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Motivation GW detectors
1. Gravitational waves = ripples of
the space-time oo gaef ok ,
» \Verification of GR AT : ©)
» The EOS of neutron star matter SN
» The central engine of SGRB
»~10 events / yr for KAGRA

2. A possible site of the r-process synthesis

A significant amount of neutron star matter could be ejected
from BNS mergers (M 104-102M _, Hotokezaka et al. 13)

—Nuclear synthesis in the ejecta (Lattimer & Schramm 76)

» Radio active decay of the r-process elements

» Electromagnetic counterpart =kilonova (Li-Paczynski 98, Kulkarni 05,

Metzger et al. 10, Kasen et al. 13, Barnes-Kasen 13, Tanaka-Hotokezaka 13,
Hotokezaka et al. 13, Takami-Nozawa-loka 14)

» NIR excess in afterglow of GRB130603B (Berger et al.13, Tanvir et al. 13)



A step toward physically reliable model of BNS mergers
Kyoto NR group approaches from two directions;

» MHD (KK
» Microphy )
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Japanese supercomputer K@ AlCS

» Total peak efficiency is 10.6 PFLOPS (663,552 cores)

This study is one of the main subject of the HPCI strategic
orogram field 5.



Numerical Relativity simulation of magnetized BNS
mergers

» High resolution Ax=/0m (16,384 cores on K)

» Medium resolution Ax=110m (10,976 cores on K)

» | ow resolution Ax=150m (XC30, FX10 etc)

c.f. Radii of NS~10km, the highest resolution of the previous work
ISAx=180m (Liu et al. 08, Giacomazzo et al. 11, Anderson et al. 08)

Nested grid = Finest box=/0km?, Coaserest grid =4480km?3 (N~

109) , along term simulation of about 100 ms
Magnetic field lines of NS

Fiducial mode|

FOS : H4 (Gledenning and Moszkoski 91) (M/,.,22.03M,)
Mass: 1.4-14 M,

B-field : 101G







Fvolution of the magnetic field energy
HMNS  BH-accretion torus
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Amplification via KH vortices @ the merger (asio and Shapiro 99)

GRMHD by AEl (Giacomazzoetal. 1) Local box simulation (Zrake and
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MacFadyen 13, Obergaulinger et al. 10)
Time evolution of <B>

large-eddy eddy turnover times

1=0.1ms

Can really the KH vortices amplify the B-fields ?

Yes |



Field lines and strength @ merger Amplification factor vs resolution
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» The smaller Axis, the higher growth rate is.

» The amplification factor does not depend on the
initial magnetic field strength

» [Tis consistent with the amplification mechanism

due to the KH insta b|||ty (Obergaulinger et al. 10, Zrake and
MacFadyen 13)



Field lines and density iso-contour inside HMINS

» Turbulent state inside HMNS

» HMNS is differentially rotating = Unstable against the
Magneto Rotational Instability (Balbus-Hawley 92)

» Magnetic winding works as well



B-field amplification inside HMNS ~ Magnetic field energy inside
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» A\ =B/@m0)2257/0
p The condition A g, /Ax=Z 10 is satistied for the high ana
medium run, but not in low run. B = Toroidal magnetic field

» Growth rate of B-fields for 8 - 14 ms =130-140Hz~0O(0.01)()

»B-field amplification is cause by the non-axisymmetric MRI (Balous
— Hawley 92)




Black hole—accretion torus

't=38.8ms ,—

BH

» \We have not found a jet launch.

» Ram pressure due to the fall back motion~10% dyn/cm?#(Need
101G in the vicinity of the torus surface)

» Necessity of the poloidal motion to build a global poloidal field



Summary of the magnetic field
_amplification during the BNS merger
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» KH instability at the merger and MRl inside the HMNS =
Significant amplification of B-fields

» L ow res. run cannot follow this picture = Amplification
inside the BH-torus (picture drawn by the previous works)



Caveats

» Observation of the BNS; By, =10'4G
» We assume that B, 110G

Criticism ; The magnetic fields chosen correspond to the
highest magnetic fields observed for some magnetars.
Therefore the present work is still a little academic.
Question ; What's the final value of the amplified magnetic

fields ?

»\We are not interested in the magnetar's merger.

I you start a "realistic” value of the magnetic fields, say 1013 G,
you need more grid resolution. Otherwise, such a simulation
will be nonsense.

What's the “realistic” value of the amplified B-fields ?
We are doing higher resolution simulations with “realistic”
value of the B-fields.



Bridge between global and local simulation

[dea . Just before the merger, we increase the FMR box. The
simulation time is about 5 ms.
cf. The size of the shear-layer is ~20km.

70 km
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B-fields amplification via Kelvin-Helmholtz

Model

» 14-14M_and H4

P Start from a guasi equilibrium of a non-magnetized BNS and stop at a .,
~(0.638.

P Add the B-fields by hand and increase refinement boxes. The “realistic
value" of B, = 101°G.

» O models

(ia) Ax=150m ;no increase the FMR box

(ib) Ax=150m = /5m; one FMR box is added

(ic) Ax=150m = 75m = 37.5m ; two FMR boxes are added

(ila) Ax=110m :no increase the FMR box
(iilb) Ax=110m = 55m:one FMR box is added
(iic) Ax=110m = 55m = 2/5m:two FMR boxes are added

(ilia) Ax=/0m :noincrease the FMR box
(iiib) Ax=7/0m = 35m:one FMR box is added
(iiic) Ax=70m = 35m = 1/.5m:two FMR boxes are added

In all the models, the finest box size before the merger is about 70 km.



Density and vel. field on the orbital plane (Ax=150m)

t- tmrg =-1.07 ms Loglo[ P (1g;cm3) ]
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Density and vel. field on the orbital plane
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Density and vel. field on the orbital plane
(Ax=150m—75m—37.5m)
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Ax=70m—35m—17.5m)
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Density and vel. field on the orbital plane

(Ax=150m—75m) (Ax=150m—75m—37.5m)
t~ tyrg = 0.0068 ms Log,[ p (g/cm’) ] = tyyrg = -0.0842 ms Log,o[ p (g/cm’) ]
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Result (Preliminary)

Magnetic field energy evolution Maximum field evolution
10% 150575 > 375m —— | ' ' I50—>?5_—>'3?.5m
| 1505 T e 17.0 | 10 o
104 1 1|0—>5|5m—>_2)?._;.;§ — ll0—>5]510—>_2)?5.§$ ________
: S
| I 'I(hll ......... TD 3: ITIS
10%7 | ?0—>35?0—>_1)?3,.;$ ________ @ 16.0 TN 3{; ________
[ TOm =eereeees ~, VR "
]
L R £ 150
st e =
m e S e
m10% b <
Y = 140
1% L e i T 2
| (G ae S T 0l
10% ZEETTT : ]
42 [ . . . , 12.0 - . ! .
10 -1 0 1 2 3 4
-1 0 1 2 3 4 -
t- tmrg [ms] " 'mrg [ms]

» Still, the amplification is determined by the resolution.

» Maximum field is almost virial value, which is comparable to the kinetic
enerqy; i.e, ~10"G.

P The magnetic field energy is amplified 10° times at least. ; The averaged value
of the B-fields is amplified by 103 times.

Question ?

P Angular momentum transport by Reynolds / Maxwell stress ?

P \What happens if the B-fields are dissipated ?




Summary

We have performed a highest resolution simulation of
magnetized binary neutron star merger simulation in the
framework of Numerical Relatmty

» Kelvin-Helmhc' = =" 0y

» Non-axisymmi HAPPYXMAS  massive neutron star

are key ingredier

at its birth.

The accretion tol |
K /I0US WOTrKS

= Qualitatively ¢

Caveats

T you start more
you need more ¢
be nonsense.

jnetic fields, say 101" G,
) such a simulation will

» Necessity to launch an outflow to build a global poloidal
magnetic field.



