Frontiers in Numerical Relativity

YUKAWA INSTITUTE FOR
THEORETICAL PHYSICS



Outline

Part |

» Introduction : What are gravitational waves ?
What do(did) they tell us ?

Part |l
» Frontiers in Numerical relativity simulations of
binary neutron star mergers



Introduction before 2015



What are gravitational waves ?

Ripples of the spacetime predicted by Einstein
almost 100 yr ago.
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© YKIS2013 poster, the rock garden in a temple in Kyoto

They could see a region which is opaque for the EM signal.



Indirect evidence of GW

Image of the binary
pulsar

Russell Alan Hulse 1950~ Joseph Hooton Taylor, Jr.. 1941~

Hulse and Taylor have found the binary pulsar PSRB1913+16
in the Arecibo observatory in 1974,

= The orbital period gets shorter in time.

It implies the energy is radiated from the system.



Indirect evidence of GW

GR predicts the GW with which the energy is carries away.
The shift of the orbital period of 1913+16
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The GR prediction agrees with the observation within 1 %.
= Hulse and Taylor have gotten the Nobel Prize in 1993.

Their work is recognized as the indirect evidence of GW.



Toward direct detections

h.~10-22 ~Size of H atom / the distance from Earth to
Sun
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Introduction after 2015



The first direct observation was done!
GW150914 (Abbott et al. 16)
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» Black hole-black hole binary of 36 M_-29M,
» Luminosity distance is 410+1%0 .. Mpc
» Final object is the Kerr Black hole with y =0.67



The 2M event
GW151226 (Abbott et al. 16)
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» Black hole-black hole binary of 14M_-7M,
» Luminosity distance is 4407180 ., Mpc
» Final object is the Kerr Black hole with y =0.74



The 3rd event
GW170104 (Abbott et al. 17)
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» Black hole-black hole binary of 31M_- 19M,



The 4t event
GW170814 (Abbott et al. 17)
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» Black hole-black hole binary of 31M_ - 25M,
» First detection done by three detectors.
Triangulation indeed works!



The Hth event

GW170608 (Abbott et al. 17)
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» Black hole-black hole binary of 12M_- 7M.,

Black Hole Binaries exist in the nature!



Multiple detections by LIGO+VIRGO
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» 10 direct detections and one candidate: All the

events are a BH-BH merger
» Event rate is 9.7-101 Gpc=3 yrd



The Nobel Prize in Physics 2017

§ A The Nobel Prize in Physics 2017

% Nobelpriset i fysik 2017

Med ena hilften till och med den andra hélften gemensamt till
With one half to: and with the other half jointly to:

THE ROYAL SWEDVSH ACADEMY OF SCIENCES
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Rainer Weiss Barry C. Barish Kip S. Thorne
LIGO/VIRGO Collaboration LIGO/VIRGO Collaboration LIGO/NIRGO Collaboration

"for avgérande bidrag till LIGO-detektorn och observationen av gravitationsvagor”
“for decisive contributions to the LIGO detector and the observation of gravitational waves”

3 October 2017 © Kungl. Vetenskapsakademien




GW170817 as a BNS merger event

Normalized amplitude
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Sky map by LIGO + VIRGO
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» Aug. 17th 2017, 74 sec. signals detected by LIGO-
Hanford.
» S/Nis 32.4



Real Multimessenger Astronomy Era
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APJ 848, L12, 2017

» GW = y -ray = UV, Optlcal IR = X- ray = Radio
» Host galaxy (NGC4993) was identified by the

optical telescope (SSS17A)



Source properties of GW170817

1.4

low NS spin
1-3 / .
I |Xz < 0.05 prlor
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2 T T high NS spin
prior

LSC and Virgo
' collaboration
: PRL 119,
161101 (2017)
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» Mass measurement of NSs.
mq: 1.36-1.60 Mg, m,: 1.17-1.36 M, (low spin prior)
m,: 1.36-2.26 Mg, m,: 0.86-1.36 M, (high spin prior)

» Luminosity distance is 40+3_,, Mpc



Tidal deformability measurement of NSs
LSC and Virgo Collaboratlon PRL 119, 161101 (2017)
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» [idal deformation A is related to a NS radius =
Information of the NS equation of state.

» Soft EOS is favored (A < 800)



Detection of GRB170817A
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» E.. ~ 5x10% erg (too dim)



Detected UV-Optical-Infrared emission

Arcavi et al. Nature 24291, 2017 Drout et al. Science (aag0049)
LCO . —

18 August 2017 00:15:23 - —15.0F

5000 10000 20000
g [ FHES (A)_‘+O,5d

10000K
1+0.7d

| 7600k
J4+1.0d
16600K
+1.5d
15100k
+2.5d
| 3700k
H#+3.5d
13300K
T+4.5d
] 2800k
\NH+5.5d

D\ | 2500k
+7.5d
12400k
I 1+8.5d
—-175L L .- 2500K

» Rapid reddening fromUVtoIR | 7 =

» Spectrum is quasi-black body 2000 5000 10000 20000
] Rest Wavelength (A)

» Long-duration IR — e .

component & short-duration UV Optical IR

UV-Optical component

(B)




About 160 days observation @ Radio, X-
ray observation after the merger
e

Margutti et al. 18
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» Structured Jet (Margutti et al. 17, Gottleb et al. 17)



Superluminal motion of GW1/70817
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» Superluminal motion of the source image in radio
» Light curve fitting suggests a sharp decline at 170
days after the merger

= Strong suggestion of the relativistic jet



Science target of compact binary mergers

Exploring the theory of gravity

»GW150914 etc. is consistent with GR prediction
(Abott et al. 16, 18)

But, it does not imply that GR is the theory of gravity
in a strong gravitational field.

cf. Quasi normal mode from a merger remnant of BBH
could prove the theory of gravity (Nakano et al. 16)



Science target of compact binary mergers

Exploring the Equation of State (EOS) of NS matter
NS interior state is poorly known
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» Extraction of the information of NS mass and radius
imprinted in merger waveforms=The EOS of NS
matter (Flanagan & Hinderer 08 etc.)



Science target of compact binary mergers

Mystery of the central engine of Short-hard Gamma
Ray Burst
» B o, ~10%9-10°t g cm?s72, Duration ~ 0.1-2 s

They release the huge energy in a short time scale = A
compact object could drive them.

Light curve of GRB Image of GRB
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Science target of compact binary mergers
Origin of heavy elements in the Universe
Nucleosynthesis by rapid neutron capture process
= Mystery of the nucleosynthesis site

© SciTechaDaily *

»NS-NS/BH-NS merger=Mass ejection of the

neutron rich matter=R-process nucleosynthesis
(Lattimer & Schramm 76, Wanajo et al. 14)



Science target of compact binary mergers

Electromagnetic counterpart of GW sources
Sky map of LIGO events

GW170104

N 6wi51226

GW170817
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T AR R “::
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(Milky Way image: Axel Mellinger)

GW170814

» Sky localization is not good by LIGO, c.f., 620 sq deg.
for GW150914 = Hard to identify the host galaxy
» Simultaneous detections of EM signal is necessary

» Radio active decay of the R-process elements (Li &
Paczynski 98)



GRB130603B as a macronova/kilonova event ?

(Berger et al.13, Tanvir et al. 13)
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Basics of numerical relativity



A step toward the physical modeling of compact
binary mergers

Numerical Relativity ; Including the basic interactions,

» Gravity (General Relativity)

» Strong interaction ( )

» Weak interaction (Neutrino)

» Electromagnetic force (Magnetic field, cf. NS B-field 101115 G)

in self-consistent way to figure out high energy

astrophysical phenomena in strong gravitational field.
Einstein equations

1 G
RMV(829MV7 OGuv) — §9WR = C—4Tlﬂ/
Conservation laws
V“Tﬁw =0, TH = + T(/;fad) + v Fab —47Tj ]

V“J“ = 0, JH = n(baryon)u'ua n(lepton)uua etc V[anc] =0
Fquation of state (Closure relation)

P =




Current status of Numerical Relativity

Constrain eqs. Realistic Initial

i condition /

:

3
| Apparent Horizon finder | I I GW oxtraction I
¥ =

RN

| Excision inside AH |

Slide courtesy of Sekiguchi

BSSN formulation

" (Shibata & Nakamura 95,

Baumgrte-Shapiro 99)
cf. Generalized
harmonics formulation
(Caltech-Cornell-CITA),
Fully constraint scheme
(Meudon-Valencia)

»GRHD
»G RMHD
»GRRHD
»GRRMHD

General Relativistic Magneo Hydro Dynamics (GRMHD)
» Formulation by Shibata-Sekiguchi, and Duez et al. (Shibata &

Sekiguchi 05, Duez+ 05)

General Relativistic Radiation Hydrodynamics (GRRHD)
»General Relativistic Leakage scheme (Sekiguchi 10)
» Truncated Momentum formalism (Thorne 81, Shibata, KK + 10, Shibata-

Sekiguchi 11, Kuroda+12, O'Connor & Ott 13)



Ingredients for numerical relativity

» Solver for Einstein’s equation : Formulation for a
stable simulation

» Solver for relativistic (magneto-)hydrodynamics :
Shock capturing scheme

» Gauge condition : Choose time and space
coordinate

>
>

>

» Mesh refinement technique : Adaptive or Fixed
mesh refinement



History of Numerical Relativity

» 3+ 1 decomposition of Arnowit-Deser-Misner (Intrinsically unstable)

» Shibata-Nakamura formulation (Nakamura et al. 87, Shibata-Nakamura 95,
Baumgarte-Shapiro 99)

(aumgarte)-=(hapiro)--(hibata)-/(akamura) formulation

Numerical Relativity: 30-48-years of challenges

arn 1999
1 “ah 1994 (Cook) BSSN evolution . 2004
(ADM) Bowen-York initial data system (Briigmann et al, PSU)
3+1 formulation . One orbit
| 1997 Grandt- | 10092000 T et
1964 . Briigmann) . (AEIfPﬁU) Break t;mwg b
: ; 984 Puncture initial data razing collisions . . .
Excision
Megafiops I Teraflops Petafiops
[ 1994-1998 GRAND I
1975-1977 CHALLENGE 2000-2002 2005-2006
(Smarr-Eppley) (Alcubierre, AEVUNAM) UTBNASA)
First head-on collision LIGO (NSF) gauge conditions Brfa-akthroughs
in axysymmetry Multiple orbits with
2000-2004 puncture data
1994-1995 (AEUTB-NASA)
1989-1995 (NSCA-WashU) Revive crashing codes
(BonaMassol Improved head-on Lazarus waveforms! o
rl“1 '; |fc|?"jdlj‘sl3t’|‘[1 collision 2002-2005

) bolicity) (Cornell, Caltech, LSU etc)

(hyperbolicity) (-om :

i Y) 1=t order formulations
(hyperbolicity!)

Slide courtesy Carlos Lousto



History of Numerical Relativity

Long-term simulation of binary BH
» Pioneering simulation by F. Pretorius (Excision technique of BH

interior)

» BSSN-puncture method (Campanelli et al.06, Baker et al. 06)

Numerical Relativity: 30-40 years of challenges
1999

1962
(ADM)

1994

Bowen-York initial data

(Cook)

BSSN evolution
system

Other ingredients

2004

(Briigmann et al, PSU)

»Gauge condition
suitable for simulation

»Realistic initial
reator  condition

3+1 formulation One orbit
(corotation)
| 1997 (Brandt- | 1999-2000
1964 Briigmann) (AEI/PSU)
(Hahn-Lindquist) 1984 Puncture initial data Grazing collisions
2-whormholes (Unruh) (No Excision)
Excision
Megaflops l Terafiops
1994-1998 GRAND
1975-1977 CHALLENGE 2000-2002
(Smarr-Eppley) (Alcubierre, AEI/UNAM}
Flrst head-on collisign LIGO (NSF) gauge conditions
in axysymmetry
2000-2004
1994-1995 (AENUTB-NASA)

1989-1995
(Bona-Masso)
Modified ADM,
(hyperbolicity)

(NSCA-WashU)

Improved head-on
collision

Revive crashing codes

Lazarus waveforms!

2002-2005

(Cornell, Caltech, LSU etc)

1%t order formulations
(hyperbolicityl)

Slide courtesy Carlos Lousto



3+1 formalism

4

nd : unit normal vector to the hypersurface nen® = —1
Y ., - 3 metric on the hypersurface

Yab = Gab T MaTlh
This tensor is a projection tensor on the hyepersurface;
ngy'y, =0= ’}/”‘be =0

for any spatial vectors on the hypersurface.



3+1 formalism

Introduce a global time function t s.t. a time-like vector
field which is the tangent to the time axis;

t* = (0/0)* = t*Vat =1t =1

Let's define the lapse function and shift vector as
a = —tn,, B =ty
=t = an® + B¢

Components of the unit vector is

ne = (—,0,0,0),n% = (1/a, ' /)

Pythagoros theorem tells you

ds? = (—a® + B'6;)dt* + 2B;dtdz’ + v;;dx"dx?



3+1 formalism

Covariant derivative w.r.t the 3-metric
D, T =" 7’ 7 o VTV

Extrinsic curvature

1
Kab = _’Yacvcnb — _§£n’7ab

= Otvij = —2aKi; + 2D b))

Extrinsic curvature is a measure of the bending of the
hypersurface.

u'Kap = —uVeny

u@ is a spatial vector field tangent to a geodesic on the
spatial hypersurface.



3+1 formalism

(Gauss equation

4
Rabed = ’Yae’}/bff}/cg’}/dhﬁgf)gh + Koa Kpe — KacKpg

Codazzi equation

e 4
DoKpe — Dy Ko = _f}/adf}/b fchnge?fgng

Decomposition of the stress-energy tensor

b



3+1 formalism

Contraction of the Gauss equation gives
Rac = 7" (RS + RUpn'n?) + Kap K. — KooK
R=RW 4+ 2RWntn? + K, K — K? = 2Gnn® + K, K® — K2
Projection of the Einstein’s equation (1)
G n’n® = 87T, nn’

R— Kz K% + K? = 167py,
This is the Hamiltonian constraint equation.

Note that it does not contain the time derivative of 3
metric and extrinsic curvature.



3+1 formalism

Contraction of the Codazzi equation gives you
D, K, — D K = —’}/be(gdf + ndnf)Réi}gng
— _%GR%)RQ
Projection of the Einstein’s equation (2)
GeaYCqn® = 87T a7va 1
= D, K% — Dy, K = 8rJ,

This is the momentum constraint equation.

Note that it does not contain the time derivative of 3
metric and extrinsic curvature.



3+1 formalism

Projection of the Einstein’s equation (3)
Guy’yﬁf}/”i = 87T 7",
= 8th'j = @((B)R@j —+ KK@j) — QQKigKlj

1
— 8ma(Si; + 5 Yij (pg — S") — D;D;a
+ D" Kpi + D" Ky + 87 D, K

This is the evolution equation and the equation for the
extrinsic curvature is recognized as the time evolution for 3
metrics.

6{}/1'3* — —2(]5ng -+ QD(?;BJ;)



3+1 formalism

But, the ADM formalism was unstable numerically.
Linear GW propagation cannot be evolved for the long time.
Numerically-induced constraint violation mode grows in time.

Baumgarte-Shapiro-Shibata-Nakamura-puncture
formulation

» Conformal decomposition
Yij = W %5, W = exp(—2¢), det(7i;) = 1
. 1
—3
Kij = W Az;} — g’}/zjK, K = trace(Ki*)
» Introducing new auxiliary variable

kg =~ A ~17
Fi = §/ @;%k or " = —Dj’)/ J




Baumgarte-Shapiro-Shibata-Nakamura-puncture
formulation

» Rewriting a part of the Ricci tensor with F.
s 11,%
iy = Rij + 1

~ 1~ ] ~ 3 .
= Rij — = il [8;385%5; — 83-6,{3%5 — ajak’}/iﬂ] + ...

2 N

6jFi & &'Fj

» Rewriting the equation for F. with the momentum
constraint



Baumgarte-Shapiro-Shibata-Nakamura-puncture

formulation
(0 — B'O)Nij = —20dij + Yik0; 8" + 3jx0k B* — %%jakﬁk
1

g%’ijk)

1 - - .
— WQ(D?;DJ'O{ — g’yijDkaO{)] + OJ(KA?;j — QAEkAf)

(0r — B'9)) Aij = [aW?(Ryj —

~ 9 .
+ 0i8" Arj + 08" Awi — §ak:8kAij
1

— 87T(]5W2(S?;j — gskk)
(@~ B'a)W = W (0K — 0,5")
(9, — BYONK = af Ay AT + %KZ]

- ;W
— W?3*(D'D;a —
W

&ijaja) + dna(pm + Skk)

(0r — B'ONF; = 20[(¥™ — 1")0; Au + 0;7" Ay
1 30, W
5’}/3 8 Ajg — 7 — —8K] — 2?’] 8 a@k ik
+ 070 0; B8Ok + 07 (0571 0k B + 07710k B" — §’%j3555)

— 167 d;



Baumgarte-Shapiro-Shibata-Nakamura-puncture
formulation

Gauge condition
(0; — B'O))a = —2aK
&;Bi — "ﬁ?ij (Fj + At@tFj)

These gauges satisfy desired properties such as
» Singularity avoidance
» Suppression of the spatial distortion

Simulating a black hole spacetime is feasible !



Current status of Numerical Relativity

Constrain eqs. Realistic Initial

i condition /

:

3
| Apparent Horizon finder | I I GW oxtraction I
¥ =

RN

| Excision inside AH |

Slide courtesy of Sekiguchi

BSSN formulation

" (Shibata & Nakamura 95,

Baumgrte-Shapiro 99)
cf. Generalized
harmonics formulation
(Caltech-Cornell-CITA),
Fully constraint scheme
(Meudon-Valencia)

»GRHD
»G RMHD
»GRRHD
»GRRMHD

General Relativistic Magneo Hydro Dynamics (GRMHD)
» Formulation by Shibata-Sekiguchi, and Duez et al. (Shibata &

Sekiguchi 05, Duez+ 05)

General Relativistic Radiation Hydrodynamics (GRRHD)
»General Relativistic Leakage scheme (Sekiguchi 10)
» Truncated Momentum formalism (Thorne 81, Shibata, KK + 10, Shibata-

Sekiguchi 11, Kuroda+12, O'Connor & Ott 13)



Relativistic hydrodynamics
'V, T",, = 0 (Relativistic Euler eq.)
n*V,T", =0 (Energy eq.)

= 0;Sk + 0; (/7871 — B7S) = —SpOra + S; 015"

— %a\/f_ysijak’yij

0¢So + 0;(—SpB" + aS') = a\ /7S K,; — S;D'a
where

= —/VTpwn"y", = V/ypwhu;

So = /YT nt'n” = \/f_}/(ph/wz — P)

P =P(p,e), w= —fn,ﬁ,ﬂu’“’,h:1—|—(—:—|—E
Sij = phuju; + Prij g
Vu(pu") =0, (Continuity eq.)

= Bi(pv/=gu’) + 0i(pv/=gu’) = 0




Extension to relativistic magnetohydrodynamics

Maxwell eq.

Vo F* = —41j°,
v[anc] =0

Stress energy tensor of the EM field

1 1
T(EM) — 471_ (Fach — ZgachdFCd)

3+1 decomposition
Fab — ?’laEb . ?’lea i eachc’ Ea — Fabnb’ Ba — %Eachbc
The Ohm’s law

79+ (jbub)ua = g, F%y,, 0. :conductivity

J* = pen” + 9"



Extension to relativistic magnetohydrodynamics
Constraint eq.

n"V,F* = 0, (/7YE") = 4m/yp. (Gauss’ law)

€"V1aFye) = Ox(v/7B") = 0 (no mopole constraint)

Evolution eaq.

0 (JTE') = O AFE* — BB + ac1,)

— 47r\/f_}/(af}/i 3% — pef’) (Ampére-Maxwell’s law)

Or(v/7B") = =0 { /7 (B'B* — B*B" — ae" E;)} (Faraday’s law)
Continuity eq.

vaja =0= at(ﬁpe) + ak(jk — ﬁpeﬁk) =0
T* = (0 + B) o0 + 0ey/T1— (0 + B)BIu; + a(wB' + 9¥u; By)]




Extension to relativistic magnetohydrodynamics

ldeal MHD approximation

F*uy, = 0 (Electric field in the fluid-rest frame vanishes)

= F% = 4,€%%p,. b* : Magnetic-field in the fluid-rest frame
1

= Ei — ——EzjkujBk
w
Stress energy tensor
1 b? 1
TéfM) — E(bzua’u,b + ggab — babb); bo = ;[Ba + Ua(BkUk;)]
Maxwell eq.
ak(ﬁBk) = ()

0(VAB") = Ou{\A(v'B" —v"B")}



Extension to relativistic magnetohydrodynamics

Relativistic MHD-Euler eq. & Energy eq.

b2 .
0:S; + O S?;‘Uk—l-a Y(P + — 5kz‘— QﬂBk B; +u; B’u;
J

1 Amw?

Y .
= —Sp0iar + Sk — Tﬁsjkaz"}"jk

2 o ,
8¢So + [Sov® + A (P + b—)(vk + %) — ﬂBk(uij)]

7 4w
= a/7S;; KV — SpD"a
where

Si = pyFwhu; + L [B2u; — (Bu;) B

Amw

Y 1
So = py/ywh — Py/v + E[BQ - ﬁ(BQ + (B*uy)?))



Numerics
» For Einstein solver, finite difference scheme is
straightforward.

-2 -1 j j+1 j+2

O O O O O x-dir.

Tayler expansion tells you the 4th order finite

difference should be

a:rcblm:a:j _ _(b(wJ—I-Q) + (b(mJ—Qi;—Ai(b(xj—l—l) B 8¢(IJ—1) 4 O(A£U4)

Evaluation 1st and 2nd derivative terms in Einstein’s
equation with 4th-order finite difference scheme.

Time updating is done with the 4th-order Runge-
Kutta method.



Numerics

» Convergence study is important. Otherwise, you
cannot draw a scientific conclusion.

Order of convergence

8tt(b -+ 628$$gb — 0
Apply the 279 order scheme;
(b;b—}—l o Q(b? 1 (,b;L_l

NS = 8tt¢’? 4, tzatttt@n T O(At4)
. ZQ/)?’L 9
+1 1 n n
j A 12 J — $$Q/)| + 4'A3326$$$m¢’j + O(A$4)
Original equation is transformed into
Osrh + 2 0pph = —E(Atz — AAL? ) mm(ﬂ? + O(A:L‘4)

4)



Numerics
» In hydrodynamics simulations, shock wave may

appear.
Shock = Discontinuous physical quantities

Therefore, Tayler expansion is no longer valid at
shock.

= Shock Capturing Scheme is necessary



Numerics

» For relativistic hydrodynamics solver, the high-
resolution shock capturing scheme is employed.

0:Q + 0iF* =0

j-1 J j+1

@ @ @
SRV =) Y

-1/2 j+1/2
» Evaluation of the numerical flux F* at the
interface
» Update the conservative variables Q with the
numerical flux F*
» Many options to estimate the numerical flux F*,
our choice is Harten-Lax-Lee flux solver

x-dir.




Numerics
» Mesh refinement technique is employed

Adaptive mesh refinement  Fixed mesh refinement

» Normally, grid resolution of the coarser level is

twice of the finer level.
It is possible to resolve NS/BH(O(10km)) and GW

wavelength (O(100km)) simultaneously.
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A Role of simulations in GW physics
Figuring out a realistic picture of BH-BH, NS-NS, BH-
NS mergers

Numerical relativity simulations on super-computer
with a code implementing all the fundamental
interactions

fb Einstein eq.

» Magneto Hydro Dynamics
» Neutrino radiation transfer
\b Nuclear Equation of State

» The NR simulations of the BH-BH merger played an
essential role for the first detection



Frontiers in Numerical Relativity

YUKAWA INSTITUTE FOR
THEORETICAL PHYSICS



Numerical relativity simulation of
oinary neutron star mergers




Overview of binary neutron star merger (Bartos et al.
13)

LhEBETH i = e

L W gy '1_.‘.!.:__. BH *
" " [ ol

/,,-- . Type | | st S~ stable

M e “' accretion I — g kHz
inspiral ’ s J-r-Q~ 3 -

. -~ merger 4 hypermassive NS .BH
NS oy

My =Mrsz | Type | ringdown

1-3kHz 2—4kHz &
=1 kHz 5 —6kHz 6:.5— 7 kHz

Time

Type | or Type Il is determined by M and M___,

M: total mass, M, ., : Maximum mass of spherical and
cold NS (EOS dependent)

» M >k M__ = Type | (Direct BH formation)

» M < kM, = Typell

1.4 = k =1.7 (Hotokezaka+ 11)

What's the origin of k greater than 1 ? = Rotation and

thermal pressure (Shibata-Taniguchi 06, Sekiguchi et al. 11,
Keplan et al. 14)

X




Observational evidence

M-R relation

Double NS Systems

Mass (solar)

Mass of observed NSs (Lattimer & Paraks

Z i
1 QImp. e
it i =
J1811 IR, -
Ligoe —i=
J 1906 —_—
i -
TR, ¥ dou
E‘i { f * npu#pun slar
1 P- *, hinaries
B19 i
E;? %mp, E..It:ini'l'rﬂ-w pubiar
B2 e, atiwis
,,E; E}% . h | dsbie pubsar
J1 & ]
‘” .I:.D'l'l';lnr. L3 l- 1 : lI llllllllllllll u
1.0 1.5 2.0 2.3 3.0

Nucleoqs ) Strange Quark Matter

Radius (km)

Meulron star mass (Mg)

» Lower bound of maximum mass of NS is 2.01 £0.04 Mg

(Demorest et al. 10, Antoniadis et al.13)
» Canonical total mass = 2.6-2.8 Mg

The type Il is likely to be realistic (2.74+0-04 , .M, GW170817)



Binary Neutron Star

Type | GW waveforms (Different EOS or mass ratio)

L (a) A2.9-08 ' ' ' ' ' 1
; fal N\ A :
?\/\/\J \“u'ﬂﬂ H/ I'!.l{ IIJm%wmi

L (b} 32.8-1

O h, i M,
= e oL
L7k T e b LR

2

.'l v & L :' 1 0] H r1 vk LR b
'J....:jlll:...'T..._.'....'.I....l-....'...._-...'._...ll..'._..r._l..!.:lli".:.isel__-\_l_

RSV BB BRFR-

D h, ! My
0k LTV e T s T
T T -

o ."%--.I

NN
N\ AT ."/\-. AWML .
/ '.\ i“ XN gt i 1
“ !I \ V‘ II l‘ \ |
/ Vo Aok 0N f \ fasikag i
vV VIV V|
L v

L (o) F2.6-008

Amplitude

LT (T
w N = O = N W

D h, / My

0 4 8 12
Time [ms]

5 h o od,bd o ob.d oo

=]
o0 Selelds el

i b P N =it 1)
LI T
T

-7 & 5 -4 -3 -2 1 ] 1 2
Lt~ Lperge [ME]

Do we solve the inverse problem ? (GW = EQOS)

64



e e e

Binary Neutron Star
Type |l GW spectrum

R
H5-MHS

. .
h o = 30 km
L1 L} RN
LY | . e " ER R Rl 5
b} ", TIETE oo [Giasiimims S i (S wica [ e ARG e e R
b .
LY N e w
. § L P T -
- '_ _' L LN S
e g L ' 8.24945259 ms ’
- — - LY -
) 2] 1 =
[} .
36
]
Ty, 0
R
5
:
fd

-

P
Tt

Type | case

Cut off frequency f_, reflects a point where binary
configuration is lost.

— f_ . imprints a radius of NS (KK et al.10)

Extract f
models.

«ut PY Titting simulation GW spectra for various



Binary Neutron Star
Type | f...— Compactness relation

0.032
0.03 A(2) » A(3) ]
0.028 s(1) \3’¢//

0.026 A[.” \ f;,,
0.024 ‘ ‘ ¢
0.022 \
0.02 f-r-mmrmmm oo o oo o oo

',

0.018 -FE-?_;O-B A2.9-0.8
0.016
0.0

m; : mass of light
companion

G fo My /C

eranB
046 017 018 0419 02 021

Compactness Gml/ RC2

Clear correlation of f, ,— Compactness
» Mass and mass ratio are determined from inspiral
waveforms
(PN waveforms)
» T, from merger wavetorm
= Reconstruction of M-R relation




Binary Neutron Star

Type | Merger hypothesis of SGRB
foue = Compactness relation Disk mass — o / f ., relation
0.082 — . . . v
0.03 } A(2) A(3) APR —a— | F2.7-0.8 FEEGE;:-
0.028 | :/ oo Sty e l ©  $a2908
=, 0.026 | A1) \ s - ' :]:AECIE
= | ; 5231
| i 0.001 4 5 1 A2909
| Fi1) > 'R .' $
£ DLOE o i e i i s e 0.0001 f’? ':‘
0.018 [F2.708 Tao g.0.8 APR —e— - ‘
SLy -~ :
oot er 6-0.8 FPS -~ 16-05 '
0.014 - - 0.18 0.2 0.220.240.260.28 0.3 0.320.34 0.36
0.16 017 018 019 02 0.21 o/t
Compactness
chutml/c3 < 002 ::> Mdisk Z OOlM@
0/ foear = 0.25 Candidate of central engine of
SGRB

Simultaneous observation of GW and SGRB would
verify the merger hypothesis. 67




Type || Merger (Hotokezaka et al. 13)
Density contour on the orbital plane (EOS = H4, 1.4-1.4M)

t=0 ms
15
14 0.15 |
0.1 -
= I 13 0.05 k-
i -
= + 0 -
= o -0.05 |-
-20 -0.1
_SI:] 11 _0-15 -_I L 1 " 1 " 1 " 1 " 1
—40 0 5 10 15 20 25
10 t ims)

-40-30-20-10 0 10 20 30 40

- Animation by Hotokezaka

Hypermassive neutron star oscillations = sinusoidal
GWs after the merger.



Type || Merger (Hotokezaka et al. 13)

GW spectrum
Type |l

|. Bartos+ 13

.Fl-'l-l' .rp-lak ,Ir

Peak frequency of massive neutron star reflects a structure
of NS
= Measurement of f ., constrains the EOS.



Type || Merger (Hotokezaka et al. 13)

foeak - R relation (M, = 2.7M )
Bauswein & Janka (2012) Hotokezaka et al.13
” | | ab ' equal mass '
al ma
‘ b a0
3st . e i4i +
) e 3t o
% at i 1 b !*-:;,,""' . ]
__i . 15 f + 1_ .. ]
2r X\\ J . . R
s 10 12 14
T 11 12 i3 12 15 18 R'. & (km)
R, g [km] \ /\
Spherical NS radius .
g NS radius of 1.6 Mg
of 1.6 Mg

» Strong correlation of f ., and NS radius (small dispersion)
If you could determine f,.,,, you can infer Ry g.

With an accuracy of AT = 40 Hz, the error bar would be AR
= 144 — 200m where the event rate for Adv. LIGO is 0.015-

1.2/yr. (see also Clark et al. 14)



Exploring a realistic picture of NS-NS mergers

(Bartos et al. 13)

ol e My BH ’
NS - ¥ " '--------. ("

— stable

/f!’d' \ .."-’“."!-J.I':':.::.l-II .
i) e accretion 9 — 4 kHz
inspiral : et G P .

. ~ merger /4 hypermassive NS o | 5H

ringdown

1 .3 k= 2—4 kHz ;@K
= 1khz 5 —6kHz 6.5 — 7 kHz

Time axis

Science target : Measuring a tidal deformability of NS



From inspiral to late inspiral phase

Earth tide
Moon
non spinning NS in a binary

High tide ——\

\ Sublunar — _0
Low tide — / |

. 0""/ /
/ Antipodal . po
companion

NS just before the merger could be deformed by a
tidal force of its companion.

Qij = —A&ij,

2 [(GM\ "’ 3
A= 2k ko = — AR
3 Q(R@) 9




From inspiral to late inspiral phase

Tidal deformability depends on NS EOSs.
EOS = Pressure(P) as a function of the density(p)

P(p)

Stiff EOS = Large dln P/d1np VP = —pV,
¢q 18 a gravitalonal potential
Soft EOS = Small dln P/d1n p 1

T

.
»

o)

Stiff EOS = Uniform p (large R)
Soft EOS = Centrally
concentrated p (small R) Rns Rng




From inspiral to late inspiral phase

Tidal deformation

Stiff EOS (large R) Soft EOS (small R)

7 -—_
___________

Fasily tidally deformed | Hard to be tidally deformead

Tidal deformability depends on NS EOSs



Tidal deformability imprinted in GWSs
h = A(t)eiw
Amplitudephase

Tidal force is attractive force =
Tidal deformation accelerates the phase evolution

Theoretical template of GWs Data + noise
Hanford TemIO'ate
: 06_ | I I | _/
‘é 0.3}
=~ 0.0 stV et
s-0.3F "
nh—-0.6 | | | | . .

-1.0 -0.8 -0.6 -0.4 -0.2 0.0
Time (s)



Toward a theoretical template bank

Large tidal deformability = Rapid phase evolution
Numerical diffusion = Rapid phase evolution

200 —
R )
180 [ Ax=149m —— :
160 F| Ax=186m T High Res. —
Ax=224m
140 |
120 b . '
=) Fixed EOS /
£ 100} )
e' 80 i .,..,-f"’(/rfr
60 | "
40
20
"0 15 20 25 30 35 40 45 50 53
t [ms] t
Requirement : A®error < APiigal Merger

Convergence study = Continuum limit



Toward a theoretical template bank

1.35My — 1.35M, 135135 KK et al. 17

4 .
Errorin || ;ﬁ:g
previous N 0o
works
— 1 25 r B R1.350m, = 10.96km
I HB  Rissm, = 11.61km
E ol H R1.350M, = 12.27km
= 151 125H Rissu, = 12.9km
1 L 15H  Rissu, = 13.69km
05 r g -
0 — - — i ! i ['Phase
0 3 >0 55 60 error
Iret [ms]

» Phase error is significantly suppressed.

c.f. 3-4 radian (Hotokezaka et al. 13) , 0.5-1.5 rad.
(Dietrich et al. 17)



A step towards accurate late inspiral waveform

Super computers accelerate NR waveform production.
Systematic study is possible !

Key ingredients
» Resolution study (4-5 res.)

» Low eccentricity initial data (e~10-3)

» Long term evolution (15-16 orbits before the merger)
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Phase shift of GWs 1.35M; — 1.35M,

10!

t=5834[ms] Log[p(g/cm’)] |
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30 | ]
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Peak time (58.42ms)

Peak time = Time at maximum amplitude of GWs
Phase shift is < 0.1 radian over 200 radian

Merger before ~0.5 ms is no longer two body

problem



Toward a theoretical template bank

1.35My — 1.35M, 135135 KK et al. 17

4 .
Errorin || ;ﬁ:g
previous N 0o
works
— 1 25 r B R1.350m, = 10.96km
I HB  Rissm, = 11.61km
E ol H R1.350M, = 12.27km
= 151 125H Rissu, = 12.9km
1 L 15H  Rissu, = 13.69km
05 r g -
0 — - — i ! i ['Phase
0 3 >0 55 60 error
Iret [ms]

» Phase error is significantly suppressed.

c.f. 3-4 radian (Hotokezaka et al. 13) , 0.5-1.5 rad.
(Dietrich et al. 17)



Kyoto template (Kawatuchi, KK et al 18)
GW phase

(I)GW (Epmnt particle + (I)tlclal

/

Modeling in binary black hole systems (Nagar et al. 16)

Tidal part (Damour et al 12)

3 39
25PN — _ 1 IAZ/% P 5/2
(I)tldal 32 ( 2 A ( + G T )) i
3115 28024205 4283
( 248"~ " 3302208 © 1092
A : Tidal deformability

3/2

x = (mmgf)°/° : Post-Newtonian parameter



Kyoto template (Kawaguchi, KK et al 18)

3/ 39 o
(I)tzigiN — ﬁ (—?A(l + (LAz/B;[:p);{:‘r)/z X . )

Fitting by a NR simulation a = 12.55,p =4.24

0.1 0.1
= —
£ 005 2 005
E;‘g 0 S 0
' =
53 B
f:;g -0.05 IB‘;: -0.05
0.1 -0.1
0 200 400 600 800 1000 0 200 400 600 800 1000

f[Hz] f[Hz]



Statistical error in the measurement

— 10Hz, p =50

j min —

Mﬁ(lf-l} QSMM,A:O—
M;(Lu} =27 My, A=0 —— -

MJ(1/4°° =29 M__ A=0
f{1z4)3”" 25 M, A=1200 l
M4 =27 Mm, }; = 1200 ——
f{1z4)3”“ 29 ' |

1=

@)

400 500 600 700 800 900 1000
jﬁmx [HZ]

» Statistical error is improved as increasing f

max



Calibration of Kyoto template (KK et
al. 19 in prep)

(M, n) = (1.17524 M, 0.245) / (1.08819 M), 0.244)

0.2
'§ 0.15
= 0.1 .
< 0.05 T e
= 0 o M\m-{*&:ﬁm A S
= 005 7 \~§
z -0.1 =
3 -0.15
-0.2
100 200 300 400 500 600 700 800 900 1000
f[Hz]
15H117-156 —— HBI112-140
125H117-156 —— B112-140
HI117-156 I5H107-146 - - - -
HBI117-156 125H107-146 - - - - -
B117-156 H107-146
15H112-140 — — - HBI107-146
125H112-140 — — - B107-146
H112-140

» Systematic error is less than 0.1 rad.

» Independent analysis of Adv. LIGO data of
GW170817



Unlikely prompt collapse in GW170817 (KK et
al. 19 in prep.)

»EM observation suggests M, ~0.00Mg, (e.g., Drout et
al. 2017)

» \ore sophisticated modeling of the ejecta could
reduce to M;,~0.03Mg, (e.g., Kawaguchi et al. 2018)

M = My, + M

eje wind

Myn = 104 =102 Mg (Hotokezaka, KK et al. 2013,
Sekiguchi, KK et al. 2015)

M,.g = O(10%) X M., (Fernandez & Metzger 2013)



Unlikely prompt collapse in GW170817 (KK et
al. 19 in prep.)

gk tanone  Gig @ PV 0
EIQT 10_2;- : ? -
EE 10_3? ‘?G E
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| AR na
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£ F : :
= _ 0 o O BHBA¢ |
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10“; 0 Q0 15220
i ¢ SFHo ]
102 I I ] — ]63
A

» Radice concluded the EM observation suggests
A\ = 400. (Radice et al. 2018)

» Caution : Employed EOSs have a correlation
between M __, and A



Unlikely prompt collapse in GW170817 (KK et
al. 19 in prep.)

Piece-Wise Polytropic EOS (Read et al. 2009)

2.5

Pressure

0 | 1 I | | L : -
8 9 10 1 12 13 14 p
R [km| pl /92

> M., = 2.00-2.10 M,
> Ao 751, A 200 — 600

» 1.375-1.375M, (equal mass). 1.2-1.55M, (unequal
mass) (cf. 2.74+004 . Mg for GW170817)




Unlikely prompt collapse in GW170817 (KK et

al. 19 in prep.)

prompt, equal —S—
short-lived, equal —%—

dynamical ejecta + (05:-100% y*remnant [Mg,,]

=01
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0
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short-lived, unequal —¥—
long-lived, unequal

Radice et al.

|
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L 50% efficiency assumed

21+ = v - —
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binary tidal deformability A

50% efficiency assumed

big (small) symbol :
successful (failed) model to
explain AT2017gfo



Post merger evolution of BNSs

(Bartos et al. 13)

N5

inspiral ' s ::\ - A\ e Ij,a | £t 2— 4z
e 3 I
B-fietd-and=n&y trino playass@ssential role

1—3 kHz 2 -4 kHz 2
< 1 kHz S 5—6kHz | 6.5—7kHz

E Time axis

S~

Key ingredients

» Effective turbulent viscosity: MHD instability

» Electron fraction = (# of electron)/(# of baryon) :
Neutrino reaction



Importance of MHD turbulence

EOM : 0:(pj) + Or(pjv’ — vpR*Or(j/R?)) =0

o =density, j=specific angular momentum, v =
VISCOSIty

» Angular momentum transfer by the viscous term.
» Energy dissipation due to the viscosity

Q. What is the “viscosity” ?
A. MHD turbulence :

0=0,,.+ 0 q s.t. <g> = q,,, and < 6 g>=0 where < + >
denotes time ensemble.

FEOM : 9¢{pj) + Or({pjv™) + RWg,) =0

BEBe
Ao

Reynolds+Maxwell stress : Wg, = (Sv6v? —

)



To B ornottoBin binary NS merger

P — P Diagram Image of the binary pulsar
-9 il : IH'UJ[L_ '
X SNR |
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Period (s) NS spin period

» Assumption : Rotational energy is dissipated by
the magnetic dipole radiation = B « (PP)!/?



To B ornottoBin binary NS merger

» B-field in observed binary NSs : 1097 -10 122 G

Kinetic energy at the merger ~ 10°3 g cm? s2
X (M/2.7TM,,,)(v/0.3c)?

B-field energy ~104! g cm? s2 (B/1012G)2(R/105%m)3
B-field is irrelevant in BNS mergers ?

No = Several amplification mechanisms (Magneto

Hydro Dynamical instabilities) could amplify the B-
filed




B-field amplification @ the merger

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

Minie
= |f




GRMHD by AEl(Giacomazzo et al. 11) Local box simulation (zrake and
MacFadyen 13, Obergaulinger et al. 10)

IDI.‘._'|"'E'|"'"|""
:  M1.45-B12 Time evolution of <B>
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— i S‘J Rt M f‘\"ﬁ\ v\ r'r\\v 2 p ﬂlﬁ\,ﬁh
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Can really the KH vortices amplify the B-fields ?



Explore the B-field amplification on K

Ao kL

Ve \ Grid point
/ N

N\

Note : growth rate « wave number in the KH
instability = Large scale simulation is necessary
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Magnetic field amplification
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B-field energy evolution

70— 17.5m
70 — 35m
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110 —= 27.5m
110 — 35m
1 10m
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150 — 75m g——
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~ Af = Ax/10

*

Merger

|
i
L

L= Ly [ms]

» The growth rate shows the divergence. c.f. 0 <«
wave-number for KH instability.



Long term evolution of remnant massive NS

- e NS
-'._rl.l___‘|1 plats
1 e —— 012y BH '
//.- . — stable
. - s accretion 3 — 4 kHz
mepirel ' ~ o HQ J :
. - merger 4. hypermassive NS o
(7 -a--,,I .*?-.;_ I
ringdown
1—3 kHz 2 —4 kHz a
=1 kHz 5 —6kHz 6.5 — 7 kHz

Time axis

Our strategy
»High res. GRMHD simulation = Evaluation of
effective viscosity

» Relativistic viscous simulation = Given a viscosity
parameter, systematic study is doable.



Magneto Rotational Instability (MRI)

» (Balbus & Hawley 91)
Differential rotation VQ < 0= B(t) x exp(ot), o ~

Intuitive explanation of MR deceleration
\
I T~ accelévation
Center Centel’
X O O - X

T [ ]

Magnetic field line

@ Fluid element (>3<en.ter\‘

MRI produces turbulence as well.



High res. GRMHD simulation of remnant NS
(KK et al. 2018)

To do list: Read a -viscosity parameter from MHD

simulation data
WR@
o= (F*)

Wg,: Reynolds + Maxwell stress

Caveat: Resolution study is essential again because
numerical diffusion kills the “turbulence”,

i.e., underestimate the viscous parameter



Result

Simulation setup

»1.25 M_-1.25 M, BNS with H4 EOS (Glendenning and
Moszkowski 91), Mmax:2-03 |\/|@

» “Long” term simulation of 30ms with Ax=12.5m,
70, 110

» Assume a relatively high-B field of 101°G justified

by the Kelvin-Helmholtz vortex amplification (Kiuchi et
al. 15)




Power spectrum of the B field

E -
o,
‘»‘L__E. .
(=]
. ]
e :
| Il ms 15ms 30 ms
oM A =125 m—— —— 5
mstf; ;_ﬂu: =70 m _
4ot X =110m — - o . | ]
10 I R I”m-f: - 5 4 I”-’E
10 10 10 10 10

k [cm'l]

» KH instability amplifies the small scale magnetic
field efficiently

» Magneto Rotational Instability sustains the
turbulence



a -VISCOSity parameter
13 <logjg[p (gem™)] < 14

-1

o s Ax=125m —— i
Ax=T0m — ]

Ax=110m —— ]

R [km]

b5 tmcrgcr [ms]

p << a>>2x4x103 for the core
bt <120 ms (<<a>>/4x10-3)1
X (<j>/1.7 x 10%cm?2s1)(<c,>/0.2¢)2
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10

a -VISCOSity parameter

12 <logg[p (gem™?)] < 13

p << a>>=1x107for the envelope



Short summary of the fate of remnant NSs

» MHD simulation = a viscosity evaluation =
Angular momentum transport

MHD simulation is too expensive.
» Viscous simulation is a second best approach to

explore the angular momentum transfer problem in
remnant massive NS.



Effects of the viscosity on GWs from merger
remnant (Shibata & KK 17a, b. Radice 17)

» o is likely to be O(10-2) in merger remnants

= Angular momentum transport may affect post
merger GW signals.

» Implementation of the Israel-Stewart formulation
of a viscous fluid (Causality preserving formulation)

Set up.

Hydro simulation of BNS merger without viscosity up
to ~bms after the merger. 2

= Switch on the viscosity ¥ = %o

= Perform a simulation for a viscous timescale



Effects of the viscosity on GWs from merger
remnant (Shibata & KK 17a, b)

a =0 a = 0.02

t = 6.6509E-03 L /em’®
t = 4.4339E-01 [ms] Logolp (g /cm’) ] [ms] Logolp (g/cm) ]

30 15
30 15
14
20
- 14 1
3
0 13 10
=) 12 }-‘ 12
L o
'g-. ’ 11 3 L
-10 s =1 10
20 9 -20 9
-30 8 -30 8
30 20 -10 0 10 20 30 -30 20 -10 1020 30
x [km] X [lml]

» Non-axisymmetric structure of the HMNS remains
for the inviscid case (many references).
» Nearly axi-symmetric structure for the viscid case



Angular velocity evolution

a = 0.00 a = 0.02

9000 : :
f = 0.00 ms K000 — ,
= 2 ms it = 0.0 ms
8000 Aty d— N f=1.02ms
t = 3.06 ms 7000 F (=204ms —— -
7000 F (=209 ms —— _— __ -_—'?'_.'_'ﬂ_‘»h I = _:.{If:- ms
6000 L Y (=209ms —— |
— 6000 | _ | \
= 25000 b
= 5000 | 2 ~ \_\
- 4000 | o 4000 “\
3000 3000 [ |
2000 | T 2000 | T
1000 . - T : : : 1000 : - : - . . .
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
R [km] R [km]

» Inner part quickly relaxes into an uniform rotation
cf. tus ~4.4ms(a/0.01) (cs /0.5 ¢)"?(R/10 km)?(©2/10* rad/s)

» The density structure relaxes into an axi-
symmetric structure.



Effects of the viscosity in GWs from merger

remnant (Shibata & KK 17a, b)
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» Quasi periodic GWSs for the inviscid case.
» Peak frequency around 2-4 kHz imprints

information of the EQOS. Shibata 05, Shibata & Tanguchi 09,
Hotokezaka et al. 13, Bawswein et al. 12, 13, 15, Takami et al. 14, 15, 16

» No post merger signal from GW170817 (Lsc

collaboration 17)



Optical-Infrared emission from BNS mergers
(Metzger et al. 10)

Role of the r-process elements

» Heating source via radio-active decay
4 \—1.3
day |

> OpaC|ty source (Lanthanide e ements) (Barnes & Kasen
13, Tanaka & Hotokezaka 13)

¢~ 10"V erg st g1 (

k~10cm? g !

Properties of electromagnetic emission (Optical-IR)
» Peak time (diffusion time = dynamical time)

. 1/2 Meie 1/2 Vej \ /2
tpeak ~ D.7 day (10 om—2 gl) (0_03]L{®) (0,2(:)
» Peak Luminosity

M,; t
L~ éMg ~ 6 x 10* erg s71 o —
CMej =B X 0 CIE S (0.03M® day




R-process nucleosynthesis and its opacity

Lanthanide - Tanaka et al. 17
— Optical IR -
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» Electron fraction Y, is a key quantity

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

» Y _<0.25 produces lanthanide = high opacity in IR
» Neutrino reaction determine Y, of the ejecta

|




Detected UV-Optical-Infrared emission

» Long-duration IR component (Red)

t 7.1d " P u 1/2( Veje )‘1/2
eak ~ T7.1da
pealk Y\ 10 cm2g—1 0.035 M, 0.25¢

» Short-duration UV-IR component (Blue)

t ~ 1.5 da : - e h ( o )—1/2
peak ~ 1. y 1 Cng—l 0025M® 0.25¢

Short-duration blue component suggests the low-
opacity (Lanthanide-free elements) ejecta.

We build a model of GW170817 based on the NR
simulations : neutrino radiation transfer & effective
turbulent viscosity



Numerical modeling of GW170817 (Sh|bata et al.
18, Fujibayashi, KK et al. 17)

v ~ 0.15¢
Casel * Ye=04-05
Long-lived MNS
B-Teg [
Merger amplificalign  MINS+Torus ~
g - .
BH+Torus
\ vej ~ 0.05¢
Y, <0304
Case II
Delayed collapse o
Dynamical ¢j€ction |
*—o -
Early MHD/viscosity-driven ejection =
L
Viscosity & Neutrino-driven ejection > |
0 ~ 1 ms ~ 10 ms ~ 100 ms ~1s
Time after merger ;
» Y_<0.1 before the merger
X IL 1]

> The positron capture (n+et=p+ v )and neutrino
absorption (n+ v _=p+e-) increases V..

» Dynamical ejection is primarily driven by tidal
torque (orbital direction) = M, ,~0(10-3)M, Y, =
0.05-0.5, 8 =45° = High opacity (red component)



Neutrino radiation transport simulation of BNS

MErgersS (Sekiguchi, KK et al. 15, 16, Wanajo et al. 14)

EOS : SFHo (Steiner et al. 2013), NS mass : 1.35-1.35M,

Y [km]
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Neutrino radiation transport simulation of BNS

MErgersS (Sekiguchi, KK et al. 15, 16, Wanajo et al. 14)

Previous works in which the neutrino
effect is neglected (Korobkin et al. 12)

cjecta mass fraction
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£ a0 LLH] 1501 2]

250

Similar result is obtained in Newtonian neutrino radiation

transport simulation.

Caveat : Neutrino radiation transport (and GR) is essential
to reproduce the solar abundance of the r-process

elements.




Numerical modeling of GW170817 (Shibata et al.
18, Fujibayashi, KK et al. 17)

Uy ~ 0.15¢

*}620.4__—__0.3 2000

Ve ~ 0.05¢ 7000

Y. ~0.3—-04 -

— 6000 =

BH+Torus E 5000

Ve ~ 0.05¢ a -

Y, <03-04 4000 -

‘ase II . _— 3000 -
clayed collapse =

Dynamical ejection

2000 L ] 1 ] 1 ] 1 ] 1 ] 1
o9 0 5 10 15 20 25 30
Early MHD/viscosity-driven ejection x [km]
@

Viscosity & Neutrino-driven ejection

0 ~1ms ~ 10 ms ~ 100 ms ~1s
Time after merger

» Magneto-turbulent viscosity drives a quick angular
momentum transport = Revelation of the
differential rotational energy = Sound wave
generation

I\/Ieje~10‘2I\/I®(a/O.02), Y,~ 0.2-0.5, 6 = 30° , v~
0.15-0.2c= Low opacity (blue component)



Numerical modeling of GW170817 (Shibata et al.
18, Fujibayashi, KK et al. 17)

Case I =04-0.5
Long-lived MNS

t= 0.00 ms

Tr[rrrrJrrrr|yrrr oot 300

4000 - -
- 1 250
3000 - 1 200
i 1 150

~ 2000 |- i
1 100

1000 - .
[ 1 50¢
O B PR I TN VRN T NN N WO WO SO SN N T 1 0

-4000 -3000 -2000 -1000 0 0 50 100 150 200 250 300
X [km] X [km]

of the torus)= = 102 M,, Y.~ 0.3-0.4, 8 = 30° =
Low opacity (blue component)



Numerical modeling of GW170817 (Shibata et al.
18, Fujibayashi, KK et al. 17) p

Schematic picture

Dynamical
ejecta

Early MHD/viscous-driven ejecta and Viscous-driven ejecta with
Late-time viscous-driven ejecta neutrino irradiation

» Ejecta has several components and red/blue
depends on the viewing direction.

=GW and EM observations suggest the viewing angle
is < 28°



Optical-Infrared emission from GW170817
(Tanaka et al. 17)

[ o
-16 - i
E [ °8 %, e J U
= . _ ee H
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= 14 Py o e
< o (A &
a8 ¥ 0O s
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= -13
Z _ % i._am a
12 F + S
I + . . * O

blﬁlﬁlelg 10|1I2|1_4
Day after merger
» Light curve (HSC) fitting by a photon radiation
hydro. simulation with Ye of ~0.25
= Agree with our numerical modeling



Numerical modeling of GW170817 (Shibata et al.
18, Fujibayashi, KK et al. 17)

» If a merger remnant is a very/permanently long-
lived NS, the rotational energy of 10°3 erg may be
released by a magnetic dipole radiation.

= Energy injection to ejecta

= Optical counterpart of GW170817 did not show
such an feature (E,.,~10%0 erg)

= |Inferred merger remnant is a BH

»Binary mass of GW170817 = 2.73-2.78M
»Mass (energy) radiated from a remnant via GW,
neutrino, and ejecta = 0.15F0.03 Mg

= Estimated remnant mass = 2.60+0.05 M

= M M iraxrigia /1.2 = 2.15-2.25 Mg

max,sph —



Numerical modeling of GW170817 (Shibata et al.
18, Fujibayashi, KK et al. 17)

» Estimated merger rate from GW170817
= R~0.8*16 . x 10*yrl/gal

» Assuming all the r-process elements are
synthesized in BNS mergers,

R ~ 104 yri/gal (My.q0/5 % 10-3M )

r-process

Consistent in order of magnitude estimation



hree possibilities to explain X-ray and
radio observations

Structured Jet Cocoon emission Fast tail of
ST - dynamical ejecta

‘Shock breakout

Gottieb, Nakar, Piran 18 Kyutoku, loka, Shiata 13
Lazzati et al. 18

We explore the third possibility based on NR
simulations.



Basics of synchrotron emission (Sari et al. 98)

Characteristic frequency

qeB
V(’Ye) — I‘A?/ez

, Ye : electron Lotentz factor
2Tm,c

Electron power law distribution

N (ve)drye o< v, Pdrye,

e > m — Ce b P _1
Ye = Ym =€ p_lme( )
Critical Lorentz factor
3m
.= — S
K 16630Tmpc( n)

Electron with y =y . loses the energy within the
time t.



Basics of synchrotron emission (Sari et al. 98)
Um = V(Ym ), Ve = V(7Ve), Vg : self-absorption

Slow cooling (v _> v )

Iy

5/2 /!

Va Vm U, Um Vg

n ~3/2 s eg \ —3/2 [ 2 5N\7?
”C”O'5kev(o.01cm—3) (W) (100day) (ﬁ)

e \1/2 / €, \2 n /2,
 ~ 60 MH (—) (—) (—) r
v “\0.05 0.1/ \0.0lcm-3

3p+4 24+p 2(p—1)

2
Eiso 3(p+d) n 5(£+4) €B 2(p+4) €e p+4
=30 MH: gz ) ( )" (o) (59)
v ’ (104gerg) 0.01 cm—3 0.05 0.1

11111




Basics of synchrotron emission (Sari et al. 98)
Given E(> I'S),

4
g’irnmpRS(cFB)Q = FE(>T'p),
iR DB

dt /14 (T8)

NR simulation found a fast component (I" 8>1)
(Kiuchi et al. 17, See also Hotokezaka et al. 13, Bauswein et al. 13)
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Long-term radio, X-ray observations
(Hotokezaka, KK et al. 18)

Mildly relativistic dynamical ejecta

ECS: B

105" —

10%0 [

—

o
-
@w

=Y
~l

o

0.1

s Lorentz factor X v/C

kinetic energy above y B
E(>yE) erg]

» Fast component coming from a contact interface
= Mildly relativistic component 8= v/c ~ 0.6



Long-term radio, X-ray observations
(Hotokezaka, KK et al. 18)

A
— B, n-0.008 cm® ¢5-0.08| [3 ;IR1.35M® ~ 11.0 km
108 || = - HB.n=0.03cm”, e5=0.06 1
=== H, n=0.04cm?, 5=0.1 HB : Ry 35m, ~ 11.6 km
—e— radio
—A— optical (x10°) H: R1-35M® ~ 12.2 km 1/3 . r— 1
102 s '—I—|X—ray{x103) Pl T _F L} V 2
> ¥ |+ v !
=
LI_> 10'-| 2
v -3
10° |
10-1 L " | | | > 1}
1 10 100 1000
Time [day] I}a l}m I}C

» Radio and X-ray emission favors a small NS radius.

» Prediction : Cooling frequency enters the X-ray
band around t ~ O(100)days



Long-term radio, X-ray observations
(Hotokezaka, KK et al. 18)

Mooley et al. 2018

10% —r———————————————————;
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B T S Sl 3 [ | —e— radio _ ]
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10
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» Fast tail could be masked by structured
jet/cocoon emission. But the slower component
could be observed in the future



Summary

» Opening of the real multi messenger astronomy of
compact binary merger (rich information!)

» Equation of state of neutron star matter (tidal
deformability) is constrained for the first time.
= We build a template band based on NR
simulations and data analysis is on going.

» R-process nucleosynthesis is very likely to occur in
GW170817. = Blue and Red component

» Our numerical modeling explains the observational
features of the optical-IR observations.



Numerical relativity simulation of
the black hole-neutron star binary
mergers




Overview of Black Hole — Neutron Star
Q: Tidal disruption or not ? g. tos et al. 13

1-3kHz 2-4 kHz
< 1kHz v 5—6kHz 6.5—7 kHz
NS . BH
> ® - -
1 - accretion
inspiral o
/ Frsco. ; BH
‘ tidal disruption e == ’

ringdown

/ R plunge \
Time

GW forms (Kyutoku et al. 1 *More detailed classificatian
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Key ingredients for tidal disruption in BH-NS
Tidal force > NS self gravity
= 15 (Mg/Myg) ?3 (Mys/Rys) ™ Mgy = Tigq
IT Yigal > Tiseo = 11dal disruption

lidal < Niseo = NoO tidal disruption
*ISCO = Inner Stable Circular Orbit

Key ingredients of the mass ejection in BH-NS are

» Spin of BH

» Mass ratio (Mgy/Mys) NS (Mys)
» Compactness of NS (Mys/Rys)

tift FOS= smadl

0] Isco




Key ingredients for tidal disruption
Lattimer & Prakash 06
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Systematic study in NR simulations
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Disk Mass Prediction (Foucart 12)

Fitting formulae

Myisk /Mns (a,Cnsy ¥ ) = a (30)/3(1-2Cys)- B rigeo/ Ris

»31 NR simulations (28models by Kyutoku+11, 7models by Caltech-Cornel 4
models by UIUC

Disk mass contour with q=7 Spin contour with Mg, =0.1Mys
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k Lovelace et al. g=3, C=0.144, y=0.97,
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Tidal deformability of NSs

Lackey et al. 12, 14

P = 3.5966 x 10*3p*3°%9 (p < pg)

= r1p" (p > po)

R O — 1 P1= mp{ (p1 = 10147 gcm'?’)

lagips) | dﬁ,rne.fcmal

s NR simulation data

20 55 3.0

.-'. \
4.0

1 o error circle

» Error contour for Advanced LIGO with



Tidal deformability of NSs
Lackey et al. 12, 14

P = 3.5966 x 10*3p*3°%9 (p < pg)

= r1p" (p > po)

logipy) [dynefcm’]

NR simulation data

3.0 25 3.0 3.5 .-;.ﬂ\ 1 o error circle

» Error circle of ET with D=100Mpc, Mg,/Mys = 2,

M s=1.35M.,

» Need high-precision GW waveforms and large
parameter study(Mg,/Mys, Mys, EOS, BH spin(dir.,mag)



y (km)

Mass ejection due to tidal torque (Kyutoku et al. 13,
Kyutoku et al. 15)

A part of the tidal tail = Crescent like shape of the ejceta
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This dynamical ejecta is a primary component in BH-
NS mergers (Tilted BH spin case = Kawaguchi kun’s talk)



Z (km)

A macronova model of the BH-NS (Hotokezaka+13, Tanaka+13)

1st step : Numerical Relativity simulation of BH-NS merger =>
Amount and morphology of ejecta

2nd step : Photon radiation transfer in ejecta (heating due to the
radioactive decay of the r-process element)

BH-NS models
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BH-NS merger models suggest 0.02 M.< M,; < 0.07 M, is needed
to reproduce the light curve of GRB130603B. => |t favors a “hard”
EOS.

Note that you can see inverse trend in NS-NS case.



What's else ?
P Neutrino driven wind (Qian & Woosley 96)

M = 4.5 x 107305222 REPMEM, /s,
P Disk wind due to the nuclear recombination/viscous
heating (Fernandez & Metzger 13)
Mg ~ 0.1My, for the viscous timescale (e.g., O(1)s)
» Magnetic-field effect (e.g., Blandford & Payne 82)

BH-NS merger simulations with microphysics
(Deaton et al. 13, Fourcart et al. 14)

Ejecta mass evolution

log,, p (g cm™)
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» Mentioning only the dynamical ejecta (no neutrino heating)
» L, . ~10%erg/s



BH — torus systems
A key ingredient = “viscosity”

FOM : 0. (o R2Q)+09 ,(pR2Qv,-nR29 ,Q ) =0 (A=R, 2)
o =density, Q=angular velocity, n =dynamical viscosity
= p» Angular momentum transfer by the viscous term.
» Energy dissipation due to the viscosity

Q. What is the “viscosity” in BH-torus systems ?

A. Magnetohydrodynamical turbulence ;

d=Q,,et+ 0 g s.t. <g> = q,,, and <0 g>=0 where < * >
denotes the time average.

EOM: 90 <pR?Q>+9,(<pR2Qv,>+p0RW,,) =0 (A=R, 2)
Wyy=<0vp0vy-B,yBy/4m o> : Reynolds+Maxwell stress



BH — torus systems

What produces the turbulence ?
Magnetohydrodynamical instability ; The
magnetorotational intability (MRI) is a powerful
amplification mechanism (Balbus & Hawley 91) . Unstable for
V Q<0 and growth rate < Q

= O

Q. Does magnetic field exist in BH-NS binaries ?

A. Yes . The presence of the magnetic fields is one of the
most characteristic properties of NSs.

Therefore, it is mandatory to perform BH-magnetized NS
merger simulations.




The BH-magnetized NS simulations by Illinois group
(Liu et al. 08, Etienne et al. 12a, 12b, Paschalidis et al 14)

» q=3, M\s/Rys=0.145, y =0.75

» AMR Algorithm, Ax;,~260m, L, =~ 20km

Tidal [ 4 |

N disruption A/ ——
s EH— ) |- P .
________ 7




The BH-magnetized NS simulations by lllinois group
(Liu et al. 08, Etienne et al. 12a, 12b, Paschalidis et al 14)

Magnetic field evolution
Unit(Vertical axis) 9.3 x 10%3erg, (Horizontal) 26 u s

10-3 g

10-4}

10-2;

bnergy Outside AH

Tidal disruption

500

t/M

~=Cage Blb

Case Hla :

Case BZ
Case B4

N

' Different initial B strengt

- and/or configuration

» No magnetic field amplification inside the torus
» No discussion on the outflow except Paschalidis et al.

14



Difficulty in MHD simulation

P A short wavelength mode has a high growth rate

P Turbulence is killed by a numerical viscosity.
Mandatory to do an in-depth resolution study, which is
lacking in a bunch of the simulations .

P Ax =120m, N=10243 (K : 32,768 cores)

» Ax =160m, N=7563 (XCBO 4.096 cores)
P Ax =202m, N=6143 (XC30 : 4,096 cores)
P Ax =270m, N=4643 (FX10 : 3,456 cores)

c.f. highest-res. in BH-magnetized NS simulation is
A x=260m, N =1403

Fiducial model

» EOS: APR4 (M., =~ 2.2M,), M\s = 1.35 M,
> Mg,/ Mys : 4

» BH spin 0.75

» B, 101G



Outline of numerical relativity-MHD code (kiuchi et al. 12,
14) ~120km ~120km

Tidal
disruption|-

. @ mm) [ e

AAi
QURKIT

»\Vith the FMR algorithm, the accretion torus is covered by
finer grid points than those used in the AMR algorithm.
» But, the computational cost is much higher than the AMR

simulations.
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Mass ejection
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» t<10ms = Dynamical mass ejection (Kyutoku et al. 15)

» 10ms <t = New component : Disk wind

» Magnetic pressure would not be a main agent

» The well resolved turbulent eddies are likely to play an
important role

» Linear growth rates are approximately converged;
0.07-0.08 Q (Non-axisymetric MRI, A yg; fastest/ 4 X 210)



Energy of the turbulent

» Energy trar'ﬁls(bWrt mechanism = MHD turbulent eddies
(Reynolds+Maxwell stress)

» The higher the resolution is, the larger the amount of
the disk wind

Energy spectrum of the turbulent flow

(S

oL

Step 1. Choose a cubic region
Step 2. oOvi=V - <vi>

<> Time average

Step 3. R; ()= <o v (X+r) 0 Vi
(x)>

Step 4. ¢ (k) = [R; (r)dk
Step 5. E(k) = [ ¢ (k) dQ,
k=1k|




Energy spectrum the turbulent flow

Ax=120m — | ]
Ax=160m ]
Ax=202m — | ]
Ax=270m E

k/2m [km ']

px € [50km:70km], y € [-10km:10km], z € [-10km:10km],
1=10-20ms

» [ he turbulent energy is injected at a smaller scale for
the higher resolution run.

» [he amplitude of the spectrum is higher in the higher
resolution run = The turbulent eddies have a larger
energy.



|s the energy transferred outward and thermalized ?

Thermal component of

Reynolds+Maxwell e
specific internal energy

StreSS<8v 8v(p R @ >/C XIO
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100

Yes.

» [ he energy is transferred outward.

»Efficient energy conversion to the thermal energy is
realized in the vicinity of the inner edge of the torus.



Mechanism of turbulence driven torus wind

» [ he realistic high viscosity enhances the mass accretion
inside the torus and converts the mass accretion energy to
thermal energy efficiently.

MWV

|DthermaI- Macc

In the absence of the effective turbulent viscosity,

Low res. I\/IVV
I:)thermal « Macc




Key ingredients for the disk wind

» High spin BH
BH is spun up to y = 0.85-0.9 after the merger

If you consider the “realistic” value of the mass ratio q > 7,
the high spin is necessary for the tidal disruption as well.

» Energy source of the wind = Mass accretion energy

» Transport agent = Turbulent eddies

»~50% of the accretion torus att = 10ms is ejected as the
torus wind



Implication of this new mass ejection (i)

» Formation of the low plasma beta region (8 ~10-2)
The wind facilitates the poloidal motion = Coherent
poloildal magnetic field

B on the meriodinal plane BZ luminosity evolution

LOgm[B] .
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» Enhancement of the BZ luminosity (Brandford & Znajek 77)

Lg,~ 2%x10% erg/s = Central engine candidate of the
SGRBs with low luminosity (Lee & Ramirez-Ruiz 07)



Implication of this new mass ejection (ii)

» Collimation of the relativistic jet

Dynamical ejecta is concentrated on the orbital plane.

On the other hand, for the NS-NS merger case = The ejecta
expands quasi-spherically. (Hotokezaka et al. 13, Sekiguchi et al. 15)

Jet propagation simulation in the NS-NS

ejecta (Nagakura et al. 14) Ejecta density Lo, e )
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»Disk wind would help the collimation of the relativistic jet



Implication of this new mass ejection (iii)

» Nucleosynthesis in the BH-NS merger

Electron fraction of the dynamical ejecta is £ 0.1

= Reproduce the third peak of the solar abundance

On the other hand, for the NS-NS mergers, Ye of the ejecta
has a broad distribution. (Sekiguchi et al. 15, Wanajo et al. 14)

Bauwsein et al. Wanajo et al. 14
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»Disk wind launches in the vicinity of the torus surface.
The fluid elements experience shock heating. = Different Ye
distribution from that for the dynamical component.



Implication of this new mass ejection (iv)

Macronova/kilonova model in the BH-NS merger (Li-Paczynski
98)
» Dynamical ejecta~ 10-°-10-1M _ (Hotokezaka et al. 13, Kyutoku et
al. 15)
» Disk wind due to the nuclear recombination/viscous
heating (Fernandez & Metzger 13)

Mg ~ 0.1My, for the viscous timescale (e.g., O(1)s)
» Disk wind due to the MHD turbulence

M¢~0.06M , (~0.5My,), but only one point in the
parameter spaces

Systematic studies have to be done.



Caveat and summary

» Self consistent modeling is important ; if you start from an
equilibrium torus and BH, you cannot get a disk wind we found
in this study.

» Resolution study is essential as well.

NR simulations of the BH-magnetized NS mergers on K.
» Disk wind driven by the MHD-turbulence

Implications

» Central engine of the SGRBs
» The nucleosynthesis of the r-process elements
» The radioactively-powered transient emission



High-res. simulation of the tilted BH-NS mergers

P Simulation set up
BH — magnetized NS binary merger ; tilted BH spin case

e 8

tidally disrupted NS
(Foucart+11,12, Kawaguchi et al. 1

P Simulation size
Nested grid structure ; N*level=1,1183*10, A x;,,=120m

(cf. previous simulation : N*level=1003*10, A X, .=150m)



Summary
We are figuring out the realistic picture of BHNS mergers.

» High-precision GW forms in inspiral and late inspiral
phase = Template bank

» Evolution in post merger phase (B-field)
Remnant massive NS is strongly magnetized = Angular
momentum transport due to MRI.

» Evolution in post merger phase (Neutrino)

» L ~10%3 erg/s

» Could explain the solar abundance of the r-process
elements.

» Neutrino driven wind ?



Science target of compact binary mergers
Compact binary merger as a candidate of SGRBs
central engine (Nakar 07, Berger 13)

P”?m,p' SHB X-ray light curve
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» Bimodal distribution of Tg,
» Prompt emission w/wo Extended emission



Compact binary merger as a candidate of SGRBs
central engine (Nakar 07, Berger 13)
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» Lack of SN associations & LGRB-SN associations
» Host galaxy type = A mix of Elliptical and Spirals
< Star forming galaxy (LGRB)

= Progenitors belong to older stellar population.



Compact binary merger as a candidate of SGRBs
central engine (Nakar 07, Berger 13)
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» Locations of SGRBs have an offset relative to the

host centers. = Progenitors may have a kick.

» Beaming-corrected event rate density = 270+1580 o,

Gpc3 yr1 = Consistent with BNS merger rate density
Compact binary merger may drive SGRBs



