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Introduction
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Neutron Star of Known Mass
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Maximum mass of Neutron Stars
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Table 9
Most Probable Values for Masses and Radii for Neutron Stars Constrained to
Lie on One Mass Versus Radius Curve

Object M (Mg) R (km) M (Mg) R (km)
rph = R roh > R

4U 1608-522 1.52+0,2% 11.04°0%%  1.64*05% 11.82+04%
3 0.12 0.86 4+0.450 0.47
EXO 1745-248  1.55*G!12 10914086 1.34*04% 11.82404]
/ : 0.13 n1+0.39 0.37 0.42
4U 1820-30 L5755 1091  1.57%:% 11.82+042
0.21 1.00 +0.28 0.18
MI13 1.48*0.21, 11.04*5% 0901928 12217918
A +0.26 1.14 0.51 0.27
@ Cen 1.43+0.% 11185 0994031 12.09*0.2%
X7 0.832%50s, 13257455 1.98'%% 11.3*%

Mass (M. |

95% confidence limits by using MC sampling
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Nuclear Equation of States

r= 1P
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162 0
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First detection of GV from a BNS
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Neutron Star of Known Mass
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Properties of GW 170817

Abbott et al. (LSC and Virgo), arxiv:1805.11579

Low-spin prior (xy < 0.05) High-spin prior (y < 0.89)

Binary inclination 6;x 146727 deg 152%22 deg
Binary inclination #;x using EM distance constraint [104] 151717 deg 153717 deg
Detector frame chirp mass M9 l.lS)T.')fg’_((’;;;:I\l... l.lS)T(if((’,:gg:E.\[_,
Chirp mass M 11867099 M 1.186 79 001 Ma
Primary mass m, (1.36, 1.60) M. (1.36, 1.89) M
Secondary mass ma2 (1.16, 1.36) Mx (1.00, 1.36) Mg
Total mass m 2.73700 Mg, 2.77H0-22\
Mass ratio ¢ (0.73, 1.00) (0.53, 1.00)
Effective spin yesn 0.007907 0.027005
Primary dimensionless spin y, (0.00, 0.04) (0.00, 0.50)
Secondary dimensionless spin y2 (0.00, 0.04) (0.00, 0.61)
Tidal deformability A with flat prior 300" 790 (symmetric)/ 3001520 (HPD) (0,630)
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Response of NS to GW during inspiral
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Measurability of tidal
deformability



Tidal term in GV waveform
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Accumulated GWV phase (1)

the number of wave cycles in frequency domain

A]chc,\Il — 2T

fi=10 HZ,
the low frequency cutoff for

Advanced LIGO
due to seismic noises

Waveform models:
TaylorT2 for ANy

TazlorFZgSPAZ Achc,‘I’

W(fa) = U(f) + (1 - fo)

A

df]’

(7.8)

1.4M, + 1.4M , f, = 1000 Hz

Moore et al.,, PRD.93.124061(2016) 3.5PN(circ)

PN order AN ¢y AN cyew AN ful
OPN(circ) 16 031 986 372 1821
OPN(ecc) —463 -36 137 —-6.37
1PN(circ) 439 21743 125
1PN(ecc) —15.8 -1193 -0.332
1.5PN(circ) —208 —-8520 -94.8
1.5PN(ecc) 1.67 103 0.113
2PN(circ) 90.54 294 6.70
2PN(ecc) -0.215 —-15.4 —0.008 17
2.5PN(circ) -10.6 -218 -10.6
2.5PN(ecc) 0.0443 2.61 0.004 73
3PN(circ) 2.02 18.2 2.80
3PN(ecc) 0.002 00 0.119 | —0.000238
—0.662 —4.39 -0.977
19 Total 15785 962 445 1843
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Accumulated GWV phase (2)

SERRVAN AFTSY == AWEER, A =800
— AV = ATEE A —1200 waveform model:
107 v AT A =400 TaylorF2(SPA)
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|ANcycIe|
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Accumulated GWV phase (2)
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Accumulated GW phase in time domain

Adcw (f)] = |®3.5,pp(faw) — P35 2 (faw)

Hinderer et al., PHYSICAL REVIEW D 81, 123016 (2010)
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Measurement Errors via Fisher Matrix

Fisher matrix

. 9h ok i
F@] = Re < aA%‘a)\J > )\7, — Mchirp7n7¢67t67 31,27 €O7A7

covariance matrix B

ho(f) = Af~"°e™7(f)

2iij = F,L-_jl :

Ur(f) = @ + 2nft AUPP
correlation matrix ) = / 128103 (A3 spy
Cij = Bij// Bii Ly + AT L AP | APtidal | Agim )

Measurement Errors

0 = \/ 2ij
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Measurement error vs. Source Distance
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Derive 2nd order Diff. eq of H



TOV Eq. vs. Diff. Eq. for Tidal deformability

a spherical symmetric star in hydrostatic equilibrium

0 x [
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TOV Eq. vs. Diff. Eq. for Tidal deformability

static linearized perturbations due to an external tidal field

_ (0 h
5G — 818 9o = Jap T Nap; T. Hinderer (2008), K. Thorne and A.
pr 37 T'LW Campolattaro (1967)

ha 3 —
diag[—e" " Hy(r), e’ Hy(r), r*K(r), r* sin® 0K (r)| Y2 (0, ).

0Ty = —0p = —(dp/dp)~*ép 0T} = dp

- I3
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Selected references

A.E.H. Love (1909) - The Yielding of the Earth to Disturbing Forces

K.S. Thorne & A. Campolattaro (1967) - non-radial pulsation of NS

J.B. Hartle & K.S. Thorne (1969) - stability of rotating NS

K.S. Thorne (1998) - Tidal stabilization of rigid rotating, fully relativistic
neutron star
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Love nhumber
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Tidal Love number and Tidal deformability

T. Hinderer, ApJ, 677, 1216 (2008)

(1 — ga) _ M 30 (ninj_l(sij> _{_0(%)

2 ro 2r3 3
1 ;o
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Y A : Tidal deformability
Q” Y Qi; : Quadrupole moment of NS
5 Eii  External quadrupole tidal field
2 R
= k’Q ko : 1 =2 Tidal Love number
3 G
2\ ° 2\ °
C 2 [ Rc
A=X\N/'M 0 — G A= — ko
/ GM 3 \GM
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Tidal coefficients (deformability)

Multipole moments induced by a external tidal field

electric-type tidal coefficient (even parity)

Mass moments electric-type tidal field

Spin moments Sé magnetic-type tidal field

magnetic-type tidal coefficient (odd parity)
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even parity
(A=2m*/r)Ho(T)Y .M H\(T)yr)Y M ho(T,r)(8/06) Y LM ho(T,r)(8/0¢p) ¥V LM
H\(T»y)V M (1=2m*/r)*Ho(T)Y L™ hy(T,r)(8/30)Y LM h(Ty)(0/d)V 1 M
Sym Sym [ K(T,r) Sym
r= +G(T,r) 3%/ 06V 1
Sym Sym "G (T,r)(8°/3600 ¢ r*[ K(Tr) sin*
— 0864 /sinfd ) ¥V 1. M +G(T,r)(0%/d¢d e
+sinf cosfd/ab) |V LM
(1
odd parity
0 0 —ho(T,r) (9/sinfd ) ¥V L M ho(T,r) (sinfa/a6) Y 1, M
] 0 0 —hy(T,r)(0/sinfd ) ¥V LM hi(T,r)(sindd/06) Y .M
e Sym Sym  Ja(T,r)(8%/sin80d o — cosfd/sin’0d o) ¥ 1M Sym
Sym Sym 3k(T,r)(8%/sinfd ¢d ¢+ cos8d/ 30 —sinfd*/3030) V LM — ho(T',r) (sinfd?/ 900 o— cosfd/d ) ¥ LM

Metric in linearized perturbation

3)

(12)
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Regge-Wheeler gauge and M=0

even parity

odd parity

hyy=exp(—1kT)P(cosb)

By =

Hy(1—2m*/r)

H,

0

0
0 0
0 0
0 0

0 ho(?’)
0 kl(f)
0 O

Sym Sym 0 0
Xexp(—1kT)(sinfd/06)Pr(cosh). (18)

33

H,
H2(1 —Zm*/r)”l

0

0

0 0

0 0
r’K 0

0 72K sin%f

(20)
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Regge-Wheeler gauge and M=0

even parity uw=exp(—ikT)Pr(cost) , H=H0=H2,K
Ho(1—270n*/r) H, 0 0
i Hy(1—2m*/r)"* 0 0
. 0 0 7K 0
0 0 0 72K sin%
k=0, stationary case (20)
odd parity 0 0 0 ko(ﬁ) Y=h0
0 0 0 Kb
B =

0 0 0 0
Sym S/Vfrcl) 0 0
Xexp(—1kT)(sinfd/06)Pr(cosh). (18)
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Even parity (Electric-type) metric Fn. H

0G,,, = 8101},

H" + CIH’ + C()H = (.

Regge & Wheeler (1957), Thorne & Campolattaro (1967)

h alld —

diag[—e"" Hy(r), " Ho(r), r*K(r), r* sin® 0K (r)] Y2 (0, ).

6Ty = —6p = —(dp/dp)~op 6T = op

2 1 2 2
C, = . + (¥ = A) =;+ e"[—m+47rr(p - e)],

2 r?
(28)

€€ + 1 d
C0=eA[— (r2 )+47r(e+p)d—;+4'n'(e+p)]

+ v+ (V) + %(2 — rv)(3v + X))
_ A[_ €€+ 1)
2
— (V)3 (29)

d
+ 47r(e + p) £ + 47 (5e + 9p)]
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Electric-type tidal coefficients (1)

General solution

H = apﬁ({z(X) T GQQAQ(X), x=r/M—1,
¢c= M/R
yeXt == I’H//H Ay = CIQ/(IP

ﬁl(z(x) + a(‘f'Q?'Q(x)
Pup(x) + acQp(x)

yi(x) = (1 + x)

P 02 (x) — C.\"(ﬁ ¢2(x)
Qpr(x) = cyeQer(x) | x=1/c-1

dy — —
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Electric-type tidal coefficients (2)

—_ ((SH()()(? l')gmwing B Hgmwing(r) = ClPﬁ(z(«\') Y(m

r\¢
= (lp(ﬁ) Y( s (40)
_ (6H0()e - u)dccrcasing —_ Hdccrcnsing(’ ) = aQQ( 7( )y( -
r\—(+1)
= UQ(M) Y o) (41)

d,r 1 =(=)2€¢ — Nakr-E+D

ap (GM\2(+1 GM\2(+1
(26 — 1)”G,LL( — Q( 3 ) — (l(( 3 ) .

6'6 C6

36

Damour and Nagar , PRD 80, 084035 (2009

"_l"L A_l (AL A
Y MA

W+=G(€') aL(_L),
! r

Gho(X) = — exp(—2W4/c?),
4
GA,(X) = — W,
-

4
EAX) = 0,WA + — o, WA,
2

GA(T) [d<1, lEf NI X)]x"—»(

[T} \PY, amw = woew s



Electric-type tidal coefficients (3)

Damour and Nagar , PRD 80, 084035 (2009)

G GM\2(+1 GM\2¢+1
2€ — DNGu, = IQ( = ) = a(( . ) . (45)
ap Ca C6

ay (GM)26’+1 2k€

— — 2¢+1
Gre = ne— ek T8

2
€o

1,
k(, — —C"('+l(l('

I 5piq Pin(x) — cyePea(x)

= — —*

: Q 0 (X) — ¢y Q> (x)

(49)

x=1/c—1
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Electric-type tidal coefficients (4)

Damour and Nagar , PRD 80, 084035 (2009)

2 1 2 2
Ci=—-+-(—-A)=-+ e"[—m +4mr(p — e)],
r

Electric-type tidal coefficients re g (28)
_ag (GMN\+L 2kp €€+ 1) de
Gue = 1)”( 2 ) 6= D 1)!!R . (48) Co = e"[— 2 + 4ar(e + p)d—p + 4m(e + p)]

1
+ v+ (V) + 5(2 —rv" )3y + X))

_ e‘[—€(€+ 1)

H”+C1H’+COH=O. de
2 +47r(e+p)d—p+4'rr(5e+9p)]

we calculated the case, =2 - (V)2 (29)
ky = 2(1 - 2¢)%c[2c(y—=1)—y + 2]{2c(4(y + 1)c* + (6y — 4)c? + (26 — 22y)c* + 3(5y — 8)c — 3y + 6) TH/(T)
- 3(1 = 2¢)?(c(y=1)—y+2) log(l _lzc)}_l, IR = H(T) |T:R

ky = ’§;(l -2’2y = D)2 =3y —2)c+y— 3]{20[4()‘ + 1)ed + 29y — 2)c* — 20(7Ty — 9)c® + 5(37y — 72)c?

— 452y = S)c+ 15(y = 3)] - 15(1 = 20)*2(y = 1)c* = 3(y = 2)c + y — 3) log( : )}_l.

5
1 —2c (1)
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Higher Tidal Love Numbers

Damour and Nagar , PRD 80, 084035 (2009)

0.12
—— € =2 (SLy)
~ Ciem | = (Mw)??
0.1} 27 . ._E: :f‘ls-‘lf’j‘.‘s":| /
" T Awhdal N, 25/
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< 006
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% | 0.05 0.1 0.15 0.2 0.5 03 0.35 tida' defor’mabilit)’ in the
waveform

39 st GWNR Seminar @ 2018.07.12



Magnetic-type tidal coefficients

Damour and Nagar , PRD 80, 084035 (2009)

Likewise,

Magnetic-type tidal coefficients

SA = o HA 1/ + < [2m + 47 (p — )]y’

(€+1) 6
—e"[ ( r:- ) _ rm 47T(e—p):|(// = 0. (31)

€—1 by GM\2¢6+1
oo~ gt (%)

4(8 +2) 2¢€— 1!
{—1 Je

— R2(’+I
4(€ +2) 2¢— 1!
o= A p, = — 2] p(F) — cYoaa ¥ p(7) .
, , GM\S {//Q(;: odd(//Q(;) F=1/c
o= L e = L (OHY;
72 = 482K T g™ c2
i’ — —
2 o 96¢°(2¢ — 1)(y — 3) 73)

5c(12(y + 1)c* +2(y = 3)c2 +2(y = 3)c2+3(y=3)c =3y +9) +3Q2c — 1)(y — 3)log(l — 2¢))
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Magnetic-type tidal coefficients

Damour and Nagar , PRD 80, 084035 (2009)

Likewise,
i i i N : :
Magnetic-type tidal coefficients 0005 | \\ l .
‘ N\ I I
A — SFALJA 4 - 001 N\ | |
5p = o H. ot \\ |
-0.015 \\,,.,' |
. N T\'*:;- :
G . €—1 | bg (GM)2€+I N LN |
T¢T 4 +2) 2 - N\ & 002 N\ |
| N [
£—1 jf | L |
— R2( H, 0025} | \ |
4(¢ +2) 2¢— 1! o , L
J( = | -0.03 — (=2 (Sly) : If\
| | _ — - -{ =2 (FPS) , N
5 1 1 1 1 1 1 P =1
Go, = —jR>=—b (_) ’ 0.05 0.1 0.15 0.2 0.25 0.3
T T A c

a 96¢°(2¢ — 1)(y — 3)
5c(12(y + 1)c* +2(y = 3)c2 +2(y = 3)c2+3(y=3)c =3y +9) +3Q2c — 1)(y — 3)log(l — 2¢))

J2 (73)
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Tidal Love number and Tidal deformability

(1—g,) _ M B 30; v 151.1. L0 L T. Hinderer, ApJ, 677, 1216 (2008)
2 ro 2r3 3 r3
+%5,-jxixj+0(r3), (1)
A : Tidal deformability
Qij — _)\gij (i : Quadrupole moment of NS
9 R5 Eii + External quadrupole tidal field
A= gﬁkQ ko : 1 = 2 Tidal Love number
RA(R) GM
30" - C=
by =—— (1= 20)*[2+2C(y — 1) — ) ' 7 H(R) R

X {20[6 — 3y +3C(5y — 8)] +4C*[13 — 11y + C(3y — 2) + 2C*(1 + y)]

+3a—20fp—y+20@—1nmu—za@_
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Tidal term in GV waveform

~S

ho(f) = Af~70e™T(f)

3
Ur(f) = @c + 2nftc 1284v° (P :

/A stidal )
AWVepy

+ AUPR + AU,

N
N

6595 'v\\31i5..
364 =

- 16 (m1 + 12mo)miA1 + (meo + 12m1)m5As

13 (g + mg)®

9 5 9 5
2 [ Re
A= N/MP ¢ _Z
A %G<GM> A 3<GM> k2

42

M. Favata, PRL.112.101101 (2014)

AVgy), (D)

| 012(—5/\——1\), @)
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Higher order term in GWV phase (I)

Post-Newtonian spin-tidal couplings for compact binaries -
arxiv:1805.01487 PN order]] 22

| o2 /\2:4.:52, 023,32 /\:;;G:;
5 LO x A 1 ]
6 NLO x 6A LOx X |
3 3715 55 113 6.5 |INNLO x AINLOx£| LO T |
Y(x) = 14| —+ —v])z+ | — X 7 LO|
( ) 128y 15/2 ( 756 0 ) ( 3 8 ... |LO
38 1.5 O 2
X (mx1 +n2x2) — gV(Xl +x2) | =77 +O(z%)
Az® + (A + )z + (A + £ +1D)zb° + O(2”
+Az° + (A +X)z° + (A+ X+ T1)z"° + O(z") ¢,
= CmX1 . - 2\ (1)
(15) [ =52 [(856m — 81603) AL,
4993m  249™7\ ()
288 c10\(V . ( - )o
A= (264 — ) M; +(1e2), (16) A [(398 105 56Tm o, 18 9 *
n AT "‘) X3 v (27225 - 2040§)) | + (1 02). (@
[ 6607 66397, oA
A (4595 15895  5715m 3257;;") 1o ( = 81:;%’) xl] 275
28 287]1 14 7 ]”5 4 (l R 2) , (19)
+ (1 & 2), (17) i g 8 (1)
5 [(_9860 , 4933 16441“) v Xl] oy
X 8 _\1) 3 37]1 M°
6920 20740\ c®o : ) )
( 7 217)1> M5 t162)
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Higher order term in GWV phase (2)

Rotational-tidal phasing of the binary neutron star waveform
- arx1v:1805.01882

3M . 39 - -
U — —2.5 A 2 — X 6.5
128,u$ [ 5 z° + 3 2° T

— ./~\3 T + 2~33 :1:8] : (8)

.1 . i
X=Wc12{x(” [36(35+614q))\(1) (7 — 47514)55" — 2316¢A5" — 3474q0(1)]

+x [36(35 + 614/g)AS — (7 — 4751/9)5{" — 23161 /q — 34745 /] }

~ 4000 1 9
Ag = 9M7 14( ( ) ( )/q)

S 29920 g4 (1) L (2)
3 = 11M7 (q03 +03 /Q)
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Dynamic tide

PRL.116.181101 (arxiv:1602.00599)
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Calculation of Tidal
deformability



To obtain Tidal Love number; k2 (1)

b — 8(515 (120122 + 2C(y — 1) — 4] T. Hinderer, Ap), 677, 1216 (2008)
X {20[6 — 3y 4+ 3C(5y — 8)] +4C7[13 — 11y + C(3y — 2) + 2C*(1 + y)]
+3(1 =20)°[2 —y +2C(y — 1)]1In(1 — 2(1)}_1

v = };{5((}2}{)) ¢= izﬁg

dH
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To obtain Tidal Love number, k2 (2)

dH dp M\
—1 2
—|—%—|—2<1—2%> (%2+47T7“P> }
T T T

—1
+%(1_2%)

TOV
Compositions of a NS

d_P _ _GMP ( P ) <1_|_ 47TP"“3) (1 B 2GM> F. Weber 2005

1+ —

d/,a ,'a2 pc2 MC2 ,’,.62 tracbional neulron star

dM 5 [ €

—— = A e

d/r' C sate
Fe
10% gem 2
10 " ma
"N m:l

nucheon star
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Various Nuclear EoSs

For plain npeu nuclear matter, we include:
(1) two potential-method EOSs (PAL6 [15] and SLy

[16]);
(i) eight variational-method EOSs (APR1-4 [17], FPS Read et al., PRD 79, 124032 (2009)
[18], and WFF1-3 [19)]); a7.
(i11) one nonrelativistic (BBB2 [20]) and three relativ-
istic (BPAL12 [21], ENG [1] and MPA1 [22])
Brueckner-Hartree-Fock EOSs; and
(iv) three relativistic mean-field theory EOSs (MS1-2 36.
and one we call MS1b, which is identical to MS1
except with a low symmetry energy of 25 MeV
[23]).

EOSs as K/m/H /q models:

log (p in dyne/cm?)
&

(1) one neutron-only EOS with pion condensates (PS
[24]);
(i1) two relativistic mean-field theory EOSs with kaons
(GS1-2 [25)]);
(iii) one effective-potential EOS including hyperons
(BGNIHI [26]); eight relativistic mean-field the-
ory EOSs with hyperons (GNH3 [27], and seven 33.
variants H1-7 [12]; one relativistic mean-field the- of
ory EOS with hyperons and quarks (PCL2 [28]); - N 1 L
and 14. 14.4 14.8 15.2
(iv) four hybrid EOSs with mixed APR nuclear matter log (p in g/cm3)
and color-flavor-locked quark matter (ALF1-4 with
transition density p. and interaction parameter ¢
given by p.=2ny, ¢=0; p.=3ny, ¢=0.3;
pe = 3ny, ¢ =0.3; and p. = 4.5n,, ¢ = 0.3, re-
spectively [29]).

E

50 Ist GWNR Seminar @ 2018.07.12



Constraints on Nuclear EoS

Nuclear data: hundreds of models (Skyrme force, RMF, ...)

Neutron star maximum mass
.97 + 0.04 M® [Nature 467, 1081 (2010)]

2.0l £ 0.04 M [Science 340,448 (2013)]
| | experimental/empirical data for nuclear matter around saturation density [Phys.Rev. C 85,035201 (2012)]

Constraint Quantity Eq. Density Region Range of constraint Range of constraint Ref.
exp/emp from CSkP
SM1 Ko (@),(15) po (fm—3) 200 — 260 MeV 202.0 — 240.3 MeV [64]
SM2 K'=-Qq (8),(16) po (fm=3) 200 — 1200 MeV 362.5 — 425.6 MeV 65]
SM3 P(p) (6)) 2 < —pi’—) <3 Band Region see Fig. 1) (78]
SM4 P(p) (6)) 1.2 < -;% < 2.2 Band Region see Fig. 2] (80]
PNM1 H 31) 0.014 < £ < 0.106 Band Region see Fig. 3 39, 40]
PNM2 P(p) (6)) 2 < ﬁ <3 Band Region see Fig. (78]
MIX1 J [©) po (fm—3) 30 — 35 MeV 30.0 — 35.5 MeV [44]
MIX2 L (10) po (fm—3) 40 — 76 MeV 48.6 — 67.1 MeV [101]
MIX3 Krv (21] po (fm—2) -760 — -372 MeV -407.1 — -360.1 MeV [107]
MIX4 S(pe/2) - po (fm=3) 0.57 — 0.86 0.61 — 0.67 [110]
MIX5 ?PI’% (41) po (fm=2) 0.90 — 1.10 1.02 — 1.10 112]
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2000

mmwme  GSkI ‘/:“
Selected EoSs
E
< 1000
Q
* Skyrme force models 2
Q.
* Basically fitted to properties of well-known nuclei 500
* Good saturation properties
* Mmax more than 2Msun % 500 1000 1500 2000 250
E [MeV - fm 7
Model | po | Eg K ~Qq J L K. M,
Exp/Emp|~ 0.16|~ 16.0| 200 ~ 260 | 200 ~ 1200 | 30~35 | 40~76 | 372~760 |> 1.93 ~ 2.05
CSkP _ = 1202.0 ~ 240.3]362.5 ~ 425.6]30.0 ~ 35.5|48.6 ~ 67.1|360.1 ~ 407.1 _
GSKI | 0.159 | 16.02 9230.2 405.6 32.0 63.5 364.2 1.98
SLy4 | 0.160 | 15.97 9229.9 363.1 32.0 45.9 322.8 2.07
SkI4 | 0.160 | 15.95 9248.0 331.2 2.5 60.4 329.9 2.19
SGI | 0.154 | 15.89 261.8 9297.9 98.3 63.9 362.5 92.95
KIDS | 0.160 | 16.00 240.0 379.7 32.8 49.1 375.1 2.14

Kim et al., arxiv:1805.00219

KIDS (Korea: IBS-Daegu-Sungkyunkwan): A new systematic expansion scheme for nuclear EDF
[Phys. Rev.C 97,014312 (2018)]
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2.

Mass-Radius relations

Kim et al., arxiv:1805.00219

2.5
--'.'.',,';;'\,,\ J0348+0432
0f --..:' » a0 \" T
N 116142230
vc—“
GWI170817 - M L
GW170817 - M2 =
L 1
- |
- - - - GSkl :
- SLy4
- Sk|4
smuam SGI| ™
~27)  [~33 —— KIDS — —
A v - A
00— 4 5 6 71 8 00 9 o 12 13 14
o Radius [km]

GW170817
- Mchirp = 1.188 Mo

- low spin prior : M| = 1.36 ~ 1.60 Mo ,M2 = |.17 ~ .36 M®
- high spin prior : M| = 1.36 ~2.26 Mo ,M2 = 0.86 ~ 1.36 Mo
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Tidal deformability of a NS

1600
0.14|
1400
0.12}
1200
0.101 1000
20.08] = 800
0.06] 600
0.04} 400
0.02} 200}
0 , ) e :
1.0 1.2 1.4 1.6 1.8 2.0

0.08.

Mass (M. |

GWI170817, Mchirp = 1.188 Me
- low spin prior : Lambda(l.4 M®) < 800
- high spin prior : Lambda(1.4 M®) < 1400
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Central Density at Mns=1.4 Mo

well-selected EoSs

1000
900}
800}
700¢
600}
500
400}
300¢
200¢

<

100515 30 25 30 35 40 45 5.0
Pe/ Po

ruled out ?
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Tidal deformability in BNS

1600 : v
v [eeea GSkl
1400 \\ - SLy4
%\ -imn Ski4
1200/ SRR [
1000} \‘ — KIDS
2 800| |
600/
400/ :
200 Ve
%0 200 200 600 800 1000 1200 1400 1600

A=

A,

16 (mq1 + 12ma)miA; + (mo + 12my)m3A;

13 (my + mg)?

56

1200

1000¢

800
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400}

200

Kim et al., arxiv:1805.00219

----- GSklI === SGl

- SLy4 KIDS

- Ski4

4 05 06 07 08 09 10
M2/M1

GWI170817, Mchirp = |.188 M®

- low spin prior : reduced Lambda < 800
- high spin prior : reduced Lambda < 700
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Beyond k2
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—3 1+ —3715+§u T+ Ex
128v25/2 756 9 3

38
X (mx1+m2x2) — ?V(Xl + X2)> z'® 4+ 0(z?)

+ Az’ + (BA + 2)z® + (A + £ + T)2%5 + O(:v"')} :

(15)

Ist GWNR Seminar @ 2018.07.12



Recent Recearches
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a lower bound of A\
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> A(Mepirp = 1.188Mg) > 400

- H4 — BHBA¢ —— MPAI —— SLy

~— HB - ALF2 - ENG - APR4

— DD2 — 5220 SFHo = EPS
-—Y———7 7 J

b / o |
s

—

GW170817

: 4 —4—
400F — i VS M- -T:
‘ AT2017gfo |
200F  Menirp = 1.188 M. .
0.5 0.6 0.7 0.8 0.9 1.0
q

Radice et al.,Ap]L, 852,129 (2018)
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1.4

Recent Studies from Other groups (1)

Rin(fm)
1400 —< 16 22 25, 28 %lo’ '3|3>
= : PREX 0 - EOS R B ko A L
1200 = | N APR 11.55 0.179 0.0721 148 62
1 : 7 MDI (z=0) 11.85 0.174 0.0707 1.65 62
L r | 7 MDI (z = —1) 13.59 0.152 0.0831 3.85 107
< ol 0% wperbouna LA ] DBHF+Bonn B 12.64 0.163 0.0946 3.06 69
I | r=0.98;0=5.28 | FPS 10.84 0.191 0.0664 1.00 35
ook : | SLY4 11.72  0.176 0.0762 1.68 47
- | -
a00 g —L— L [B] PG. Krastev, and B.-A. Li, arXiv:1801.04620v |
R'*J(km)
[A] FJ.Fattoyeyv, ]. Piekarewicz,and C.). « MDI EoS
Horowitz, arXiv:1711.06615v2 - SNM part and symmetry energy constrained
by heavy-ion reaction data up to 4.5 p0
* RMF models and 1.2 pO, respectively
 Correlating neutron skin of 298Pb , « 341 < A(1.4Me) < 782

A (1.4M@) and R(1.4Me)
* 490 < A(1.4Me) < 800
* 12.55 km < R(l1.4M®) < 13.76 km

* 11.5 km < R(1.4Me) < 13.6 km
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Recent Studies from Other groups (2)

1600 T T T T T T T T 7] 1) ) P : : I
1400 ! _ 1, |
I A(1.4M.) > 800 ] ol M = 1.4M: | W
1200 o )
~— 1000 . . ]
— 100 < A(1.4M.) < 800 ] 600 F -
= 800f . - I
~. . ]
— \ \ | . ] 1 10
< 600+ A(LAM.) < 400 = 100 .
100 . I
Wipax < 2M 1 200 R
200 \ 1 i ]
.._-n——r'\"'l/jl (IS S SR S J “.,...11.1.1....1....1.‘..‘-_,,
] 10 12 ll 10) 11 12 13 14 15
| ‘ R (km)
R(1.4M¢)[km] [D]Y.Lim and J. Holt, arXiv:1803.02803

[C] E.Annala, T. Gorda, A. Kurkela, and
A.Vuorinen, arXiv:1711.02644v2

Prediction with uncertainties inherent EFT
~ 73000 energy density functionals

* Low density EoS from EFT
High density EoS from pQCD
Polytropic interpolation in the

intermediate density
120 < A (1.4Me) < 800

9.9 km <R(1.4M@) < 3.6 km
A (1.4Mw) = 2.88 * 10 (R/km)7S 61 st GWNR Seminar @ 2018.07.12

350 < A (1.4M®) < 540
11.65 km < R(1.4Me) < 12.84 km
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Raithel, Ozel, & Psaltis (ApJL,857,L23(2018))

R(m,) (km)

C = ap + a;InA + a,(InA)?,

De, et al., arxiv:1804.08583
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Comparison with recent works

900 [A] FJ. Fattoyey, ]. Piekarewicz, and C.J.
800 ) DI S Horowitz, arXiv:1711.06615v2
" B] P.G. Krastey, and B.-A. Li, arXiv:
700! 1801.04620v |
[C] E.Annala, T. Gorda, A. Kurkela, and A.
600} Vuorinen, arXiv:1711.02644v2
i) ‘D] Y.Lim and J. Holt, arXiv:1803.02803
s 500¢
<t
= 400}
< 200l GSkI |
SLy4
200 Skl4 |-
100! SGI | | |
: KIDS | | Kim et al., arxiv:1805.00219
09 10 11 12 13 14 15

Radius (1.4M.)) [km]
Red line: A (1.4Me) = 2.88 * 10-¢ (R/km)’~ (fitting function in [C])
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Crust EoS, Symmetry Energy

l()()() o '\.'- - L L L L l()(l) T T T T T T T T T T
¢ 4 | )
i % | [ M = 1.4M; ‘ 0!
KO0 - - SO0 = .
OO0 = - 6GOD = ~
—
i | | y 10~
400 + il 400 - -
' and crust ‘
200 - : 200 i
A\ without crust L |
() . P TR U SRS — — 2 Ol—— e A ~ 10-7
10 12 14 16 18 20 22 19 20 0 0 80
M(M.,) L (MeV)

Y.Lim and J. Holt, arXiv:1803.02803
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Prospects of GWV observation
for searching NS and its
properties



Overview of Advanced LIGO 2nd Obs.

|.  Period: Nov. 30,2016 ~ Aug. 25,2017
break: Dec. 22,2016 ~ Jan.4,2017, May 8 ~ 26.

2. Coincident observing data of LHO-LLO : ~81 days (as of Jun. 23,
2017) - 8 candidates

3. Averaged range
*[.4Mo-1.4Mo:~70 Mpc
* [0 Mo - 10 Me :~ 300 Mpc
e 30 Mo - 30 Mo : ~700 Mpc

4. Detection
e BBH : GWI170104, GW 170608, GWI170814

* BNS : GW170817
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Overview of Advanced LIGO 2nd Obs.

|. Period: Nov. 30,2016 ~ Aug. 25,20 . hysRevx.6 041015 :

break: Dec. 22,2016 ~ Jan. 4, 2017,

2. Coincident observing data of LHO 5
2017) - 8 candidates

607% - —

f N>2 N>10 N>40
3. Averaged range 5 40% - :
+ 1.4 Mo - 1.4 Mo : ~70 Mpc =
+ 10 M. - 10 Mo : ~ 300 Mpc “

02 03

e 30 Mo - 30 Mo : ~700 Mpc 0% —

(VT)/(VT)o
4. Detection

« BBH : GW170104, GW170608, GW 170814
* BNS : GW170817
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Prospects of the Observing Runs

“Prospects for Observing and Localizing Gravitational-Wave Transients with Advanced LIGO,Advanced Virgo and KAGRA”,
arXiv:1304.0670v4, LIGO-P1200087-v45, in preparation to submit Living Rev. Relativity

Epoch 2015-2016  2016-2017 | 2018-2019 2020+ 2024+
Planned run duration 4 months 9 months 12 months | (per year) (per year)
LIGO 40-60 60-75 75-90 105 105
Expected burst range/Mpc Virgo — 20-40 40-50 40-70 80
KAGRA - — - o 100
LIGO 40-80 80-120 120-170 190 190
Expected BNS range/Mpc Virgo - 20-65 65— 85 65-115 125
KAGRA - - o 140
LIGO 60-80 60100 — —
Achieved BNS range/Mpc Virgo - 25-30 — —
Estimated BNS detections 0.05-1 0.2-4.5
Actual BNS detections U — —
s 5 deg? <1 1-5 1-4 3-7 23-30
90% CR WM ) Geg? <1 7-14 12-21 14-22  65-73
median/deg? 460-530 230-320 120-180 110-180 9-12
i 5 deg” 4-6 15-21 20-26 23-29 62-67
Searched area % within 4o 2 14-17 33-41 42-50 44-52  87-90

VVe expect to observe more BNS and/or NS-BH

67
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Summary

|.  Tidal deformability of a neutron star can be observed by
gravitational-wave detection.

- The most dominant tidal coefficient is I=2 electric-type coefficient

A2.

- The weighted A in BNS was estimated by observation of
GWI170817

2. Tidal deformability is a new constraint on nuclear equation of states
provided by GW observation.

- more compact NS EoS is preferred.

3. Further investigation on A and NS EoS will be conducted by using
MC simulation and Bayesian analysis.
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Mass-Radius relations
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GW170817
- Mchirp = 1.188 Me

- low spin prior :M| =136 ~ 1.60 M® ,M2 = 1.17 ~ 1.36 Mo
- high spin prior : M| = 1.36 ~2.26 Mo ,M2 = 0.86 ~ 1.36 Mo®
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Tidal deformability of a NS
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GW170817, Mchirp = 1.188 M®
- low spin prior : Lambda(l.4 M®) < 800
Kim et al. in preparation - high spin prior : Lambda(l.4 Me) < 1400
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02 Summary

Time l\\'u'k\" from 2016-11-30 00-00-00 UTC (1164499217 .0)

H1 operating mode overview
[TI6455651T-1 10 42418
N Observing [49.575]
Lockisg [15.9%
Emvironmental [567%]
Commisssoming 0.6°4
|

Maimtenanoe [6.2°4

Planned engmecring D14

Unknown [21 84

Undetined J00°F]

LIGO binary

Time [mv-k\-_ from 2016-11-30 00-00:00 UTC (11644992170}

L1 operating mode overview
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Maintenance [7.1°%
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