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Many workshops to celebrate 30 years of SN1987A !

Overview

Scientific Programme

Timetable
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Looking back ~30 years, significant progress made

in GW oservation !

Typical thresholds of proto-types in 1989

Sensitivity curves (MIT, Garching, Caltech, Glasgow and Tokyo)

of laser interferometers
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40 km long:
Cosmic Explore (CE)
could operate ~2035.

GW astronomy is no more a dream !



The base-line and final goal (s) ,
What is.the physics for exploding massive stars?

FOE: Fifty-one-erg
10°t erg

= 1 Bethe

M Numerical study:
Colgate & White
(1966)
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1). For which types of the progenitors (llp, Ib/Ic, lIn) is rotation/B field most important ?
2). and 3). If important, why and how ?

4). Collapsar, Magnetar scenarios: Which one successful (or other) ? why ?

5). How long will it take before first-principles doable ? Strategies ?



. Delanev et al. (2010)
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Exp. Mechanism (— Neutrino signals
/ Thermodynamics |5, | GW emission
Dynamics analysis EM radiation

@ v A Final goal of SN modelers.
. To decipher explosion dynamics via
1 0 Muti-messenger observables
(neutrinos, GW, electromagnetic waves)




Outline

v’ Brief introduction (5 min)
what we can learn from SN multi-messengers ?

v' Recent progresses in “Supernova Theory” (30 min)
¢ The Core-Collapse Supernova Theory

:what Is the essence to blow up massive stars?

Y¢ Candidate mechanisms: based on first-principle multi-D
radiation-hydrodynamic simulations

v’ Observational Signatures (30 min)

¢ Detectability of neutrino and gravitational-wave signals
Y Perspectives toward “MM” astronomy

(correlation analysis between GWs/neutrinos,

electromagnetic messengers)
What can we learn from the central engine ?



K.Sato (1975)

Standard scenario of coré

(e.g., Kotake+06, Foglizzo+14, pirap & 1.4 x 101 g/em3 (UM

core collapse
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Step 2 Neutrino Trapping

(Weinberg) (Salam)

j> Weak interacting particle
(Neutral-rino: neutral-

particle, light mass (<eV))

o ~ 107 %cm? (at 1GeV) o1 ~ 107 %cm?

Neutrino emission/absorption | Scattering with (N:nucleon

Pair reaction
(A, Z) : Nuclei)

Bremsstrahlung
N+NZ2N+N+4+v+w

U + +\T : 1/ —|— +\T

1/ _|_ (_—1 Z] i 1% _|_ (:_1‘ ZJ [| Mass energy

0.000511GeV @ @
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(see, however, Bollig et al (2017))



The condition of “Neutrino trapping” K. Sato (1975)

PTP
r
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|\/‘ Free-fall [ Diffusion timescale due to coherent neutrino-A scattering
<:| timescale :
Neutrino Spbere

Number of scattering

(random walk)

Mean free-path by the coherent scattering

To judge whether neutrinos can be trapped or not in the iron core,
Compare the two timescales !

Diffusion timescale
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For lower-energy neutrinos,
the neutrino sphere forms deeper
inside, because they need

a denser environment to be opaque-| )




Muon creation in supernova matter facilitates neutrino-driven explosions

R. Bollig,!+? H.-T. Janka,! A. Lohs,* G. Martinez-Pinedo,** C.J. Horowitz,> and T. Melson'
' Maz-Planck-Institut fiir Astrophysik, Karl-Schwarzschild-Str. 1, 85748 Garching, Germany

— electrons — E l'_ g v 20 M, star (Woosley & Heger 2007)
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TABLE I. Neutrino reactions with muons.
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Evolution of Radial velocity profiles )Fe-co I I apse SNe

(o ol Koiaketig boglizzor 14 _Mozzacappa+15, Jankal? for a review)
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Short Summary (till shortly after bounce)

v' SN simulations over these 20 years show that the
bounce shock always stall because the kinetic energy
of the shock is lost by the photo-dissociation of iron nuclefi.
— Direct “prompt” hydrodynamic explosion fails.

v’ The bounce shock turns into the standing accretion shock.

SN explosion shock in envelope shock propagation in core

Standing
Accretion shock




Typical scales after bounce and Density-Temperature relation

Gain radius

ain regian
N p

heating )
cooling

Cooling rate ~ R®

a

cooling rate

» Stellar radius

R, ~ 80km

Rens Ry~ 50km
p.~ 10 g/cc, T.~ 10 MeV

Rstalled_shockN 200km

(Regre ~ 1500 km)
p<10%g/cc, T~ 1 Me

v (T

gain

CEMENESALY

) in the “gain region” longer
:mass in the “gain region”) bigger,
more favorable for explosions !

gain




How the neutrino mechanism works ?

BETHE AND WILSON ApJ295(1985)
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v If the neutrino heating could last > ~0.25 sec, the absorbed energy exceeds the
local grav. binding energy —> inflows turns into outflows !
v More correctly neutrino cooling occurs, which delays the onset of explosion.




After +50 years of CCSN modeling : “Multi-D” neutrino mechanism
(pioneered by Colgate & White (1966), review by Kotake & Kuroda (2016), Janka (2012), Burrrows (2013) )

“Four steps” in neutrino-driven explosions
(see, e.g., Suwa et al. 2010,2011,2013, Ap)J)

. After bounce, the bounce shock stalls.

: Neutrino-driven convection and the
(- tanding-- ccretion-—hock-'nstability)

. In the heating region, dwell-time of
material gets longer due to non-radial
motions in multi-D environments.
(Turbulence helps explosion).

| (1S

=@Gain region:
_neutrino heating dominates
dver heutrino [fooling

: At around O(100)s ms after bounce,
neutrino-driven explosions set in.

2D radiation-hydro simulation
of al1l5 M_, star

sun

v IDSA scheme for spectral neutrino transport
v/ Lattimer-Swesty EOS (K=220 MeV)
:compatible with 2 M, NS observation

Color scale: entrgy
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Takiwaki, KK, and Suwa. (2014), ApJ
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v 3D explosions are generally weaker than 2D.
(11.2, 27 M, : Hanke et al. (2014), however, not for 9.6 M,
Melson et al. (2015) )
= The “3D vs. 2D problem” is progenitor dependent.
v No “Bethe” models obtained in 3D....
= Need to find ingredients to foster 3D explosions !
Candidates: Rotation (Takiwaki+16, Summa+17),
General Relativity (Kuroda+14, Ott+17),
Microphysics (Melson+16, KK+17)




Multi-messengers from CCSNe:

Explosion multi-dimensionality
(origin of anisotropy)

Data Analysis ~
/—

!
L
\

Exp. Mechanism | GW emission
Dynamics Neutrino signals

Thermodynamics photon

[ /Afinal goal of SN modellers is.
“To identify the supernova mechanism from
CCSN multi-messengers
(GW/neutrino/EM observations) !

Ncuuvuil swal
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Overview of “Multi-messenger signals” from exploding 17 M, star

, Horiuchi, Tanaka, Hayama, , KK (MNRAS) 2016

Energetics: E ~10° erg, Eyjeric ~10°terg, Ejpoion ~ 10% erg, Egyy ~ 10%° erg

neutrino

' Need update ! like In

- Kato et al. (2017), ApJ
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First Alert: Neutrinos ! (here for a Galactic event @ 8.5 kpc)

Nakamura, Horiuchi et al. (2016) MNRAS

Super Kamiokande (SK): ‘Inverse-p decay

4000}IceCube | Tamborra et al. (2013), PRL -
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v/ For a galactic source, Can learn about SN physics.

‘, _ (Bounce time, progenitor structure, compactness
i s e S & (see Nakamura-san’s talk !)

= [ Filtration System ¥ . . a
" Stablyranning L. SASI modulation = Direct messenger of explosion.




From an old textbook....

V% & (1) Importance of rotation, B-field
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Gravitational Waves (GWSs) from Stellar Collapse .

(seereviews in Ott (2009), Fryer & New (2011), Kotake (2013)@_ iy
Kotake and Kuroda (2016) in “Handbook of Supernovae”):- I

e

2T H2 R. /o2 Typical values at the formation of Neutron Star (NS)

- M , ,, ..
R,=3 l{m( v/e=0.1 R =10 kpc

hij )=

0.~
AR tffj vt R

Mg

h ~1072°
Good news ! (Future)

(”)__
= o 40 km long:

Cosmic Explore (CE)
could operate ~2035,97)

10°
frequency[Hz]

v CCSN event in our galaxy (severaicentury) IS primary target !

Y

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

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




Two candidates : The key is “initial rotation rate” (Q,) of the iron core
(See reviews in Janka (‘17), Mezzacappa et al. (‘15), Foglizzo et al. (‘15), Burrows (‘13), Kotake et al. (‘12))

Neutrino mechanism

Progenitor
(Qy < ~0.1rad/s)

Main origin of GW
emission

Non- or slowing- rotating star

Rapidly rotating star
with strong B fields
(Qy > ~mrad/s, By > ~10%! G)

Rotating bounce and
Non-axisymmetric instabilities

and

Progenitor fraction

~1 (?) % (Woosley & Heger (07), ApJ):
(hypothetical link to magnetar, collapsar)

10 ms

Tpb=2 ms

Var, it

20 M,
from Melson et al. (“15)

L

X 192 km

15 M, star

—
500 900 130 17.0
11.2 M from Lentz et al. (‘15)

wun from
Nakamura et al. in prep

C15-30 400 ms

400 km

(see also, Burrows et al. (‘17), Melson et al. (“15), Lentz et al. (“15), Roberts et al. (“16), B. Mueller (‘15), Takiwaki et al. (‘16))



GW signatures from 2D neutrino-driven explosion

Waveform from Murphy et al. (2009) ApJ Waveform from Nakamura et al. (‘16) MNRAS

Nonlinear SASI L L

SAS| plumes -

(Later confirmed by B. Mueller et al. (‘13), ApJ,
Yakunin et al. (2015), PRD)

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

3. Explosion phase : Long-lasting signal but terminates if BH forms
(Muller et al. (2004, ApJ), Cerda-Duran et al. (2013, ApJ))
v Waveforms have no template character: stochastic explosion processes.




How to detect GWSs 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.

N 1 GM I."I_'l‘— Lym, [

“2r R\ ThT (_1

M, R, T : mass, radius & temperature
of PNS, I' : stiffness of EOS
Due to mass accretion, M7, R

-

(see complete derivationin B. Mueller et al. (‘13), ApJ)

fh="5

0.4 0.6 0.8
Time after bounce [s]

v (Wwith no template character...) Three generic phases are in the spectrogram !

v’ Secular increase of 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 are common to more recent 2D and 3D models.

v The GW amplitudes ~ 1/10 than in 2D (kK et al. 2009, Yakunin et al. (2017))




Recent Status of CCSN simulations

Disclaimer: only CCSNs

Ultimate goal:
7D Boltzmann transport in full GR MHD hydrodynamics

with increasing microphysical inputs !

Code development

f(tx.v.zp_p..p,)

_______________________________________

f(tX.y.Zp,.D,P.)

Sumiyoshi &
Nagakura £t al. (2014)

0':f-')Fischer et altr(,2614)
Roberts (;014)

Miiller et al:”

Ott et al. (2008) :
‘ (2012, 2016)

-
P
-

Hanke et al” (2013)
Marek & Janka 09 Takiwaki et 2

Kuroda et,,a’l’:
(2016,17), ApJS, ApJ

Nakamura+(2015) Bruenn+14,15 Ott et al. (2017)
Suwa+09,11.13, Zhang+14 Mueller(2016)

Obergaulinger et al. (2014)
- Wongwathanarat+(14,15)

KK etal. (09, 11) Kuroda et al

P Murphy Iwakami et al. (08,09) R
OMhishi+07 &Burrows Nordhaus et al. (2010) , (20121 2014)
2 08 Fryer et al. (2002) e
Fernandes (2009) Abdikamalov et al. .
’ (2014)

Ott et al. (2012)

Blondin et al(2003) Blondin + 07, Endeve+(2012)

» 3D 1D-GR 2D-GR 3D-GR
General relativity

1D 2



(see also,GR models using the CoCoNuT code (CFC(+) by Cerda-Duran+2011, Obergaulinger and Aloy (2017): 2D
by Dimmelmeier et al. (2007), B. Mueller (2015), B. Mueller et al. (2017):3D)

v lly ©eneral Felativistic code with multi-energy neutrino tr/nsport

Kuroda, Takiwaki, and KK, ApJS. (2016)
The marriage of BSSNOK formalism (3D GR code, Kuroda & Umeda (2010, ApJS) (RG]
+ M1 scheme; Shibata+2011, Thorne 1981, (see also, Just et al. (2015), O’Connor (2015) for recent work)

l/ Evolution equation of neutrino radiation energy v Evolution equation of radiation flux

(_);\;'—E (2) + (_}f \f'__ ((_’1‘ F}-i.-l — -.'_JjE{_.; ) ) + \f—— (8 (_ )_— [ =

»j 1 AP
= /7 nf [\ F( ,t),(l — (_.1")(.:_-:,}1'._.).

Table 1
The Opacity Set Included in this Study and their References

Process Reference

—_ 935 — 205k s
Closed 11200 Skt — 2a8; ¢ ) U, ++ ¢ Bruenn (1985). Rampp & Janka (2002) ‘/ 3 ﬂavor
vo—d (S _ Pe VA TK - ' v et Bruenn (I* Rampp & Janka (2 1
ae™(Sjk — Py 97 /2 + ¢ - ruenn ( ampp & anxa (23 neutrino
set of - ! e A Bruenn (11 Rampp &
rad_hyd ro B ST + O ST (Tvi + P(vi + 3i)) B Lp Bruenn (1985), Rampp & Jank: tra NSpPoO rt
q _ /. P s A L Bruenn (1985), Rampp & Janka (2002) .
=/ Sy / e 30 (Sy — Pryj) Al -
equat|0n5 v ICIAS‘ /33 (SU_I P A Bruenn (1985), Rampp & Janka (2002) / Base Ilne

— S;Dia 4 « l ([Lf’.S'("';f.iuluJ. et — pet Bruenn (1985) opac|ty

Bruenn (1985)
Hannestad & Raffelt (1998) (t'b'Updated)

Oh(pYe) + Oi(pYevh) = Jyam, I(—(S



GW signautures from 3D-GR models with VS.
(from Kuroda, KK, & Takiwaki ApJL (2016), see also Andresen, B, E Miiller and Janka (2017))

v’ Two EOSs > (Steiner et al. (2013), fits well with experiment/NS radius,Steiner+(2011)),
Shen et al. (1998 ith neutrino
3.0
V15 M, s _ — J0348+0432
Steiner et al. pJ, 2014, PRD)
25 s | 5180 ble !
L5220 D16))
Tob(ms)=-0 STOS =
=== H5(FSUgold) 7.5 10. 12. 15. 18.

m— HS(TMA)
s HS(TM1)
= = H5(NL3)
- = H5(DD2)
HS(IUFSU)
SFHo
SFHx

m— (JB1390.0.7

Gravitational Mass Mg [M_.]

o
3

0.0
9 10 11 12 13 14 15

ey Hempeletal. (2013)  Radius R [km]

v (due to shorter growth rate, e.g., Foglizzo et al. (‘06)).




GW Spectrg

Sensitivity
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Reconstructed Spectrogram
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is only 2~3 kpc, but could extend out to 100 kpc wiTe and CE are on-line (>2035).

v Detection of neutrinos (Super-K, IceCube) important to get timestamp of GW detection.
v The SASI activity, if very high, results in characteristic signatures in both GWs and
neutrino signals (e.g., Tamborra et al. (2012) for SASl-induced neutrino signals).




Correlation between GWs and neutrinos with

JdrH(t —7)A, (1 + AT)Agw(7) ] .
\/] drH(t — 7)(Au(T + ;\T))Q\/f’f drH(t — 7)(Agw(T))? KurOda' KK' Hayama' JELELY
(2017, Ap))

X(t,AT) =

GW(+) .* o . -
Meut rino DC temoy ved) : NEI:ltFIH-DII:Gr‘I-qInﬂl} === 7t=eo.__ The Stalled shock

\%Iﬁ\wlh \ Jll |
(o+)

2]

L

\PNS surface

ATmax
) , ~ 0(10) km/(107°8 cm/s)
120 140 160 ~ 0(10) ms

Tph [ms]

v The simultaneous detection potentially tells the distance between the neutrino
sphere and PNS radius ! (Need to follow long-term 3D evolution how long this continues..)




The Origin of the Nobel-Prize-awarded BHs (7 ~40 M

sun) :

Masses In the Stellar Graveyard
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/ FUGRA reSU|tS Of 70 Msun (MCO ~ 28.5 Msun) (progenitor from Takahashi et al. (2014))

§11.2(Ls220)

270.0(LS220) s
Tpb(ms)=-2.59983

o b b L1
100 150 200

50 100 150 200 250
Tob [ms]

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 Strong GW emission is visible to 1 Mpc, but not O(100) Mpc...

v/ Our code needs upgrade to follow long after BH formation...




Switching gears to MHD mechanism (rapid rotation required !!)

3D rotating explosion simulation of a 27 M, star (Q, = 2 rad/s) with IDSA.
(Takiwaki, KK, and Suwa, MNRAS Letters, (2016), see also Summa et al. (2017)).

Entropy t= 0102 ms v One-armed (low T/|W|) instability

v Spiral waves enhance energy
transport from PNS to gain region !




Neutrino signatures from rapidly rotating explosion of 27 M_,, star

. . . Takiwaki and KK (2018), MNRAS Letters
May survive with coll. oscillation

27M,,,"R2.0-3D 27Mg,,-R2.0-3D {27M,,-R2.0-3D Equator

{IceCube,10kpe Pole

Vv | inoise ~ 160.32
| Clear excess
Detectable by

IceCube

@ 100-150 Hz!
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Correlation of GW and neutrino signatures from the 3D rotating model

Gravitational waveform (27 M,

Q, = 2rad/s)

un’

Directionality Equator

Gravitational Wave Type | sigha

Neutrinos

Event Numbcr[ms'l |

(J Light-house effe
as )

A {em)
=200-100 O 100

27M,,-R2.0-3D

Equator
Pole

0.15 0.2 0.25
Time [s]

Takiwaki and KK (2018), MNRAS Letters

Equator
Pole
advanced LIGO
KAGRA

Pole

7 Quasi-periodic signals
from non-axis. instability
Circular polarization

No surprise ...




Need improvement in opacity of our 3D-GR code (with energy transport)!

Table 1
The Opacity Set Included in this Study and their References

KTK (2016), ApJS
Process Reference Summarized In (essentially,

ny, « e p Bruenn (1985), Rampp & Janka (2002) Appendix A.l Bruenn rates +
P« e'n Bruenn (1985), Rampp & Janka (2002) Appendix A.l
1A — e Al Bruenn (1985), Rampp & Janka (2002) Appendix A.]
pp = Up Bruenn (1985), Rampp & Janka (2002) Appendix A2
vn s vn Bruenn (1985), Rampp & Janka (2002) Appendix A.2
A — pA Bruenn (1985), Rampp & Janka (2002) Appendix A.2
ver — e Bruenn (1985) Appendix A3
e e’ — Ui Bruenn (1985) Appendix A4
NN — viNN Hannestad & Raffelt (1998) Appendix A.5

Bremsstrahlung)

Most advanced set
(e.g., Fischer(2016),
Bollig et al. (2017))

Weak process

e +p=n+ v
e +n=p+ .
n=mnp+e +14
e + (A Z)=2 (A, Z2-1)+ v

v+N=N+

v+ (A Z)= (A Z)+ v
v4+es 2 e~ 11
e +etT 2v+p

N+ N=eN+N+v+w

Ve + Ve & Vyyr +Vyyr

(A, Z) = (AZ)+v+7 L (1901):

Note: unless stated otherwise, v = {ve, Ve, v, /-, U, -} and N




2D IDSA simulation of 20 M, (Woosley and Heger (2007) s [k/bary@UUSCIEIN AUV
B B e e S ., ST . ... . e s e [

s [kp/baryon]

1000 o3
G2 ﬂ ﬁ
¢ Ib_ harunnl
§ s [kp/baryon]
1000 =
_ (Nuclear spin correlation) 3()
= 500
= 20
-~ O =
= |
ez 500 10
1000 N—
0 100 200 300 400 500 600 0
time after bounce [ms]|

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



Next 10 Years: Where are we and are we going ?

“A” self-consistent 3D model

Gray-transport simulation

~350Years old, ., *
Delaney et al. (2010)

. Hydrodynamic model:
l’ Mixing, RT, RM instabilities

y . 4
: 7.5 e7 km I_~y

Takiwaki, KK, Suwa (2016), Melson+15, Ott17

For some progenitors (11.2,15,20.27), !

\Wongwathanarat et al. (2015
the stalled shock revived ! J ( ) (| NniNn — da.y)
(5D/4D with approximate transport) Wongwathanarat et al. (2016)

To-do-1: Long-term evolution in self-consistent 3D (GR) models
= confront CCSN theory with observation = = Pragmatism

To-do-2 : Full GR and Boltzmann project :
= ultimately test whether the stalled shock would revive. = Perfectionism




: . - ‘ Yy s . :
SN 20xx ! in the Galactic centers Endi,to—End Bridging Simulations

o Ky e o :
, SeC ° min - . » hours - day . yearss - .
R ARy AR e S T
% * SK detects ~ 10,000 neut‘,rinos'»r nl e % g . Log (day)

SURGEtmeeUhg Superhova Urge
SK prqwdefalefj; : omer 29 fr3wmetic =My, Egynr Me, Re

energy Nir “exp’

E ) l Geometry, Anisotropy
®

1.1
lIn=CSM radioactive
energy (**Ni)
0.1
L

PPR-breakout ‘

(Ib/lc S

Multi-messenger research
in steady progress !

Hammer etal. (2011 ~ 30U years oia




Summary

Some are enough energetic to account for observations (E_E NI).

expl

3D explosions generally under-energetic than 2D.
- progenitor dependence yet unclear.

v' Need to find some ingredients to foster 3D explosions.
- Need neutrino physics update ? (e.g., Melson et al. (2015), KK+(2017))
- Impact of rotation/magnetic fields needs to be clarified in 3D
self-consistent models.
(e.g., Takiwaki and Kotake (2018), Obergaulinger et al. (2016))

3D GR modelling has just started with increasing microphysical inputs.
(e.qg., It takes time ... next generation machines needed !)

Multi-messenger analysis of neutrino and GWSs are in steady progress.
. provide information to measure “SASI” activity.

and to break the degeneracy (Mpys: Rpns: Tens: R EOS etc. )

shock?

= important probe to the explosion physics for the SN20xx !
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