Challenge to GW1 /70817 with Numerical Relativity
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Happy 60th birthday, Shibata san!
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Shibata san’'s contribution to relativistic astrophysics
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Please upload the talk slide, Shibata san!



Shibata san’'s contribution to relativistic astrophysics

Numerical Relativity: 30-40 years of challenges

(hyperbaolicity)

(Bona-Masso)
Modified ADM,

Improved head-on
collision

Lazarus waveform

s!

2002-2005
{Cornell, Caltech, L SU etc)
1%t order formulations
{hyperbolicity!)

Slide courtesy Carlos Lousto

- 1999
1 “6"’, 1994 (Cook) BSSN evolution . 2004
(ADM) Bowen-York initial data system (Briigman . ) .
3+1 formulation on{  Shibata-Taniguchi-Uryu 03
. (cord . .
| Shibata-Nakamura 95 (First full GR asymmetric BNS
1964 > ” v -
(Hahn-Lindquist) 1 984. Puncture initial data Grazing collisions merger)
-whormholes (Unruh) (No Excision) | code
Excision . . . .
’ Shibata-Uryu 99 (First full Shibata-Uryu 06 (First full GR
Megafiops GR BNS merger) o BHNS merger)
; - >
| 1994-1998 GRAND I [
1975-1977 CHALLENGE 2000-2002 2005-2006
(Smarr-Eppley) (Alcubierre, AEVUNAM) UTBINASA
First head-on collision LIGO (NSF) gauge conditions Br(eakrhmu;hs
in axysymmetry Multiple orbits with
2000-2004 puncture data
1994-1995 (AEIUTB-NASA)
1989-1995 (NSCA-WashU) Revive crashing codes

These lists are the tip of the iceberg of Shibata san’s pioneering works.




Shibata san’'s contribution to relativistic astrophysics
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GW170817 + GRB170817A + AT2017gfo

| appreciate Shibata-san’s tremendous contributions to relativistic
astrophysics, particularly in binary neutron star mergers.



Reality
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Introduction

—)

There is no self-consistent model to explain it.

We as numerical relativists must explain
»SGRB (+Afterglow observations)

» Kilonova emission:M,;,=0.05M g (Hotokezaka & Nakar20), Red+Blue? (Kitamura et al. 25)
at least qualitativelv. and quantitatively at the best.

lmagination

GRB
B Afterglow

Shocked
interstellar

medium
GRB
¥ Prompt emission

Wind + hydro 8
Ejecta /88

GRB central
Engine

Ascenzi+20



A “package” for EM counterpart modeling
Sys. Err.

NR simulation
(GR+EOS+ v -Rad.+MHD)

4

10°3F

R-process nucleosynthesis calculation -+

4

Kilonova/GRB light curve modeling -
U

Observation
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» Resolution

» Approx. GR

» Approx. v -Rad
» MHD approx.

» Reaction rate

» \ass model

» Photon rad.
transfer



Neutron rich matter ejection mechanism
S. Fujibayashi, KK, et al. 18

U j ~0.15¢
Casel =04-0.5
Long-lived MNS Maﬂ\/ RefS
B-field Vei ~ 0.05 ¢
Merger amplification MNS+Torus {mﬂ.ﬁ—ﬂ.d HOﬁOkezaka et a" 13’
%_’“ Fujibayshi et al. 18,20,21,22
LAY - Bauswein et al. 13, 17
) | Vej ~ 0.05¢
o' e BH » }/::{"_3 0.4 JUSJ[ et a| 14, 21
Case II Siegel & Metzger, 18
& . Delayed collapse . .
Dynamical mass ejection Combi & Slegel, 23
"9 :
Early MHD/viscosity-driven mass ejection Radlce et a|- 18
@
Long-term viscosity & Neutrino-driven mass ejection + more
. >
0 ~ 1 ms ~ 10 ms ~ 100 ms ~1s

Time after merger

P One missing mass ejection channel = Lorentz force-driven ejecta

Recent progress indicates its relevance. (Mosta et al. 20, Combi & Siegel 23,
KK et al. 24, Most 23)



To B ornotto B in binary neutron star merger (vy victoria M. Kaspi)

P — P Diagram Image of the binary pulsar
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» Assumption : Rotational energy is dissipated by the
magnetic dipole radiation = B « (PP)/2



To B ornotto B in binary neutron star merger y victoria M. Kasp)
» B-field in observed binary NSs : 1097 — 10 122 (G
Kinetic energy before the merger ~ 10%3 g cm? 52 (M/2.7M_,.)(v/0.3¢)?
B-field energy ~1041 g cm? 52 (B/1012G)2(R/106¢cm)3
B-field is irrelevant in BNS mergers 7
No | = Several amplification mechanisms (Magneto Hydro Dynamical

instabilities) could amplify the B-filed up to the dynamically important
level



| orentz force (MHD)-driven ejecta as a “new” channel
Question: How can be a strong and large-scale field established?

Mean field dynamo theory

B =V x (UxB+¢&), Q=Q+q, Q= Axisym. Ave.

E=uxb u & b : turbulence of the velocity and b-field.

a QO dynamo
8 — CB@]B —|—,633(V X B) ~ aiiB@-

7T Q
i
0;B, = RBV AQ (A= R, z, Q — effect) “‘EC{f S
N\ ‘ ) ,

OtBr = 0,E, ~ 0, (appBy,) (o — effect)
(9th — —838@ ~ SR (QQPQPBQO)



Generation of a large-scale field via a O dynamo
a_ Qdynamo theory prediction (Check list)

1. B, should be anticorrelated with Bg,

2. E, should be correlated or anti-correlated with B,
3. Dynamo cycle period Py, = 21 (a 4 ,dQ/dInR k,/2)-1/2

4. Dynamo wave propagation direction according to the Yoshimura-Parker
rule a4,V Qxeg

Question: What generate electromotive force (EMF), i.e., fluctuation
component of velocity and magnetic field?

E=uxDb




Generation of a large-scale field via a (O dynamo

Kelvin Helmholtz instabi Ity (Rasio and Shapiro 99, Price & Rosswog 05)

- 3
t-tye=-0.83ms Log,[p(g/ cm’) ] t-tyrg =-0.07ms  Logo[p (g/cm’)]
fﬁ/ lll‘ T 15 T T 15
5 7%’3 )"
i 148 M 148
,E : ’t A 14.6 14.6
2 0 W i
> { 14.4 14.4
/ 14.2 14.2
sL N 7
' 14 14
5 0 5
X [km]

o X k

High grid resolution is key:.
(KK et al. 14,15,18,24, Palenzuela et al. 22, Aguilera-Miret et al. 20, 22, 23)



Generation of a large-scale field via a O dynamo

Magneto Rotational Instability (MRI) (Balbus & Hawley 91) ;
Differential rotation: VQ < 0, ARN> ~ 80 ( = )( : )—E( : )_1
> ' »AMRI ~ OV Thas 1015g cm~—3 8000rads™1

1

i B p _E Q) -1
AEHTPK ~ 1,000m (—2-) ( )
MRI ’ 10156/ \1013gcm—3 6000rads—1
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O O d

% X

T [ ]

Magnetic field line
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X

Again, high resolution is key. (Shibata et al. 05, Duez et al. 05, Siegel et al. 13, KK et al. 18,24)




NMethodology

» Finstein’s solver (Shibata & Nakamura 95, Baumgarte & Shapiro 98, Barker et al, 06,
Campanelli et al. 06, Hilditch et al. 13)

» Nuclear theory-based equation of state for the NS matter (SFHo/BHBLp
/DD?2) (Steiner et al. 13, Banik et al. 14)

» Relativistic magnetohydrodynamics solver (KK et al. 22, Migone et al. 09,
Gardiner & Stone 08)

» Neutrino-radiation transfer solver (Sekiguchietal. 12) /™ \oc kL

/
+ for more technical issues (see KK et al. 22) \ //
N

All the works, we quantity the ability of our simulation set up to resolve the
KHI and MRI:

AMRI
= > 10
OMmRI Ax




Code Name

» | was asked more than 100 times about which NR code we use.

» [ he code was originally developed by Shibata san, and my colleagues
implemented new features, e.g., neutrino, MHD, etc.

» |t doesn’t have a specific name.

Numerical relativity code for Astrophysical and Non-AstrophySlcal
objects = No name in Japanese



Computational facilities

Fugaku@Riken (Japan) Raven@MPCDF (Germany)

Supercomputer = Experimental labo.



Inferring the EOS from ab initio simulations

Lifetime of the remnant massive neutron star
Prompt Short-lived Intermediate-lived Long-lived

~(0(0.01) s ~0(0.1)s ~Q0(1) s

Liso ~ 10*%erg/s  No jet until 1s at least.  Liso ~ 10°%erg/s Ly, ~ 105%erg/s
Hayashi et al. PRL 25 KK PRL 23 KK 26 in prep. KK Nature Astro. 24

FOS stiffness: Soft (SFHo) Stiff (DD2)
Binary mass: Large Small



-|i\/6d remnant formation (KK et al. Nature Astron. 24)
0.2s simulation, DD2-1.35-1.35Mg), A% .. =12.5 m, B,,,=101%5G, 36 M CH

Y, p (gcm™3) + B — field line B(G) ©K. Hayashi

Time: 0.02 ms




Time: 0.02 ms
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Kelvin-Helmholtz dynamo at the merger

KH amplification at the merger Growth rate vs initial B-field
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» [n reality, the KH dynamo would produce a strong, but small-scale
magneto turbulence (see also Palenzuera et al. 22, Aguilera-Miret et al. 22, 23).



Neutrino viscosity/drag on MR
Dispersion relation for MR| with the

f/,,orf‘,,zl i ] ]
B neutrino viscosity:
|B§im,3D| ~ a2 3 3
e [(a+k2a) 5+ 2] 4R [&24—}4:2] 4k =0
.0 ~  kvg ,_,2_&2 Y
Ep e T Ve

Dispersion relation for the neutrino
drag:

10100 20 10 60) ' - 12 - -
& licen) [(&+r)&+k2] 472 [&%kz} 42 =0,
~ r
Neutrino viscosity/drag could be =9

irrelevant tor MRI. v =1.2x 10" (,o/l(]l?’gcm_?’)_2 (T/10MeV)? cm?s™!

I'=6x 10°(T/10MeV)°s~t  Guiletet al. 16



Check list to pin down ana QO dynamo

Prerequisite MRI quality factor: 2MRL s 10

Ax

— 125m, p13 < p < puas

— 125m —=50m, p13 < p < pigs

(R )

oUm — 100 1M, P13 S

200 m \

y 20 40 60 80 100 120 140 160
t B tmerger (HIS)

VIRI'is well resolved in Ax=12.5m run= Turbulence is developed
VIRl is not resolved in A x=200m run= No turbulence



Generation of a large-scale field via a O dynamo

15
0.00 . . — —15 X101
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» \Waves generated in the MRI-active region propagates towards the polar
» [ he B-field deep inside the core in the polar region stays buried throughout
the simulation



Check list to pin down an a O dynamo
() effect o effect
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Check list to pin down ana QO dynamo

Pearson correlation between E(p and Rp

x 10"

0.25

0.00

CP(Xa Y)

— CP (thv EU)

~0.25 \"&\__/_/\/\/“2

v b 2

0

D

10

z (km)

Table 1 The af2 dynamo period prediction and simulation data at several radii

15

R (km) X (cm/s) (1 (rad/s)  Shear rate k. (/cm) Ptheﬂr}, (s) Py (8)

20 _8.1x 10% 4025 g=—1.0 6.3 % 10%  0.020 0.018

30 ~1.0x 107 2515 g=—-134 42x10-% 0021 0.018-0.024
40 _1.0x 107 1688 g=—-144 33x10-% 0.037 0.018-0.030
50 _4.4 % 105 1200 g=—-150 26x10-% 0.062 0.030-0.040




Check list to pin down ana QO dynamo

Bphi [G] 4’0 Z 10 kml
‘1.5e16 !
I
7.5e15 F
~ 0.0 s
- -7.5e15 j:
7
-1.5e16 r
i

0.05}%4&:1\,L.,‘:JLH'J e ~o R
0.03\&}@»‘ L, [10 km]
040?(,),;;:’5“&:' e

e NI

Dynamo wave propagates to the z direction according to the Yoshimura-
Parkerrule a 4,V Qxe,



Jet from long-lived remnant formation
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» Poynting flux dominated luminosity outflow is L2 =~ 10%2erg/s

» Relativistic outflow is confined in a region with 8 ~ 12°.
» [erminal Lorentz factor =10-20.
» The standard resolution (200m) underestimates the luminosity by a factor

of 10-100.



Mass ejection from long-lived remnant formation

Fjecta mass evolution  Mass histogram vs Y, Mass histogram vs v,
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P Voo seardyn ©U.1-0.3 C, Voo pearost = 0.1C

» The standard resolution (200m) underestimates the ejecta mass by a
factor of 10 (see also Mosta et al. 20).

Lorentz force-driven)=0.1 Mg,



Inferring the EOS from ab initio simulations

Lifetime of the remnant massive neutron star

Prompt Short-lived Intermediate-lived Long-lived
~ 0Os ~0(0.01) s ~0(0.1)s ~0(1) s

Liso ~ 10%erg/s  No jet until 1s at least.  Liso ~ 10°%erg/s Ly, ~ 10°%erg/s
Hayashi et al. PRL 25 KK PRL 23 KK 26 in prep. KK Nature Astro. 24

FOS stiffness: Soft (SFHo) Stiff (DD2)
Binary mass: Large Small



Prompt BH formation motivated by GW190425 (Hayashi, KK et al. 24)
1.5s simulation, SFH0-1.25-1.65Mg , A Xes=150m, B,,,=1015G, 130M CH
p(gcecm™3)+ B — field line B (G) Y,

OK. Hayashi




Prompt BH formation

1295.22 ms
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5OEiLutterﬂy diagram suggests MRI-driven a Q dynamo: P, 1=0.03s vs P5-=0.03-
04s

» Generation of large-scale B-field = Blandford-Znajek mechanism.
Liet ~ 10%erg/s



Vlass ejection from prompt BH formation

Ejecta mass evolution Mass histogram vs Y, Mass histogram vs v,
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» Dynamical ejecta =1.6x10-3 M, Post-merger ejecta (MRI- dnven
turbulent viscosity & Lorentz force) 4.7x10Mg

> V. cakan = 0.08, Y ~ (.28

> v ~ 0.2¢c, v ~ 0.08¢
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Inferring the EOS from ab initio simulations

Lifetime of the remnant massive neutron star

Prompt Short-lived Intermediate-lived Long-lived
~ 0Os ~0(0.01) s ~0(0.1)s ~0(1) s

Liso ~ 10*%erg/s  No jet until 1s at least.  Liso ~ 10°%erg/s Ly, ~ 10°%erg/s
Hayashi et al. PRL 25 KK PRL 23 KK 26 in prep. KK Nature Astro. 24

FOS stiffness: Soft (SFHo) Stiff (DD2)
Binary mass: Large Small



Short-lived remnant formation (KK et al. PRL 23)
1.72s simulation, SFH0-1.2-1.5Mg, A X4e=150m&200m, 85M CH

p (g cm™3) Y, B(G) ©K. Hayashi

Time: 7.52 ms

(see also, Just et al. 14, 21)



No “jet” from the short-lived remnant formation

No jet until 1s at least. Ram-pressure/Mag-
Butter-fly diagram pressure
0.0 b ol S 10 1001 Shtgb= 312,662 (1ns) ‘ % i
200 . 0
—200 «,:f ‘4 ]%; Ls
—400 " : X :
—400 —200 0] 200 400

x (km)

» BF diagram indicates the a (O dynamo generates the large-scale B-field.
» Resultant large-scale is not strong enough to overcome the ram-pressure.
Why? Disk rotational energy is = 10°1erg, c.f. Remnant NS rotational energy

is ~ 10°3erg.



Moy Mege( M)

Mass ejection from the short-lived remnant formation

Fjecta mass evolution Mass histogram vs Y, Mass histogram vs v,
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Y MRI-driven turbulent viscosity)=~
sx10
> Y. peak,dyn ~ 0.03, Y¢ heak post = 0.20-0.27.

> v g~ 0.2-03C, Ve o o~ 0.08-0.10c

~6x103 Mg, M,

eée peak dyn eje, peak, post(



Inferring the EOS from ab initio simulations

Lifetime of the remnant massive neutron star
Prompt Short-lived Intermediate-lived Long-lived

~(0(0.01) s ~0(0.1)s ~Q0(1) s

Liso ~ 10*%erg/s  No jet until 1s at least.  Liso ~ 10 ‘erg/s  Ligo ~ 10°%erg/s
Hayashi et al. PRL 25 KK PRL 23 KK 26 in prep. KK Nature Astro. 24

FOS stiffness: Soft (SFHo) Stiff (DD2)
Binary mass: Large Small



Intermediate lived remnant formation case (KK in prep)
chine=1.186Mg, BHBA 4, Ax; .. =12.5m, 0.7 second, B,,,,=10'G, 150M CH

p (g Cm_3) B(G) Y, OK. Hayashi

M

2,000 km

100 km




Pinning down the af) dynamo in BNS

Butterfly diagram

B, (C)

0.02 0.03 0.04

0.05 0.06
t= t.'nc.'gc.' (ms)

Theory vs simulation

R[km] @y, [cm/s] k. [em™!'] dQ/dInR[s"!] P.q[ms] Pgg[ms]
10 8.0 x 10° 2.4 %107 3359 8.8 12
20 0.5-1.0x10" 7.0x10°° 49355 15— 25 17
30 1.5 % 107 3.3x10°° 3505 21 17

» A couple of predictions based on the mean-field large-scale dynamo

theory (not shown)

» [he most relevant prediction is

Puo = 2 1(ctppdQ/din R k) "’

0,B, = RB"VrQ,
0;Br = 0.&, =~ 0. (v, B,)



“Jet” from the intermediate-lived remnant formation

Poynting flux Required jet kinetic energy (GW170817)

T T
i W 520 .
't il'-. ﬂ'-*. Pl Pt e o ?[';J%[_S L | 1)
{ WA - ' z ol.UF
| o, i ST T2 50.5 1 rog [ T
[ 35000 F I | A
Ii: S L-L.. 219N = v
=050 L 4 [ 1 v
2049.0 F
- LPoy; Azig =125 m — :113[—3 B : | |
—  LPoyisef<120, _"';,;91!'.: =125 m T o = = > : & 3 = o & : £
------ 125 m = 25 m (e = 15 ms) 1 & S ¥ s ¥ oS FOF 5 o ¥ oy
----------- 25 m — 50 m \ fr:'.'.\' = 80 ms) .‘7?:? ;1_-4"'? ':_C‘Eh ,&3'; ,5.-;3 -r;- -H% ,:-»f _5;:? _C:; .-‘.;-E'
— . p -w - i o 5 5 3 . o =
——— 50m — 100 m (fpme = 155 ms), Cowling & = ~ < f -
=

100 150 200 250 300

t- i*rm'-rgr-r [“15]

> }Se‘z ~ 10°2erg/s= If 1 second duration and 10% convergence efficiency

are assumed, it is consistent with the required jet kinetic energy in
GW170817 (see also Sadeh & Waxman 24).

> [, = 30



Intermediate lived remnant formation case

Ejecta mass evolution

—_— 1, .Ir,:._:g' I: IFi' Uy

—— Miary, Azig =125 m

- I __f"‘
= [ £
M _ -
S0tk -
- r d

el

-

< _h”'_ir_:. jl’][_, - .2“3 |

— 125 m — 25 m ({rmy = 15 ms)
25 m — 50 m (g = 80 ms)

——= 50m — 100 m ({gpy = 155 ms), Cowling 1

150 200

i - El]m-rg.{:*r [1”51

> Mo gy =2x1079 Mg, M,
> Ye, peak,dyn = OOBv Y

0 a0 100

e, peak, post

e, post(

250

~ (.2

300

dM/dY, (M)

Mass histogram vs Y,

10!

109

107!

2

10~

1073

T — Frmerge = 0.28007 5
ﬂ'f},erK/ﬂ'{tUt = 009345

N[l

L
10700

0.1 0.2 0.3 0.4
Y,

Lorentz-force-driven)~ 8x10?M,.



Intermediate lived remnant formation case
GW signals

X 1[#‘9%

(C)

7.0

2.0 |

—1-38 :"w'TI}I:::I

=~
=

'F"-I-.:-c {B

(.00 0.02 0.04 0.06
i — tmE']',_'!__'E']' [E']

The energy emitted in the post-merger phase is below the observed upper limit
(LVK18).



Inferring the EOS from “jet” launching

Lifetime of the remnant massive neutron star
Short-lived Intermediate-lived Long-lived

~(0(0.01) s ~0(0.1)s ~Q0(1) s

i25

120

:\-10
3
> .' ',“\‘0.0
— 3 Y10 km)
1.0e+10 ruat! 2 31.0
- 1.0e+9 20
~ T &
1.0e+8 g 08
1.0e+7 ; 1De+
L 1.0e+6 "‘_'r' 1.0e+8
0l

1.0e+5

—~1.0e47 8

L., ~ 10%%rg/s  No jet until 1s at least. Liso ~ 10°%erg/s L, ~ 1052erg/s

SFHo BHBA 4 DD?



Inferring the EOS from R-process nucleosynthesis

Lifetime of the remnant massive neutron star

Prompt Short-lived Intermediate-lived Long-lived
~ 0Os ~0(0.01) s ~0(0.1)s ~0(1) s

10° T N T T T 10° . . . . 3 10° T T T T 1°

Mgje = 0.006 Mg, Mgje = 0.014 Mg, Meje = 0.08 Mg Meje = 0.1 Mg
Mg 7% = 0.05 Mg
R-process universality:  SFHo BHBA DD?

Kilonova in GW1/70817: SFHo BHB A DD?



Fnd-to-End modeling of GW1/70817

900
Al Al
S00f
To what degree dowe trust NR simulations?
700§
T
e
<< 600
MGWITSIT — 1 186 M, q = 0.8 — 1
S00] MEWITSIT 050,
Al :
L Lisu:r
400¢ s Mg

20 2.1 22 23 24
meax D’fﬂl

Nuclear EOS predicts a “blind” spot on this diag




A prelude to magnetar tormation in BNS

1.35-1.35Mg, DD2, Ax=6.25m, By, = 3x10'? G, 480M CH

107!
10°Y k
104 b
10% b
L10Y
= s b
LQE 105 |
10 b
1043 F
10%2 b

——
—_———

10—’11 .......... i

e
-
-
-
-

P
—_— L amamammrttT
T N =TT et

.................

----- Poloidal
---------- Toroidal
Kiuchi et al. 24

Expected saturation energy

] 9F -
—— Axys =625 m, Byya = 10137 G

—1 0

At least, the EM energy reaches

Gutiérrez et al. 26).

1

2 3

t - tmerger [1115]

9 order magnitude

an expected saturation level (see also



Another potential large-scale dynamo
OB =V x(UxB+¢),

VIRI-inactive VIRI-active E—uxhb _
=u X Tayler-Spruit dynamo loop
8000———— — 150 o Differentia rotation Tayler instability
0 T o P o — '. '. e shears B, into B, generates 68,

7000 __ﬁ‘“m_l_lj 0 £ -0

6000} 407 == — % — %
3 E -—'—_.._—-:-_ % =
~ 000 lias & }\; T ‘—T\J
2 - 2 &
= 4000r 7000 ™, ial 5 02 e " maguetc icld

sooof 5000 /*" \‘a {% e U

| 3000F— N in]i2s 9

2000} | 1000 »\Lh_-m_p ; ‘L g

10004 . . 10" 10" 1(% -

L i} 2 _1 6 8 1(] E¢ generates B,.

x (km) SDI”UIJ[ 98 .
Barrére et al. 2b

» Deep inside (Outside) core is MRI-inactive (active) region
» Bulk EM energy is contained in the MRI-inactive region.

Tayler-Spruit dynamo could be the case in the core.



Tayler-Spruit dynamo in BNS (Reboul-Salze et al. 25)

By” [G] lel7
1Y AV a L e ahtae 1023 T x-loom
10 {+ & P& s o 4.513 Ax=50m
. [ —— Ax=125m
T P » 3.385 1021 - —— Bginsim
2.256 oy
<
1.128 = 107+
0.000 o \
£ 10171 ctablo
—-1.128 g
O
—3.385 Tl unstable
—4.513 10131
0.2 0.4 0.6 0.8 1.0
X [km] Tayler instability wavelength [km]

» Solving the linear perturbation equation on top of the simulation data.

(gray: stable, white unstable)

» Numerical viscosity alters the critical strength of the instability
Tayler-Spruit dynamo is the next challenge.



Conclusion

» A self-consistent direct modelling of BNS merger is feasible.

» For the long-lived case, L2 ~ 105%erg/s, Myj, = 0.1 Mg » MS1y 170817,
and the solar R-process can not be reproduced.

P The intermediate case, Li§? ~ 1052erg/s, Myje = 0.08 Mgy ~ MG/ 7017,

> For the short-lived case, no strong jet, M,j, = 0.014Mg < Mgy 7%, and
the solar R-process is reproduced.

» For the prompt collapse case, LYY, ~ 10*%erg/s, Mej, ~ 0.006Ms.

eje

Caveat: A large systematics in hydro. simulation, in particular, MHD-turbulent
Case.



Mean B-tield in MRI-active region

MRI-inactive MRI-active
8000——————— 150
| O I _ —— P
(000 — H‘%_l—lj

6000y hio?
5000 # 5 &
o anr e — 15 —
= 4000f - -
- - 7000 ™\ :}é'm'”?
3000 5000 J/ \Q% . G
2000 | 30007 N, 11]125
- 1000 \\‘“—ﬁ”-w !
oo . . 107, 10" 10" =
1000} 5 . - . iy
x (km)

» Deep inside (Outside) core is MRI-inactive (active) region
» Bulk EM energy is contained in the MRI-inactive region.



Prompt BH formation

Rest-mass density VIRI-quality factor \Vean poloidal B-field

t = 14.96 ms

3
Logol p (g/cm®) | |
[ | | e
: 6 &8 10 12

Once the MRI starts to be resolved, the mean poloidal B-field is generated.
P = 0.03 s vs Pgr = 0.03-0.04s

theory




Flectromagnetic emission in compact binary mergers

R(paid)-process nucleosynthesis and EM

(Lattimer & Schramm 74, Metzger et al. 10, Li & Paczynski 98) apen s shell

Role of the r-process elements . = ﬂ
» Heating source via radio-active decay (Kasen et al. 17) € et I
; R F |

em 10 ergs gt (o) L5 i

j . .

» Opacity source (Lanthanide elements) IIIEII

(Barnes & Kasen 13, Tanaka & Hotokezaka 13) E

2 1 apen fshell 90 92 93 95 96 97 98 99 100 101 102 103
B Ac|T o Lr
k~10cm* g

Properties of electromagnetic emission (Optical-IR) Slide courtesy of M. Tanaka

» Peak time (diffusion time = dynamical time)

t ook ~ 5.7 da & Y Mage N7 ( o )—1/2
peak ~ Y. y 10 e —2 g—l 003M® 0.2¢

Me; t
L~ éMs ~ 6 x 10 == [ —
ey B2 10 Cle s (0.03M® day

» Peak Luminosity



R-process nucleosynthesis and its opacity

Lanthanide ODUC8| R Tanaka et al. 17
10° _d s ~Bu_ Te| 10° Ye=0.10-040 ]
F Ye = 0.30 Ye = 0.25 Ye = 0.10-0.40 ," 52 - g:gg
. 102 L o \,
107" k — - 4
[ 'o i W I M’f{ i
2 102 | 3 a 3 \ LW I N\' f il |
: e ol | A L
? .3 g 10%¢
§ 10 5 l
| ail i W 'il L |
I R 02 L L A M ‘ ||I “ l i h\

0 5000 10000 15000 20000 25000

30 40 50 60 70 80 90 1
: Wavelength (A)

» Electron fraction Y, (# of electron/# of baryon) is a key quantity

» Y. = 0.25 produces negligible / small amount of lanthanide = low
opacity in optical

» V. < 0.25 produces lanthanide = high opacity in IR

» Neutrino reaction determines Y, of the ejecta



Super long-term BNS inspiral simulation (kK 25)

Residual phase error

—
2 |
F —— 4th-HLLC + MP5, N = 189, N, = (189, 157, 125, 109)
2nd-HLLC + PPM, N = 189, N, = (189, 157, 125, 109)
|

lﬁjg i

Agpeidual = g (N) — ¢%y [rad]
=
<

- |
D_
[y}
o

0 10 20 30 40 50 60 100 150 200 250 300 35
trer [MS] fret [ms]

» Fourth-order accurate finite volume Riemann solver (KK 25)

» SPorror = 0.27 £ 0.07 rad (new solver) vs § oo = 0.58 £
0.22 rad (old solver)

» ~100 GW cycles



Black Hole - Neutron Star mergers
Key ingredients for tidal disruption in BH-NS

Tidal force > NS self gravity = r £ (Mg /Mye) 22 (Myo/Rys) ! Mo = 1y
T Figa > leoo = 1idal disruption

Fidal < liseo = NoO tidal disruption
*ISCO = Inner Stable Circular Orbit

Key ingredients of the mass ejection in BH-NS are
» Spin of BH

» Mass ratio (Mg./Mye) NS (Mys)
» Compactness of NS ?I\/INS/RNS)
B > r
Stiff EQS=lsmal| ‘/ _ X
Co 'rg pactness - Ris

AT v (@<P)




Ab initio simulation of BH-NS (K. Hayashi, KK et al. 22,23)

Time: 0.01 ms
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Numerical modeling of BH-NS merger

Vagnetically tower “jet Isotropic Poynting Luminosity

4B5H —_—

Q4B5L —

Q4B3L
Wﬁ " WJ’ \nM

|
200 1000 1500 2000
t [ms]

» Magnetically tower “jet” builds up magnetosphere
=L, and 0 ; are roughly consistent with the observed values.
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