For the next Galactic event (several/century..),
CCSN GW signatures should be clarified in advance

» Hydrodynamics modeling of exploding stars !

from Takiwaki, KK, Suwa (2014), ApJ



15t . General Introduction
v ?
v
y,

2nd Core-collapse supernova theory:
how to solve “numerically”
the space-time evolution of dying stars
(40 min)

3rd, GW signatures from core-collapse
SUpernovag: what we can learn from
future GW observation ?

(60 min)




Standard scenario of core-collapse SNe

(e.g., Kotake+06, Foglizzo+14, Mezzacappa+15, Jankal7 for a review)

core collapse v trapping core bounce

~
A

v

SN explosion shock in envelope shock propagation in core *




Standard scenario of core-collapse SNe

(e.g., Kotake+06, Foglizzo+14, Mezzacappa+15, Jankal7 for a review)

core collapse v trapping core bounce ISR

v'Have to find the way how to revive the stalled bounce shock !
v’ The best-studied & most promising:

the neutrino-heating mechanism (Bethe, Wilson 1985)
. neutrinos heat material to produce explosions !

SN explosion B¢ i Ve+n —e +p *

Vet p—e +n

The Neutrino-heating mechanism
(Bethe, Wilson, Mayle 1985)




Two candidate mechanisms of core-collapse supernovae
( reviews in Janka (‘17), Miller (“16), Foglizzo+(‘15), Burrows(‘13), Kotake+ (‘12))

Neutrino mechanism

Progenitor Non- or slowing- rotating star Rapidly rotation with strong B
(Qy < ~0.1rad/s) (Qy > ~mrad/s,B, > ~1011 G)

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

(2016), Moesta et al. (2016), Masada + (2015))

v Non-Axisymmetric instabilities
(e.g., Takiwaki, et al. (2016), Summa et al. (2017))

Progenitor fraction ~<1% (Woosley & Heger (07), Ap)):
(hypothetical link to magnetar, collapsar)

e 15 M., star
500 900 130 17.0
20 My, 11.2 M, from from Lentz et al. (‘15)

frOm Me|SOn et aI (’16) Nakamura et aI In prep C15-30 400 ms

L

192 km , 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))



Requirements of CCSN simulations

Drsctaimer: only CCSNs

Ultimate goal:
7D Boltzmann transport in full GR Magneto-hydrodynamics (MHD)

with accurate microphysical inputs

Code development

- f(tx.v.z.p,.p,.p,)
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Quick review; how to evolveliydrodynamics equations (1/3)

Density, velocity, temperature(x; y; z).... on the grid
|

Hydrodynamics equations: Non-linear = Computational Fluid Dynamics (CFD)
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Quick review; how to evolve Pﬁodynamics equations (1/3)

Closed set of hydro equations:

Mass conservation

o p

—+divpv =0
ot

Momentum conservation

variables

%
‘_?

T = PUV; + (Sfl' 3P

—
y

-_T (pe) + div [(pe + p) 1

Equation of State: EOS

_ I
J
| = —pvgrad @

.P(p,T,Y,) —

Poission eq. ANUEEIEN

T —

Hydrodynamics equations: Non-li

near = Computational Fluid Dynamics (CFD) I




CFD: In essence..




CFD: In essence..

Riemann Problem:

Pressure

head i contact
of rarefaction discontinuity (c D)




Quick review; how to evolve hydrodynamics equations (3/3)

Saas-Fee Advanced Course 27
Lecture Notes 1997

Swiss Society

for Astrophysics and Astronomy

R.J. LeVeque D. Mihalas
E.A.Dorfi E. Muller

Computational

Methods

for Astrophysical
Fluid Flow
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Solve the Riemann problem

accurate

4N Godunov method (Godunov, 1959)
Roe (Roe, 1981)

HLLD : C (Toro et al. 1994)
HLL (Einfeldt, 1988)

pA
;:'I!%‘Et Springer




N

3D Newtonian simulations of rapidly rotating core-collapse
of a 27 M, star (Q,=2rad/s) (from Takiwaki & Kotake, 2018, MNRAS Letters)

sun



Why GR ? Introduction to Numerical Relativity

See textbooks by Baumgarte and Shapiro, Shibata, Rezzolla

Given the stellar core mass M, if
the core radius(R) is smaller
than

re = 2GM/c? = 2.95(M/My),

ack hole (BH) forms.

-

logi{nuc.density) +Ij.5

(P)NS radius =R~10-50km
mass~ NV

R./R~10%: GR effect

Schwarzschild radius 1s significant
in the stellar center !

» Radius




Curved spacetime

For a flat spacetime: MinkowsKi

_(%3@&%%#L B3%)

n* (normal)

’51’347150) BB (FiHR

t = constant hypersurface

Flat space-time :|d*s = 1, dx*dx"
Minkowski dx% = dt,dx! = dx

Need to determine 10 (variables or d.o.f.)

Need “Numerical relativity”
(Analytic solution only in special cases, schwarzschild, Kerr)




Again, the Minkowski metric.
Need to determine

A9l Ricci tensor

Energy-momentum tensor




v 3+1 decomposition (see textbooks by E.Gougoulhon, M. Shibata, L. Rezzolla..)
n from E. Gourgoulhon

3 3. Evolve y;j,
f & Kl] (x VU)

2. Time-like
unit vector :n
defined

1. Set space-like
hyper surface at t

G, n"“n" =8rxT, n"n" : Hamiltonian constraint

nv

G, n”y,‘ =8rT’ n“y,‘ Momentum constraint

Hv

|: Evolution equation E =(VxB) —4rj

7 :3-metric_, n” :t.1melike normal Bl. =—(VxFE),

D = — 20k, + Vb, + V.0, rbolic)

DY GEIEAAIERV IR O ORI 8l Degree of freedom =

+ BV K + Ky V8% + K v, 68 10
— 4 (Hamiltonian 1, Momentum 3)
-4 (G! ﬁt)

0 = ]}, -+ [\'2 - )'\".',1\’” - 167.-,(}”
) . = G
0 = V(K7 —yY"K) — 8757 2 (GW 1 mOde)

v Initial | Einstein eqns
in 3+1 formalism

— 87a (.‘5',‘,, — %( S — Pli))




v With , one can solve the (radiation-)hydrodynamics equations !

d \,-"7/}11' ,;)\‘.ﬁ_‘.s-q/,n',‘f Mass cons. Newtonian limit:
Ot Jrt - . 1
()\‘_,-«"‘?,;/;II'Q:“_, N d\/—g (_,-;/;H'?r-r,r" + o’_; P) ' P— D4, B Ll U
ot Ot ‘ )]
Momentum cons.

Ly 4
=1+ -0* + O(v")

AT N d\/—g (T0" + Pv')
ot ot

. Neutrino energy momentum tensor
nergy cons. N

Y f _ e )'
(v) — /'*']’EU”” + FM + F f

(1 1 (1)

v’ Baumgarte-Shibata-Shapiro-Nakamura (BSSN) formalism : ADM numerically unstable
General Relativistic Simulations

BSSN variables: (limited to CCSN context) :

(8 — Lyl

v’ AEI-Southampton-Amsterdam
(@ — £p)A; = e [a(Ryy — B Caltech collaboration:

+a(K Ay = 247" A ) (13) (e.g., Cactus code
http://cactuscode.orq )

1
p=— ln[det{}’ ).

"“.f B

+dma(n,mn, f":'ll' "

+ ].r'-' ]-"_._.. _|'|

v/ Our team:
Kuroda, KK, Takiwaki

v’ Monash-Garching group
(Conformally flatness approximation)

Mueller, Janka et al.



http://cactuscode.org/

Solving dynamics of neutrino(v) radiation field (1/3) I

v’ Neutrino propagation in supernova core

Supernova core

Free- EBEDHOXRE
streaming
limit Neu'g;lno sphere
1
F‘fﬁ:@%ﬂ_EL
VTRZRE
Semi- HF A
transparent ' '

{EFF &
T+l EEL

Bl E LA
5 FEFfE :

{8/ EEE

Levels of approximations:

Neutrlno dlstrlbutlon functlon

"& t:ounc .

=100 grem? L L
10 100
MeV MeV Venergy

only in the high-density region !
= Neutrino occupation probability :

needs to
be accurately treated (bottom line).

f(t,1,0,6,E.0,.4,)
Eo(Lr.0.4,E)= | do,dg, |

E.(tr,6,4)= [ dEd8, dg, T

“MGMA”(6 dimensional problem)

“MG”(IVIulti energy-Croup)
(e.g., MGFLD, M1, IDSA)
“Gray (no energy-dependence)”

”N i) L \,
s O EV_-_ Vs Wp Ji




Solving dynamics of neutrino(v)

v Neutrino propagation in supernova core

Supernova core

Free- BESTHORE
streaming

limit

—..Neutrino sphere

RS DA
VTRZRE
Semi- 1
transparent Jpe

o IZ R EEL

B BICEik
ARaLL ALY /

radiation field

(R 4 By £ LN
J )(f'r’:U-L.f"r Er/: Vv, Wu)

fE,)

-

00 E.|_F1': :;l_u[.].; ‘:::-_:..I gf‘_c_rn.:i

Neutrino distribution function

\ pc=10™ gle
\ & bouncg

100 _
MeV V energy

o

v B-equilibrium is achieved

T A S W N B2 7N
NG 2N A
Levels of approximations: [ vl
3': | I': _L__:\,}
f (t1 r1 6’ ¢l E) Hp ) ¢F : """"" 'Ir (MeV) \r;:;ll
/e AY
ER (t1 I, 81 ¢1 E) = .‘ o=l — ./ k .’\
M (M)
ER (t, r,o, ¢) = _[ d Multi-angle, Multi-energy

transport : Ultimate goal !

1,(6.,)

a5

1

as -

£,

10.7 MeV

Thompson et al. (2003), ApJ



Solving dynamics of neutrlno(v) radlatlon field (2/3

¥ Neutrino-matter interaction
Neutrino Boltzmann equation i “u + Foyu + Fut + p)

% N dr | m N @ O fuy Oth, energy density, E(, = E2[ dQ fo 25(8 =E}[dQ
1st moment, Flux: F(‘f,) =E} f dQ f) }3(3)

(note: comoving vs. laboratory frame)

v A roadmap how to implement neutrino heating/cooling in your code!
Edsy

ot | dt orF ' dt Op

6 months “only if”

1. Simple deleptonization
(e.g., Liebendoerfer (2005), ApJ)
2. Neutrino leakage scheme

e.g., Kotake et al. (2003), ApJ, Sekiguchi (2009), PTP B .
e (2003), Ap3, Sekiguchi (2009), PTP) elManual >

Neutrino cooling (on) PagEIEIEIEErE:

3. Simple deleptonization + Light-bulb schem Neutrino heating (on)
(e.g., Janka and Mueller (1996) A &A , Murphy et al. (2009, ApJ))

v’ Self-consistent modeling
(N0 parameters for
heating/cooling)

4. Single energy flux-limited diffusion }‘{M(f r. 0. U)
(e.g., Keil et al. (1996) A & A, Fryer (2001))

5.

v' Implicit scheme needed ! .

6. Ray-by-ray Boltzmann transport (VEF)

(e.g., Rampp and Janka (1998), Buras et al. (2006), Mueller et al. (2009))

Hard > a few years (or a life work!)




Current Status of CCSN simulations

Disclaimer: only CCSNs

Ultimate goal:
7D Boltzmann transport in full GR Magneto-hydrodynamics (MHD)
with accurate microphysical inputs

Code development

f(txvzp_p..p,)
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General relativity




General relativistic neutrino transport with detailed v transport:
Vertex-CoCoNuT COde B. Mueller et al (2012), Ap)J

v’ Conformal flatness approximation (+)
v/ L.H.S. of Boltzmann eq. is super messy...

Full-3D-GR code with multi-energy neutrino transport (M1)

v Ily General Felativistic code with multi-energy neutrino transport

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

V Evolution equation of neutrino radiation energy v Evolution equation of radiation flux

"}f\r"' E 4 "Jf\r"‘l .[,,jf-[’_I F'E-y) V’J .fu),[-.\]‘_'”‘_) :.3;\, ]..“- ”Iw" {ru”'..‘ J’fl.p,-l N ad-( ‘UI_' i)

\a'"ll— (a ﬁ” ) !\u Lr ) ¢ )i G Q .S.!': ) 1y )s

v Analytic Closure with the use of Minerbo-type Eddington factor (Murchikova, Abdikamalov + (2017))

. A - S A ; ik o v
() diax 4 f‘..,!-d,-‘.tf t (a/2)F5 0k + aS5 viul

\“"_ |

3\

[ .
) yif
~ !Ihml-l !

1]
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General relativistic neutrino transport with detailed v transport:
Vertex-CoCoNuT COde B. Mueller et al (2012), Ap)J

v’ Conformal flatness approximation (+) E—
v LH. S of Boltzmann eq. i

=W 3 (}I J' - :; ’ ; Iy o . . s ) = orowitz (1997 ion-ion correlations)

Laf v df

_.._I i) E) - FE] — i‘(t(:’ ,d 1 o ) - L FL N \ -.l‘ ] h -" I I ! 2 - -' 'l..l MO8 .- I|I\.\1I\ contribution)
+ :n_:-!'J (}ﬂ_) g - ( £ e F 3 N . urrows & Saw IR)
1y — = — -— v | P — [ ¢ WYy Sl
F Y at , - | . L
i 3 agr - ow,
+—+4o | —p—+— ]+
ar \ . o ;

W2 (1 - u?) af

C o |C
rad®  ap |

v Ily General Felativistic code with multi-energy neutrino transport
Kuroda, Takiwaki, and KK, ApJS. (2016) (see, Zelmani code by Robert et al. (2016))
The marriage of BSSNOK formalism (3D GR code, Kuroda & U Table 1

The Opacity Set Included in this Study and their References

Process Reference

Nt «—+ e p Bruenn (1985). Rampp & Janka (2002
E. + 0 f(“f: | 7”.1".],.] =1 '-“-_I,”,-.j P r'ir’ Bruenn {.H}HﬁL Rampp & Janka (2002

A — e A Bruenn (1985), Rampp & Janka (2002 /B line
\,’r_ (aF |;'. ' !\”- f| 'r);(: “'S.t:-. 11y,), up s Up Bruenn (1985), Rampp & Janka (2002 ase-
| v 1R Bruenn (1985). Rampp & Janka (2002 opacity
pA — pA Bruenn (1985), Rampp & Janka (2002 (t'b'Updated)
et s et Bruenn (1983)
P” ¢ e’ e pi Bruenn (1985)

thin(z) cki= NN — NN Hannestad & Raffelt (1998)




One-sentence Summary

2nd . Core-collapse supernova theory:
how to solve “numerically’.
the space-time evolution of dying stars
= Numerical relativity (space-time) +
CFD (hydrodynamics) +
Neutrino Boltzmann equation (with
approximations) self consistently !

3rd. GW signatures from core-collapse
supernovae: what we ‘ean learn from
future GW observation ?




Available online at www.sciencedirect.com

Useful references . ScienceDirect PHYSICS REPORTS

Physics Reports 442 (2007) 38-7.

Theory of core-collapse supernovae

H.-Th. Janka"*, K. Lang ez-Pinedo®, B. Miiller

2. Books on numerical relativity

Lecture Notes in Physics 846

,

3
100 Years of General Relativity = Vol. 1 b~

NUMERI C AL . Eric Gourgoulhon

RELATIVITY T 3+1 Formalism in
. &3 Y DREODYNAMICS General Relativity

(RN e i Bases of Numerical Relativity

Luciano Rezzolla | Olindo Zanotti

OXFORD

N woa Scenutic 4 ﬂ

Je] &

Foundations of

RADIATION
HYDRODYNAM[CS

nd Borbora We
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3. Books on radiation hydrodynamics 2 springer

Dimitri M.
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