D finld. 10104~ [iinifarma) '\")n-rotation)

1 But all these: Wrong by design ! 11 ms

: L X T™M1 &
Excluded | Excluded

KVOR
(]

0O DBHI

v TKHS
DD2
DD

24 4 8 )

Tews et al. (2017)  So[MeV]

Figure 9. UG bounds on symmetry energy parameters. The thick lines show the bound Equation (24) using the conser:
regions are shown by shading. Left panel: Experimental constraints are from Lattimer & Lim (2013) and Lattimer & S\
states and isovector skin (IAS+AR) results from Danielewicz et al. (2017). The thick dashed curve shows the analytic |

LB
circles show the point (557, Lg) at the tangent density u, = | and the point where u, 1/2. Triangles show values \® interactions commonly used in tabulated

equations of state for astrophysical simulations (notation and data from Fischer et al. 2014), and open squares (from Klihn et al. 2006) and the inverted triangle (from
Maslov et al. 2016) show those of other frequently used interactions. The shaded regions TKHS, GCR, and HS show the parameter ranges inferred from the PNM
calculations of Tews et al. (2013), Gandolfi et al. (2012), and Hebeler et al. (2010), respectively.
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A eatic 3D modelin
amura, Takiwaki, KK (2025) MNR
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s o v Setting S/N as 10, “ET” and "CE” needed
v The ramp-up mode(s) (“f” and “g,”) for a Galactic SN event (below 1kHz).

¥¢ Important lessons: " ‘a\\g\.

v A universal “relation” proposed (Torres-Forne et al. 2017, Sof See
low modes of “f”, “g," insensitive to progenitor, EOS, and n Cal details.
— Direct information to the PNS evolution (the !
What about rapid rotation/MHD including QCD, BSM physics?

v For the detection, crucially
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v GW landscape from systematic 3D modeling
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Impact of Stellar Rotation and SASI-modulated v and GW signals

rotating collapse

of a 27 M, lceCube,10kpc

Power spectrum
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Ly Peak fréquenues become higher with
proggn;ltor rotation !

becau"se rapid rotation leads to rapidly
rot/afmg PNS and neutrino sphere.
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Correlation of v and GW signals from a rapidly rotating 3D model

_ Takiwaki, KK, Foglizzo, (2021), MNRAS, Shibagaki+2021. MNRAS
s S = 2rad/s) . :
Cusinato et al. (2026), CQG in press
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v Peak frequency of the GW signals (f,,, ) is
twice of the neutrino modulation freq (f . trino ) ! due quadrupole GW emissjan
v Also the case for non-rotating progenitor, f, . ,rino, sasi~80 Hz, QUIZ f,,, ~80 o
v Coincident detection between GW and v smoking gun signature of rapid core
rotation!




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

i If the PT be the “first-order” (should be proven!!!!, ask Niels and Tobias!)

Full GR 2D simulation (Kuroda et al. 2022) including updated v opacities (Kotake + 2018, ApJ)
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v Depending on the progenitor mass and PT physics,
the fate to neutron star, , |

¥¢ If the PT transition is “cross-over”, no “PT-induced” explosions



Probe into PT physics : Multi-messenger signals !
Kuroda et al. (2022), MNRAS, Jakobus et al. (2022), (2024) PRL
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Started from wrong? 3D-MHD precollapse models needed!

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

DB: visSi00001.bov T, Yoshida, Takiwaki, KK, et al. (ApJ, 2019,2020,2021)

Time: 1

Contour
Var: X p_Si_op_
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10
MHD
In progress
(Takata et al. inyrep): ° Z (Xx1073)
Consequence of pr llapse spiral flows?!
‘/Sh.w/d\include(q@;te [ -
and larger network! 38M rotation




3D modeling and the MM prediction in the next decade

(>“10 s,GPU see talk bv Takami) (Zat|n|+(2026), Flscher+(2025),Mor|+(2025))
v GW Slgn3|5 from 3D SN models v Multi-D MHD progenitor modeling

targets of LVK throughout our and observation (binary evolution)
Galaxy, of CE/ET nearby Gal. (Grlfflths+(2026), Mueller & Varma (2023))
(Detectlotr: of “kHz" 4 Upgr’ade of GW and v detectors

new probe to QC&)’ ,physii?si (LVK extension, CE, ET hyper-K Dune)
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’ Whocan revolutlonlze the CCSN theory
in the next decades?

bUt what about B3 moes

nedh

' about the central rengines? Unexplored.)



