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The “multi-D” neutrino mechanism of core-collapse supernovae:

Blowing up massive stars ! (since Colgate & White (1966) and Bethe and Wilson (1985))
(See reviews in Mezzacappa+(2020), Radice+(2018), Janka (‘17), Miiller (‘16), Kotake et al. (‘12))

For the next Galactic event (several/century..),
how do we observe neutrino and gravitational waves
and what we can learn about the
supernova physics ?

(For this . Sweat, Sweat, Sweat !)




Numerical modeling supernova explosion

v Progress report of : Updated v reactions in 3D code
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Numerical modeling supernova explosion
Big simulation codes =

Ultimate goal: 7D Boltzmann transport in full GR MHD
hydrodynamics with increasing microphysical inputs !

3D-half-GR,
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2D IDSA simulation of 20 M_,, (Woosley and Heger (2007))

s [kg/bs
using standard (a.k.a Bruenn) set of opacities s [ky/baryon]

ph] KK, Takiwaki,

Fischer,
Nakamura,

Weak Process or Modification References

Vel =€ P Bruenn (1985)

Vep=ce€Tn Bruenn (1985)

veAl=e A Bruenn (1985)

vN=vN Bruenn (1985)

vA=vA Bruenn (1985),Horowitz (1997)

vet =vet Bruenn (1985)

e e =vw Bruenn (1985)

NN =voNN Hannestad & Raffelt (1998)

veA=e A Juodagalvis et al. (2010)

Ve + Vg = Vg + Uy Buras et al. (2003); Fischer et al. (2009)
Vg + Ve(Ve) = v, + VL (V) Buras et al. (2003); Fischer et al. (2009)
Ven=¢e p, Vep=e€n Martinez-Pinedo et al. (2012)

NN = vvNN* Fischer (2016)

vVen=1e p, Vep=e"nvN=vN Horowitz (2002)

my — mi Reddy et al. (1999)

9a — g4 Fischer (2016)

v N = v N (Many-body and Virial corrections) Horowitz et al. (2017)

v N = v N (Strangeness contribution) Horowitz (2002)

lable | in Kotake+'18

v Quantitative GW neutrino signal prediction, the updates in opacities mandatory!




20 M sun Progenitor (WH07) using Togashi EOS, -l ] IMmS
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Many more 3D modeling with MHD possible !!!

, Takiwaki, KK in prep,

et al. in prep

v 9-20 solar mass progenitors (Sukhbold et al. (2016), Initial B-field: 10'°G (uniform), Non-rotation)
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Nakamura, Takiwaki, KK in prep (3D-MHD) | c/l}‘) El3urrovvls+20 (3D-non MHD)
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Nakamura, Takiwaki, KK in prep (3D-MHD) - c.f.) Burrows+20 (3D-non MHD
S0 T T T " T " " T "] S LR /A A S VALY

Comparison with GW sensitivity curves
Knock the watermelon!

9
(Torres-Forné,
Cerda-Duran, Font
et al. PRL, 2019:
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Impact of Stellar Rotation of SASI-modulated v and GW signals

rotating collapse 100
ofa27 M, ) lceCube,10kpc

Power spectrum
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SASIFrec ~.z] Rapid Rotation
1-200 80Hz 200, 300Hz

'. Peak fr¢quenC|es become higher with
progemtor rotation !

becadse rapid rotation leads to rapidly
ro/atmg PNS and neutrino sphere.

9@0 KM (found in simplified 3D model

by Takiwaki and KK (2018)).
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Correlation of v and GW signals from a ra

Neutrino event rate (27 M, Q, = 2rad/s)
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?(10-21

Circular polarization of GW from rapidly rotating Supernovae
(preliminary, Hayama, KK et al.)
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v Peak frequency of the GW signals (f,,, ) is

twice of the neutrino modulation freq (f .. im0 ) | due quadrupole GW emissiQr
v/ Also the case for non-rotating progenitor, f .o, sas”~80 Hz, QUIZ f,,,
v Coincident detection between GW and v smoking gun signature of rapid core

~80 or




Correlation of v and GW signals from a rapidly rotating 3D model
Neutrino event rate (27 M, Q, = 2rad/s) Takiwaki, KK, Foglizzo (2021, MNRAS)
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v Multi-messengers from rotating CCSNe : rich information !



Circular Polarization (CP) of GW from non-rotating supernovae ? Yes because of “SASI”

Stokes Pa ramete rs

Non-rotating 11.2 M

sun ’

2 time = -185.4[ms]

Hayama et al. (2016), PRL (see also Klimenko et al. (2015) PRD)

]‘ZR = (]l+ — ihx )/\/Z (See definitions in

) Seto and Taruya (2007),
left hy = (h, + lhx)/\/i PRL)

; Convection dominant

Normalized
polarization

(e.g.,
X
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21 e o .
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If the SASI dominant (likely for high € stars), clear signature of CP !
= indication of high SASI activity, highly asymmetric accretion to the PNS
(Hayama et al, MNRAS (2018))




SNR of Circular Polarization of GW relative to background
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(e.g.,Andresen et al. (2017))
v The detection of CP could extend (far) beyond the detection horizon of GW waveform
(Hayama et al. MNRAS (2018))
v Need four-detectors to detect circular polarization (LIGOx2, Virgo, and KAGRA) !
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What about detectability of GW CP from 3D models (globe)?

Comparison of the circular polarization signatures (V mode) of
simulated supernova waveforms

' SNR~8
reference

explosion of a 15 M star. ArXiv preprint arXiv:1701.07325, 2017

[2]Kuroda, T., Kotake, K., and Takiwaki, T. A new gravitational-wave signature from standing accretior

supernovae. The Astrophysical Journal Letters, 829(1):1.14, 2016.

[3]0tt, D. C., Abdikamalov, E., Mésta, P, et al. General-relativistic simulations of three-dimn.

The Astrophysical Journal, 768(2):115,2013.

[4]Andresen, H., Miiller, B., Ewald Miiller, and Janka, H. Gravitational wave signals from 3d1

of core-collapse supernovae. Monthly Notices of the Royal Astronomical Society, 468 (2):2032-9%

[5]Andresen, H. Mller, B., Janka, H., et al. Gravitational waves from 3D core-collapse supernova models: The impact of moderate
progenitor rotation. Monthly Notices of the Royal Astronomical Society, 486(2):2238-2253,04 2019.ISSN 0035-8711. dot:
10.1093/mnras/stz990. URL https://doi.org/10.1093/mnras/stz990.




v Progress report of our supernova code : two-decade of
long aond winding road from 2000 (KK, Yamada, Sato, ApJ, 2003)

v-transport

3D

akiwaki, KK Sy
Hydro X Ak (Full Boltzmann)

dimension Suwa (2016

Nawtoniag
Stakhdard( Bruenn)

EOS
Kuroda, Takiwaki, KK +(20Z28% Reaction rate

Why GR and MHD needed ?
CICIIVA Ans. #1 GR there ! “The” energy reservoir of explosion
#2 BH there !: Understanding the BH formationl
#3




3D-MHD full GR runs for a 20 solar-mass star

Kuroda , Takiwaki, KK, Alcones, MNRAS (2020)

v Strongly magnetized and rapidly rotating model » Cylindrical rotational law
R} -
of s20 solar-mass star (Woosley and Heger (2007)) : Q) = 1rad/s) (B, ~ 1%)
« Dipole-like B
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In 3DGR context,
Mésta+,’14 is the latest work
but w. very simple neutrino treatment
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with multl-energy neutrino transport !
(The Valencia CCSN group is also world-leading!
Obergaulinger & Aloy (2019, 2020, 2021), SR-MHD
Moesta et al. (2014), GR-MHD with leakage scheme)

v Analysis of GW and v predictions underway !
L f F 1 ri 4 1 i m Mm 1 1 1 L1
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Kuroda, KK, Taiwaki, Thieleman, MNRAS, 2018
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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 neutrino signals -> BH formation !

v’ These BHs may explain LIGO-Virgo BHs, be detectable for a galactic event !




v If rapidly rotating ? BH forming 5|muI§t|ons ofa70 M,

Summary of
neutrino properties:
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Multi-D stellar evol. possible !

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

e 20ROV T, Yoshida, Takiwaki, K, et al. (Ap), 2019,2020)

Corh

mm Presupernova neutrinos from multi-D O shell burning shell
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v/ One-Bethe
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Time (s) by Garching
Figure 11. The evolution of the neutrino event rate of model 25M with SN team USing
KamLAND. The thick solid and thin dashed curves correspond to the results of .
the 3D and 1D simulations, respectively. The red and blue curves correspond to 3D progenltor!
the normal and inverted orderings. (Bollig et al
v Convection leads to modulation in presupernova neutrino signals (2021)

v Could be detectable to Hyper-K (x200, if with Gd, 2 MeV)
Pl for Betelgeuse (200pc)
v Long-term evolution needs to be followed !
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First 3D stellar evolution: what about the precollapse spiral flows ?

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

Yoshida, Agulera, Takiwaki, KK, et al. (MNRAS Letters, 2021)
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QCD phase transition could power explosion !!

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

o
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— e 00 Takahara & Sato (1988)
Gentile et al. (1993)

P [MeV fm 2]

— 50 My (explosion)
= ——=50 My (failed)

quark-gluon
plasma

black hole

hadron-quark
g formation

mixed phase

=
[
0
2
k=l
o
[

time [s]

t ~ 0 (core bounce)




Caveat2. QCD phase transition could power explosion
If “first-order” phase transition to the quark-gluon phase takes place... then

__________ ; P o v Original idea:
T Takahara & Sato (1988)
Gentile et al. (1993)

.....
quark-gluon
plasma

black hole
formation

hadron-quark
mixed phase

t ~ 0 (core bounce)



QCD phase transition could power explosion !

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

o
-
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w
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flow constraint = Supernova matter (5=3)

— symmetric matter (T=0)

|II\II\IIIII\II\IIIII\ /Original idea:
Takahara & Sato (1988)
Gentile et al. (1993)
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Full 2D-full-GR simulations including updated opacities (a la Kotake+(2018))
Kuroda, Fischer, Takiwaki, Kotake, submitted
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QCD phase transition could power explosion !!

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

o

fiow constraint TTTTTTTTTTITITTITTTITTTITIT]TITT —Supemovamatter(S:B) |II\II\III TTTTTTTTT]TTT /Original idea:
— el 0 Takahara & Sato (1988)
Gentile et al. (1993)

P [MeV fm 2]

Full 2D-full-GR simulations including updated opacities (a la Kotake+(2018))
Kuroda, Fischer, Takiwaki, Kotake, submitted

Distinct second burst signals in GW and neutrinos:
a smoking gun of the phase-transioninduced explosion !
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CCSN simulations, neutrinos and GWs at the cross-road |

on 3D\sup‘ernova MOAEliNg : —— S

tlme‘modulatlon of vand GW (see papers by Zalzen et al. 2021)
provuties the smokmg gun v/’ Detailed Weak Interactions/ new physics

of the superﬁo sine | (see papers by G.M.Pinedo, Fischer)
" tiol 4 MuIt| D progenltor modelmg (Yoshida,
Mueller)
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Wikipedia: ﬁ;\fh 2 (é gq, K’uroda 2021, Shibagaki et al. ‘21
Crossroad blues : Robert Johnsom SN HEAS i*-'-'-’l':'l'-- Obergaulmger & Aloy '21)
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