Challenge to GW170817 with Numerical Relativity
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Shibatas a ncongribution to relativistic astrophysics
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Shibatas a ncongribution to relativistic astrophysics

Numerical Relativity: 30-40 years of challenges

(Bona-Masso)
Modified ADM,

(hyperbolicity)

Improved head-on
collision

Lazarus waveforms!
2002-2005

(Cornell, Caltech, LSU elc)

1=t order formulations

(hyperbolicity!

Slide courtesy Carlos Lousto

. 1999
1 ““JE“ 1994 (Cook) BSSN evolution 2004

] (ADM) Bowen-York initial data system (Briigman s ) )
3+1 formulation on{  Shibata-TaniguchiUryu 03

| Shibata-Nakamura®5 |[~'] (First full GR-asymmetriccBNS

1964 > . - - :
(Hahn-Lindquist) 1984 Puncture initial data Grazing collisions merger)

2-whormholes iu'.f‘nl."ij"l?,' (No Excision) , code
Excision . : .l . .
’ Shibata-Uryu 99 (Firstffull Shibata-Uryu 06 (Firstffull @GR
Megaflops GRBNSmerger) o BHNS metger)
- - >
| 1994-1998 GRAND I
1975-1977 CHALLENGE 2000-2002 2005-2006
(Smarr-Eppley) (Alcubierre, AEVUNAM) UTB/NASA
First head-on collision LIGO (NSF) gauge conditions Br(eakthroug;lhs
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 a npioseering works.




Shibatas a ncongribution to relativistic astrophysics

masaril shihata SIS
X FRI5|HE
A L l
Prospects f
Virgo and K I
Evolution o 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

GW170817 + GRB170817A + AT2017gfo

| appreciate Shibatas a ntreraendous contributions to relativistic
astrophysics, particularly in binary neutron star mergers.
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Reality Introduction Imagination
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A -package® for EM cou
Sys. Err.

» Resolution
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Neutron rich matter ejection mechanism

S. Fujibayashi, KK, et al. 18 vy ~ 0.15¢

ase Y. =04-0.5
Longfived IIsz + Many Refs.
s o, Hotokezakaet al. 13,
| Fujibayshiet al. 18,20,21,22
Bausweinet al. 13, 17

B-field
Merger amplification NNS+Torus
g -

bl =

BH+Torus

" o\ v, ~ 0.05¢
- " }/:: <03-04 JUSt et al. 14, 21
Case II Siegel & Metzger, 18

@ ] Delayed collapse . .

Dynamical mass ejection Combi & Sl@g@l, 23
0 :
Early MHD/viscosity-driven mass ejection Rad|Ce et al- 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 relevancéME s etal. 20, Combi & Siegel 23,
KK et al. 24, Most 23)



To B or not to B In binary neutron star mergeby victoria M. Kaspi

P — P Diagram Image of the binary pulsar
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To B or not to B In binary neutron star mergetby victoria M.Kaspi

» B-field in observed binary NSs : 1072 10 122G

Kinetic energy before the merger 10°3 g cm? s2 (M/2.7M ,,,)(v/0.3c)?
B-field energy’ 10 g cm? s2 (B/101G)A(R/10°cm)3

B-field is irrelevant in BNS mergers ?

No! Several amplification mechanisms (Magneto Hydro Dynamical
iInstabilities) could amplify the Bfiled up to the dynamically important
level



Lorentz force MHD)}d r I ven ej ecta as

Question: How can be astrong 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 bfield.

Khdynamo

5@' — C]f@'jB' —|—,63'j(v X B) ~ Cq?;Bg'

0;B, = RBAV AQ (A= R, z, Q — effect) ‘ECﬁD e
\\\./ ( )

OtBr = 0,E, ~ 0, (appBy,) (o — effect)
(9th — —838@ ~ SR (QQPQPBQO)
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Generationofalarges cal e f i1 el d v

K h d y n atheory prediction (Check list)

1.6 should be anticorrelated withd ¢

2.0 should be correlated or anticorrelated witho

3. Dynamo cycle periotPyqy = 2% ( Kyyd h/ dINRK,/2) 12

4. Dynamo wave propagation direction according to the Yoshimut@arker
rul g,/ W xey

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

E=uxDb




Generationofalarges cal e f i1 el d v

Kelvin Helmholtz instability(rRasioand Shapiro 99, Price &Rosswog05)
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High grid resolutionis key.
(KK et al. 14,15,18,24 Palenzuelaet al. 22, AguileraMiret et al. 20, 22, 23)



Generationofalarges cal e f i1 el d v
Magneto Rotational Instability (MRI)Balbus & Hawley 91)

» Differential rotation:nm T Ry ‘Q ) ( ) _( )

pﬁTnn(é(—)( )_( )

deceleration

I ™~  acceleration
O ® 4

N T " 3

Magnetic field line
Center

Again, high resolutionis key. (Shibata et al. 05,Duezet al. 05, Siegel et al. 13, KK et al. 18,24)




Methodology

»EI nst el Shibata &SNakamur&9s, Baumgarte & Shapiro 98, Barker et al, O€
Campanelli et al. 06, Hilditch et al. 13)

» Nuclear theorybased equation of state for the NS matter §FHo BHBLp

/DD2) (Steiner et al. 13,Banik et al. 14)

» Relativistic magnetohydrodynamics solveKK et al. 22, Migone et al. 09,
Gardiner & Stone 08)
» Neutrino-radiation transfer solver(Sekiguchi etal. 12) ™\ N\ oc k1

/
+ for more technical iIssues(see KK et al. 22) AN P /
.

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

6 k=— Tt
ok P



Code Name

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

» The code was originally developed by Shibatsan, and my colleagues
Implemented new features, e.g., neutrino, MHD, etc

»| t doesn t have a specific name.

Numerical relativity code forAstrophysical andNon- AstrophySical
objects = No name In Japanese



Computational facilities

Fugaku@Riken(Japan) Raven@MPCDHGermany)

Supercomputer = Experimentalabo.



Inferring the EOS from ab initio simulations

Lifetime of the remnant massive neutron star
Short-lived Intermediate lived Longlived
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EOS stiffness: Soft GFHO) Stiff (DD2)
Binary mass: Large Small



Long-lived remnant formation (kk et al. Nature Astron. 24)
0.2s simulation DD2-1.351.35M u x....=12.5m, B..,.=10155G, 36M CH
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KH amplification at the merger
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» In reality, theKH dynamo would produce astrong, but small-scale
magneto turbulence(see alsoPalenzueraet al. 22, AguileraMiret et al. 22, 23).
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Neutrino viscosity/drag on MRI

Dispersion relation for MRI with the
neutrino viscosity:

drag:

R k) [

Neutrino viscosity/drag could be L=

Irrelevant for MRI. v =1.2 x 10" (p/10"¥gem3) ~* (T/10MeV)? cm?s ™!

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



Check |1 st to pin dowr

Prerequisite

MRI quality factorr—— p 1
=8 — 125 m. 213 < 2 < P14.5
/g — 125 m —= 50 m, p13 < p < prys :
5: SO — 100 10, 13 =
e 200 m \
10_1 1 1 —_— 1 1

0 20 40 60 80 100 120 140 160
t- tmerger (HlS)

MRI is well resolved iny x=12.5m run Turbulence is developed
MRI is not resolved iny x=200m run_  No turbulence



Generationofalarges cal e fi1 el d viI

15
0.00 . l — —15 X104 ¢
t — tmerger = -1.22 (ms)
0.25
. 14 .
L)
0.50 g
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» Waves generated in the MRIlactive region propagates towards the polar
» The B-field deep inside the core in the polar region stays buried throughot
the simulation
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Check

Pearson correlation betweerO and o

CP(Xa Y)
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Table 1 The af2 dynamo period prediction and simulation data at several radii

15

D1 N

dowr

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 I'1st to pin dowr

Bphi [G] 1%0 Z 110 km]
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Dynamo wave propagates to the z direction according to the Yoshimura
Par ker  Whilxe, K



Jet from longlived remnant formation

10 ' | ' | ' ' = bonerger = 151.66 ms 52 %
el 51.5 g
100! | 51 &
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Eqgmt F M NN - . 20 mﬁ
S s | ' | 49.5 :%a
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0= e J,"Md ------- Ar =200 m |
1045 a _ 1 I L I 1
0 25 50 I 100 125 150
t - Terger (MS)
» Poynting flux dominated luminosity outflow i® p T QI NQ
» Relativistic outflow is confined in a region with—D p ¢.
» Ter mi nal Lor e20.t z f act or 10

» The standard resolution (200m) underestimates the luminosity by a factor
of 10-100.



Mass ejection from longlived remnant formation

Ejecta mass evolution ~ Masshistogram vs Y, Mass histogram vs v
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» The standard resolution (200m) underestimates the ejecta mass by a
factor of 10 (see alsoME s ¢tal. 20).



Inferring the EOS from ab initio simulations

Lifetime of the remnant massive neutron star
Prompt Short-lived Intermediate lived Longlived
- Os - 0(0.01) s - 0(0.1)s - 0O(1) s
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EOS stiffness: Soft GFHO) Stiff (DD2)
Binary mass: Large Small



Prompt BH formation motivated by GW19042%Hayashi, KK et al. 24)

1.5s simulation SFHO-1.251.65M 4 X;ie=150m, By,,,=10'°G, 130M CH
"(Quir ) 0 QUGG Q6 O W
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Prompt BH formation

1295.22 ms

)

500 km
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» Butterfly diagram suggests MRIdrivenk h  d y n &me&0.03s vs P;=0.03-
0.04s

» Generation of largescale B-field Blandford-Znajek mechanism.
0 DpmQINQ



Mass ejection from prompt BH formation

Ejecta mass evolution
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Inferring the EOS from ab initio simulations

Lifetime of the remnant massive neutron star
Prompt Short-lived Intermediate lived Longlived
- Os - 0(0.01) s - 0(0.1)s - 0O(1) s
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EOS stiffness: Soft GFHO) Stiff (DD2)
Binary mass: Large Small
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Shortlived remnant formation (kK et al. PRL 23
1.2s simulation SFHo-1.2-1.5M  u x....=150m&200m, 85M CH

W 0 O DK .

Time: 7.52 ms

&
~
o
o
Q
oV

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




No -] et ° f-hvedremnhamtdorngatiom r t

No jet until 1s at least.

Ram-pressure/Mag-
Butter-fly diagram pressure
) | - 9
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» BF diagram indicatesthek h dy namo g e n e rsaaleddieldt |
» Resultant large scale iIs not strong enough to overcome the ranpressure.

Why? Disk rotational energy is p 1t erg, c.f. RemnaniNS rotational energy
IS P T erg.



Moy Mege( M)

Mass ejection from the shortlived remnant formation

Ejecta mass evolution Masshistogram vs Y, Mass histogram vs v
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Inferring the EOS from ab initio simulations
Lifetime of the remnant massive neutron star

Short-lived
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Intermediate lived remnant formation casekKk in prep)
Mehin,=1.186M , BHBI0O , 4 X;05=12.5m, 0.7 second, B, =10"°G, 150M CH
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Pinning down the] mdynamo in BNS

Butterfly diagram

B, (C)

0.04
te t.'nc.'gc.' (ms)

0.02 0.03 0.05 0.06

Theory vs simulation

lelS
5 R [km]

Ay [cm/s] k.[cm '] dQ/dInR[s7!] P.q [ms] Pgr[ms]
0 10 8.0 x 10° 2.4 %107 3359 8.8 12
g 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 thamean-field large-scale dynamo

theory (not shown)

» The most relevant prediction is

~

U

¢ ( agraiva) ’ _
0,B, = RBEV Q.

GtBR = 0,€, ~ 0, (a,u,By)



ZJet © f rintemediale-édved remnant formation

Poynting flux Required jet kinetic energy (GW170817)

—
[—

T
|”‘i'?ﬂ
107 (A) “I'ﬁl [ l"i"ll I X .- PV 1'-i;.'l'-ls;‘-"l-.:.'-.-'.-."|_'-'_-'.,-T [ W R
YR ) : -+ il !
51 L | W h_ R N 7. ot
10 { "J"#‘| '{1 i) e

T m-ﬁ[] L i o
TL h‘li' V
T, 1049 b
B F —— Lpgy, Axig =125 m

- ke L L L L ! ! ! ! ! !
~ 107 | %’H — Lpgyimpcrze, Axgg = 125 m ] < =2 o3 oF oF g 2 o= oF &
| = - -} i v . - : T .

by Ramluly]
I T I

L 2 Iu[.Eh' li 'l .—J.‘ |

e e i o T O T OTT LT

QO Lo O — D

ik Fame ) ok
E—
- o
——
———

= T oIt
T T T T

& o = . = N & o
—————— 125 m — 25 m (frge = 15 ms) B o= ' 2 ' 2 - ] 5

|
., .,
- ]
. -,
| F: s
AT ] s . L=
107 F . & & ¥ ¥ o o ¥ oa & ¥
o = f 3 A & =] = = L~ F WF ar L d =1 e ol
e 5 m =4 50 m (ty, = 80 ms) »F 5 & # & P i : s & 8 P
A6 v F = & el = & & N
2L - . . - T . = o & & G i & £ . 's
10 ——— 50m — 100 m (frm = 155 ms), Cowling S A o & v &
R = = o
) & 8
L a5

0 50 100 150 200 250 300
t - iF|1|:'-r5_:-,[--r [][15]

105

U DpmnQifQ Iflsecondduration and 10% convergence efficiency

are assumed, It is consistent with the required jet kinetic energy In
GW1/70817(see also Sadeh & Waxman 24).
> 3 O Tl



Intermediate lived remnant formation case

Ejecta mass evolution

Mass histogram vs Y
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Intermediate lived remnant formation case

GW signals
- e x107%2
[ T
C) —
5.0 hs
= 2510
':il':_:
ar
| 0.0}
= |
% =25
—5.0 ¢t

0.00 0.02 0.01 0.06
i — f‘I]h[?]’gP]’ [h]

The energy emitted in the postmerger phase is below the observed upper lim

(LVK18).



|l nferring the EOS from

Lifetime of the remnant massive neutron star

Short-lived Intermediate lived Longlived
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Inferring the EOS from Rprocess nucleosynthesis

Lifetime of the remnant massive neutron star
Prompt Short-lived Intermediate lived Longlived
- Os - 0(0.01) s - 0(0.1)s - 0O(1) s

< )

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

101t

R-process universality: SFHo
Kilonovain GW170817: SFHo



End-to-End modeling of GW170817
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A prelude to magnetar formation in BNS
1.35-1.35M , DD2,4 x=6.25m, By ., = 3x10'2 G, 480M CH
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10 Kiuchi et al. 24
(U Expected saturation energy
1()—11 ..........
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At least, the EM energy reaches an expected saturatiolevel (see also
Guti Crrez et al. 26



Another potential largescale dynamo
OB =V x(UxB+¢),

MRI-Inactive MRI-active f—uxb _
) . = u X Tayler-Spruit dynamo loop
=00 }ﬂ_ — — 15.0 i Differential rotation Tayler instability
- 0 — P shears B, into B, generates 68,
7000} N T /_ T~ 45 ~ -2 44 =
GOOO . y % %
/ 114.0 7 — s = —_—
o / g -~ . : = —t
— 5000¢ 4 ar B e vl e =
E L ~ 1:*- 13:5 gj; L \ / ‘ ‘
= 4000 Ty 4] 30— (i i il
0000 5000 2 N I g .
3000 W 11125 9
2000y | 1000 S s
l =19 112.0 “'
10N }q }' 2 _1 10° 6 10° 8 1[?’ 10 . E, generates B,
r (km) Spru |t 98

BarrGre et al. 25

» Deep inside (Outside) core iIs MRFEinactive (active) region
» Bulk EM energy is contained in the MRIlinactive region.

Tayler Spruit dynamo could be the case in the core.



Z [km]

Tayler Spruit dynamo in BNS(Rebout Salzeet al. 25)

lel7/

10 174G

By’ [G]

X [km]
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» 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 longlived case,0 Dp TQI FIQU TLg | U ,
and the solar R process can not be reproduced.

» The intermediate case0 Dp Qi FIQL Yo DU 8

» For the shortlived case, no strong jetp gt purg L U , and
the solar R process is reproduced.

» For the prompt collapse casep D p mQi fiQu T8t TIug .

Caveat: A large systematics in hydro. simulation, in particular, MHfdrbulent
case.



Mean B-field in MRI-active region

MRI-1nactive MRI-active
K000 — 15.0
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» Deep inside (Outside) core iIs MRFEinactive (active) region
» Bulk EM energy is contained in the MRIlinactive region.



Prompt BH formation

Rest mass density MRFquality factor Mean poloidal Bfield

t = 14.96 ms

Logyol p (g/cm”) ]
[T T | | ' ‘ [ | | S

4 6 8 10 12

Once the MRI starts to be resolvedithe mean poloidal Bfield is generated
Pireory = 0.03 s vs Py = 0.03-0.04s




Electromagnetic emission in compact binary mergers

R(paid)-process nucleosynthesis and EM

(Lattimer & Schramm 74, Metzger et al. 10Li & Paczynskio8) S

Role of the rprocess elements - = ﬂ
» Heating source via radieactive decay(kasen et al. 17 € et I
’ - R R

em 10 ergs gt (o) B e

. . ! |

» Opacity source (Lanthanide elements) B IIEII

(Barnes & Kasen 13, Tanaka &Hotokezakal3) —— IS AA

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 (OpticalR) 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~ éM.; ~ 6 x 10%! —1 2J° —
ey B2 10 Cle s (0.03M® day

» Peak Luminosity




R-process nucleosynthesis and its opacity

Lmﬂde Optical IR
c 10:; E 10! _ \ \w;:mh tr f-_.JH'y d m _é
- G ™ *W i
R \X\ ,,,,,, l ) mzE ....... ‘ | N l\l uw W

0 5000 10000 15000 20000 25000
Wavelength (A)

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

> Y, 0.25 produces negl i1 gi bl _elow
opacity in optical

» Y, O 0.25 produces lanthanide high opacity in IR

» Neutrino reaction determinesY, of the ejecta

Tanaka et al. 17

S
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Superlong-term BNS inspiral simulation (kk 25)

Residual phase error

]_{:]1 E T T T T ] i ] E 1 1 1 1 1 ] T
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» Fourth-order accurate finite volume Riemann solvgkK 25)
» 1 %o T X T8tY W@ Q0 € a Pudi%o ® Y
e § W@ ai av Qi

» 100 GW cycles



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

Tidal force > NS self gravity O (Mgy/M o) 22 (Myo/Rys) ™t Mgy
If liga > Tisco.  T1dal disruption

ligal < Tisco.  NO tidal disruption
*ISCO = Inner Stable Circular Orbit

lidal

Key ingredients of the mass ejection in BHNS are
» Spin of BH

» Mass ratio (Mg /M o) NS (Mys)
» Compactness of NS (Ms/R \s)

Hft FOS= &madl ’ < ) X

1) isco Rys
Rus | | aty)




ADb Initio simulation of BH NS (K. Hayashi, KK et al. 22,23)

Time: 0.01 ms
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Numerical modeling of BHNS merger
Magnetically IgoWoepiEPoﬁ'njcinﬁl_tur%inosity

Magnetically tower =-jJet?® buill ds u
Lis, and B ;; are roughly consistent with the observed values.

ISO



