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1. Invaluable laboratory for studying
high-density nuclear matter

2. Possible origins of short-hard GRBs

3. Sources of strong transient EM
emission (predicted, but no observation)

4. Possible sources for r-process nuclel
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Sensitivity of detectors
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Evolution of NS-NS (1.35M,,,-1.35M,,)

Adiabatic
ilxvgmﬁZsionw — ‘; e\_/olution
5 — WA Point
particlelike
Tidal deformation . . toy ~ Lo,
at r~40-50 km Dynamical
Merger sets in evolution
at foy ~ 1 kHz
Casey
Soft EOS @
Black hole Is formed “Hypermassive NS”

Large EOS-dependence



Gravitational waveforms
Chirp signal
i
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Brief introduction of numerical relativity

G —87z—T &=) « General relativistic
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gravity; including
GW radiation reaction
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* Equations of state for
nuclear matter

=) « Magnetic fields

 Neutrino emission
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EOS is stiff (though still too many candidates)
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NS-NS merger with finite-temperature EOS
+ neutrino leakage

Example:

* EOS = Shen’s EOS

» Maximum mass of spherical star
M ..=2.2M,, (T=0: zero temperature)

>R (1.4M,,,) ~ 14.5km - Stiff

Mass of NS-NS for simulation
2 1.5—15M,



NS-NS merger with finite- temp EOS + neutrmo

m3 l 1 ol Neutrino L(erg/0m3/3

M luminosiy
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» Long-lived hot HMNS s the outcome:
Supported by thermal pressure & centrifugal force

-4 48

Sekiguchi, Kiuchi,
Kyutoku, Shibata
* PRL107, 2011
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Evolution of NS-NS (1.35M,,,-1.35M,,)

Evolve by ™, e M ‘_;’

GW emission W,

Tidal deformation . . ;I'his IS "lfel)I’
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mass case
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Large EOS-dependence
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Grawtatlonal waveforms
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Two Interesting phases

1. Late Inspiral
(Damour+, Balotti+, ....) :
Effects of tidal
deformation
f ~500 - 1kHz

2. Merger > HMNS -- *
(Janka+, Hotokezaka+) < ° 5 1 5 2s
GW from HMNS
f~2-4KkHz
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Both waveforms play an important role
for constraining EOS of neutron stars



1 Gravitational waves from
late Inspiral (Hotokezaka +)



Tidal effects in a binary inspiral
(originally pointed out by Lai+ 1992)

Close Binary System
= Tidal deformation;
Quadrupole Is induced

5PN correction:
But C~MR>, R~5—-8M
Forr ~ 2R, 1t could play a role.

h=h(t,M,,M,,C,,C,)
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2 Gravitational waves from
hypermassive NS
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Properties of GW from HMNS

« Gravitational-wave frequency from
HMNS depends strongly on EOS

 The frequency has correlation with stiffness
(Janka+, 11)

 Gravitational-wave frequency appears to be
approximately constant (but not exactly
constant due to GW reaction)
- Gravitational waves make a broad peak
In the Fourier spectrum

3
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Evolution of BH-NS (4.05Mm,,.-1.35M,,)
Evolve by

GW emission ‘:3500 km ‘
—

Last 1 hour; fs,~1Hz

Merger sets in . ‘

at r~40 km; f;, ~ 1 kHz

Case | ‘ .Case I
NS iIs swallowed by BH

for small Rys or Mgy >> My NS s disrupted

~1 hour

Large EOS-dependence



Condition for tidal disruption
 BH tidal force > NS self-gravity

3/2
» Mg, < 2,007 ( jglz c°R
M s 1.5 6GM

¢=1-6 for a/Mg,=0-1
c=G=1
v'Low-mass BH or
v'Large NS radius or P
v'Large BH spin MBH

IS necessary



BH(a=0)-NS with piecewise polytrope
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Mg, =2.7M,, a=0, M\s=1.35M,,,

| e, osudden
ZTidaI disruption // shutdown

ATAVAVATAS M\ —R=15.2 km

-4

0.2
O.1

hr/M
0

-0.1
-0.2

600 900 ", 1200
tret / MO

» BH
R ¢ -
7| ringdown

R=11.6 km

©-2 'Weak tidal disruption
0.1 | | | S

hr/M
o

-0.1
-0.2

300 600" 900
Green= toay / Mg e

Tayloy T4



BH-NS with piecewise polytrope (a=0)
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Spinning BH-NS; more promising

IVIBH:5'4Msun
a=0.75, Q=4
IVINS:]-'BSIVIS‘un
R=11.6 Km t=0ps

a0 ——

60
30
Eol . e
~30 |

B0 b

g0 Lo . 1
-90-80-30 0 30 60 90

x [km]

Mg,=2.7M

sun

a=—0.5, Q=2

Mys=1.35M

sun

R=11.6 KM _164.5577 us

60

40 |
20
£ o}
=20 |
A0 b
60

Kyutoku et al. 2011

-60-40-20 0 20 40 &0
X [km]




f hy 100Mpc

GW spectrum for Q=3, M<=1.35M_,.
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With BH spin & high-mass BH

For all, a=0.75 1.35-5.4M,
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Summary

» Late-inspiral waveforms of NSNS reflect
NS EOS (although i1t 1s a small effect)

» GWs from HMNS reflect NS radius;
Radius may be constrained with ~1 km
error for small-distance events

» GWs at tidal disruption reflect NS radius;
high-spin BH events could constrain EOS
even by advLIGO/VIRGO/KAGRA



Thanks



Imprint of EOS in tidal disruption

* Large NS Radius -
tidal disruption at a o
distant orbit, I.e.,
at a low frequency

Assume the same mass

« Small NS Radius =

tidal disruption o O

at a high frequency




