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Neutron Star

A NEUTRON STAR: SURFACE and INTERIOR

con m | M= |.4~2.0Me
* R=10~15km

A~ 10>/ nucleons

ATMOSPHERE
ENVELOPE
CRUST
OUTER CORE
INNER CORE

Peenter = SEVEral X pj

po ~ 2.04 x 10 kg - m™>

courtesy of D. Page 3

ny~ 0.16 fm™ ~ 1.6 X 10**m™



SAMTHE! (Neutron Star)

Wikipidea/Neutron_star

outer crust 0.3-0.5 km
ions, electrons

inner crust 1-2 km
electrons, neutrons, nuclei

outer core ~ 9 km
neutron-proton Fermi liquid

few % electron Fermi gas

inner core 0-3 km
quark gluon plasma?
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Neutron Star of Known Mass

+16 comp.
B2127+11C (x)
B2127+11C comp.
J0737-3039A (i)
J0737-30398B
J1756-2251 (J)
J1756-2251 comp,
J1807-25008 ?s)
J1807-25008 comp. (?)
B23035+46 Se)
J1012+5307 (m)
J1713+0747 (r)
B1802-07 ge

B1855+09 (P
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J0437-4715 (p
J1141-6545
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Demorest et al. Nature (2010)
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Millisecond Pulsars / glitches
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Superfluidity of neutrons

Neutron drip line 1) OUTER CRUST

fons

3) OUTER CORE

Down quark

. Uy quark .
. Strange quark ‘

Nucleons

(nenirons and protons) expecied o
be superfiuid/superconducting.
Alsa comaans eélectrons and muons
(not shown),

D.Antonopoulou (2015)

2) INNER CRUST

Neutron drip line  Superfluid neutrons

superfluid

4) INNER CORE

May contain, in addition to or instead
of nucleons:

'00{.0

Hyperons Free quarks

These states of maner
may also be in a superfluid
or superconducting stare.



Low-Mass X-ray Binary

Table 9
Most Probable Values for Masses and Radii for Neutron Stars Constrained to
[.ic on One Mass Versus Radius Curve

Object M (M) R (km) M (Mz) R (km)
ren = R rh 3> R
4U 1608-522 1.52+9:23 11044033 164703 11.824%%2
EXO0 1745-248  1.55/5% 10.9119% 134940 11.8219:4%
AT o1l ~+0.13 0.3 2+0.37 Q+0.42
4U 1820-30 157700 10913 157G 11.82*G5%
. qw .21 PRRRLI +(.28 1%
M13 1483 1ot 00015 122118
@ Cen 1434538 1185 099470 12,0000
X7 0.832FL, 1328t 19810% 113105

Mass [M ]

95% confidence limits by using MC sampling
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Mass and Radius from LMXBs
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Observation by NICER

Focus on N/CER Constraints on the Dense Matter Equation of State

Zaver Arzoumanian & Kelth C. Gandreau (NASA Geddard Spaca Flight Certer)

December 2019




Hot spot region model in Riley 2019

Riley 2019 ApJL 887 L2I
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Riley 2019 ApJL 887 L2I
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Mass and Radius of Neutron Stars

X MSO
2.5 apy MPA1 Demorest et al. Nature (2010)
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Deriving TOV egq.



Derving TOV eq. (1)
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Derving TOV eq. (3)




Derving TOV eq. (4)




Derving TOV eq. (5)

Q2 — 7 T




Derving TOV eq. (6)
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Cumulative shift of periastron time (s)

NS Observation via Gravitational VWaves

| T 1 T
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35 | S
-40 }
+
45 1 1 | 11 1 | | + 3
1975 1980 1985 1990 1995 2000 2005
Year
1975 2005

Weisberg, Nice, Taylor, Apd (2010)
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B1913+16
Hulse & Taylor (1975)

- 1993 Nobel Prize

* change in the orbital period
due to GWV radiation

- 32 G M3 u?
Ecw = — : c5a5lu |(GR correction]

) 39 G7/2M5/2,u2 .
Jow = - =TT |(GR correction]



GW170817 : The Golden Binary




GW170817 : The Golden Binary




2017-08-17 12:41:04 UTC
2to|1 gl H|21 F30} Mz ZA

KMTNet(MELf/et2d =8+

£

SSS17a

lagellas

+9F TTA[ZE =

_?_
e d20 BAZS0| FYARAZ =F oazyHo=R
JHAEE A= 25 AR BZAIR O|F of 457 FH AR

(KMTNet, BOOTES-5%HZE )

JdFEH: LIGO, NASA, 1TM2H/UC Santa Cruz and Carnegie Observatories/Ryan Foley, MEoistn E7| =X H A FC
MESITHEAHTH/ A A NSF/Sonoma FEOH/A. Simonnet, NRAO (




Heavy Elements from BNS mergers

S Rosswog 2015

lo- 1 | 1 | 1

Ye=0.12

10- ! J |

80 101 123 144 165 186 208 229 25
Massnumber A

solar pattern vs NS-merger

25

Supernovae:
neutrino-driven wind
r-process peak at A~130

NS mergers:
r-process peak at A~195



Heavy Elements from BNS mergers
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A new constraint by GW Observation

A(1.4M.)=190+3%_ 5

N
~

2()()()“\ \ Less Compact X(’%z\ hT(f) — Af_7/66i\PT (f)
_ <"53'/.

1500 - More Compact

3
U (F) =@ + 27ft. ~ o (ATRP

o

= 1000- gspin Jece.
+ AWspy + AW

AV = — 329 Apl0 4 p12 (6595 SA — LS f\)

364 64

250 500 \ 750 1000 1250
A

Abbott et al. (LSC andVirgo), arxiv:1805.11581 (PhysRevLett.121.161101)



Response of NS to GW during inspiral

Inspiral Ringdown

>
cQ -
& b
time
——known——s{supercomputer<~——known——-
~1000 cycles | simulations |
~1min 7
9 RS A :Tidal deformability

A= ——ky k2 :Tidal Love number




Measurability of tidal
deformability



Tidal term in GV waveform

- _7/6 iV

hr(f) = Af 70T (f) M. Favata, PRL.112.101 101 (2014)
3

Ur(f) = @, + 2xft. - 128725 (PN

spin cCe.
+ AWapy + AWTpY

) 39 - 6595

- 16 (ma + 12mo)miA1 + (mg + 12mq)maAg
13 (my -+ mg)?

2 5 2\ °
B . C _g Re
NESVVIRT R D TE A

30

,,;»I

33 AWgpN),

(1)

v = (mfM)/3



Accumulated GWV phase (1)

the number of wave cycles in frequency domain

—

ANcyew = 7= |Y(f2) = ¥(f1) + (f1 = f2) 5|, (7.8)
27 dfl
1AM, + 1.4M, f> = 1000 Hz
fl — IO HZ, NOTM
PN order AN oy AN ey w AN Gl
the low frequency cutoff for OPN(circ) 16031 | 986372 1821
Advanced LIGO OPN(ecc) —463 | =36137 —6.37
L : 1PN(circ) 439 21743 125
due to seismic noises 1PN(ecc) ~15.8 —1193 —0.332
1.5PN(circ) —208 8520 —94.8
| 5PN(ecc) 1.67 103 0.113
Waveform models: 2PN(circ) 2.54 294 6.70
2PN(ecc) ~0.215 ~154 | -0.00817
TaylorT2 for ANy 25PN(cire) | —10.6 218 ~106
2.5PN(ecc) | 0.0443 261 0.004 73
-IMA)ANCYC*” 3PN(circ) 2.02 18.2 2.80
3PN(ecc) | 0.00200 0.119 | —0.000238
Moore et al.,, PRD.93.124061(2016) 3.5PN(circ) | —0.662 —4.39 —0.977
31 Total 15785 062 445 1843




Accumulated GWV phase (2)

' AWEP == Aplidal A =800
— AT = ATESE A—1200 waveform model:
107 e ATEE A~ 400 : TaylorF2(SPA)
Mch=1.188M-
MI=M2=1.365M.

|ANcycle’

32



Accumulated GWV phase (2)

‘ AP == AYldl A =800

A r.DD A wirdal N - A A

waveform model:
2 TaylorF2(SPA)

o: i
107} 172-cycle | Mch=1.188M.

| MI=M2=1.365M.

10-3 : - AlIlgPE)PN only ]
[ &5 o auiga=a00 | ~600 Hz
10'4? ;.,::s ) s A‘I’gg?\},.’\: 300
5 ;t:f === AP A—=1200
10161‘ —5 “163

fow [Hz]



Measurement Errors via Fisher Matrix

Fisher matrix

. doh  Oh i
1) Re < a)\z‘a)\] > >\Z — Mchirp7777¢07t07 31’2,€O,A,

covariance matrix -

hr(f) = Af~ "% (f)

¥ij =T
3
v — Pe T 27[ tc' | A‘I’pp.
correlation matrix T(f) P Ji.A 1287]-1;5 ( 3.5PN
Cij = Bij/\/ B X, + ADSE + ADSES + ADUdal 4 AQUn

Measurement Errors

0 = \/ 2ij
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Measurement Errors of Tidal Deformability

GWI70817 GWI190425 GWI190814 5190426¢
(40 Mpe) (156 Mpc) (241 Mpc) (375 Mpc)
} ' : . : S |
. P
Laniakea Supercluster South Poll Wall »7
TN = il e > - —-————— »> 7’
=<3 1 5L ’ -
\':' 1'0 —— Local Group ,”
= ! ’
- —Virgo Cluster 7
S—” ’”
- /,
o e
— -
5 1.0
+—3 ,/
- ’
a ”
= -~
3 TR crinmine
§ 0.5 A, spinning ]
:cf aﬁ,nonspinning
=
-
0.0 ' _ . |
100 200 300 400

Distance [Mpc]
Kim, Kim, Kwak, Choi, Cho and Lee, JKPS (2021)
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Derive 2nd order Diff. eq of H
for tidal deformability



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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Tidal Love number and Tidal deformability

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

(1 —.%) _ _ﬂ_3Qy (ninj_l51j) +O(ri3)

2 ro 2p3 3
1 ..
o Egx'xd o(r’), (1)
\E A : Tidal deformability

Q” - Y (Qi; : Quadrupole moment of NS

9 R5 E;; .+ External quadrupole tidal field
A — k ko : 1 = 2 Tidal Love number

2
3 G

2 5 2\ O
B . c 2 ([ Rc
rear o a( E) A= (E2)'

39



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  §4 2 magnetic-type tidal field

magnetic-type tidal coefficient (odd parity)

40



Metric in linearized perturbation

even parity

(1=2m*/r)Ho(T ;)Y L H(Tx)V ™ ho(T,r)(8/08) YV 1 M ho(Ty)(0/0 @)Y LM
H,(Txy)V M (A =2m*/r)*Hy(T)V ™ hy(Tyr)(8/00)V 1. M (Ty)(0/dp) ¥V M
Sym Sym [ K(Tr) Sym
= +G(T,7)(0%/06%) |V .M
Sym Sym ’G(T,r)(8%/060 ¢ v} K(T,r) sin’f
—cos0d/sinfd ) ¥V 1 7 +G(T,7)(0%/dpd e
--sinf cosf#d,/av) |V LM |
(13)
odd parity
‘1 0 0 —ho(T,r)(0/sinfd ) ¥V L™ fo(Tr) (sinfa/a0) V M
0 0 — i (T,r)(9/sinfd ) ¥ [, M i (T')r) (sindd/a8) ¥ ., M
fuy= ~ .
l Sym Sym  Jia(T,r) (3*/sinfl060 o— costd/sin*6d ) V 1 .M Sym
Sym Sym 1hs(T,r)(8%/sinfd 3 o+ cosfd/ 30 —sindd*/ ) ¥ LM — he(T,r) (sinfd?/ 900 o— c0s00/d o) ¥ LM
(12)

41



Regge-Wheeler gauge and M=0

even parity

odd parity

hyy=exp(—1kT)PL(cosb)

X |

| Ho(1—2m*/7) H, 0 0 |
H, Hy(1—=2m*/v)71 0 0 |
0 0 r’K 0
0 0 0 72K sin®
| (20)
i 0 0 0 A(r)
0 0 0 /Zi(r)
0 0 0 O
Sym Sym 0O O

Xexp(—1kT)(sindd/a8) P 1 (cosh).

42
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Regge-Wheeler gauge and M=0

even parity Aw=exp(—1kT)PL(cost) : H=H0=H2,K
'Ho(l—zgi*/r) M 0 0 |
)28 H,(1—2m*/r)"t 0 0
Xi 0 0 r’K 0
‘ 0 0 0 72K sin’
k=0, stationary case | (20)
odd parity 0 0 ¢ ko(z) W=h0
0 0 0 K
B =

0 0 O 0O
Sym S/\ﬂxg 0 0
X exp(—£T)(sindo/00) P (cosb). (18)

42




Even parity (Electric-type) metric Fn. H

0G,,, = 8mwoTl),

H'"+ C,H + CyH = 0.

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

ka g —
diag[—e""V Ho(r), " Ha(r), r>K(r), r* sin® 0K (r)] Yam (B, ).

0Ty = —dp = —(dp/dp)~'op 6T} = dp

5
C,=-+ 1(;" —Al) = 2 +- e"[zg + damr(p — e)],
ro 2 r r
(28)
+
Co = e"[— €(€r2 D + 4ar(e + p)j—; + dar(e + p)]

1
+ " + (¥)* + 2—r(2 —rv)(3v' + )

€€+ 1 de
= ."I:— ( 3 )+4W(e+p)%+4w(5e+9p)]

— (v)%, (29)



Electric-type tidal coefficients (1)

General solution

H = Q-Pﬁ e2(x) + aQQe’z(x),

}ext — }’H//H

Y (x) = (1 +x)

dy — — =2

Q;’Z(x) - C'}"(;Qc'z(x) x=1 /('—1.

44

x=r/M-—1,

o
I

M/R

de = CIQ/(IP



Electric-type tidal coefficients (2)

— (6H()()e—1..')g|uwing - Hgm\\'ing(',) — (Ipp('z(.\')y(m

r\¢
= aP(M) Y('nn (40)
— (5H()Oe—v)dccrcusing — Hdccrcusing(r) — (lQQAQ(.\') Yl‘m
r —(€+1)
= UQ(M) Y('m’ (41)

dpr—t = (=)'2€— Nakp el

Damour and Nagar , PRD 80, 084035 (2009)

LY NP
W—EXG —ﬁrnG,
Y 4 MA
we = OV, ()
¢! r

Gioo(X) = —exp(—2W"/c?),
| 4
Gp, (X) = — S W,
_ 3

| 4 .
FAX) = a,Wr + — a, W4,
2

GUT) = [0¢.—1E, (T, X) ]xo



Electric-type tidal coefficients (3)

Damour and Nagar , PRD 80, 084035 (2009)

\ an (GM\2(+1 GM\2(+1
2€ — D)'Gu, = O( = ) - a(( ) . (45)

2

dp \ Cj Ch
B ay GM\2¢+L 2k, -
Cre = ag = 1)H( 2 ) “e—nut - @)
_ e
1\( — EC dy
= — l 201 P ,(2(\) - C-’)-’ff'p 2(x) (49)
: Q,(;'z(x) — cyeQp(x) lx=1/c-1 |

46



Electric-type tidal coefficients (4)

Damour and Nagar , PRD 80, 084035 (2009) 7 1 2 Im
C,=- —(v —Al) = [—+47rr(p —e)]
r?

(28)

Electric-type tidal coefficients

ag  (GM\2¢+ 2k¢ €€+ 1 d
Gue = (26—61)!!( 2 ) = 2= ])”Rz”‘. (48) Co = e“[— ( 2 ) + 4ar(e + p)d—; +4m(e + p)]

+ " + (v')* + zir(z —rv)(3v' + X))
H"+C]H,+COH=O. _ A[_€(€+1)

F

d
+ dar(e + p)d—e + 47r(Se + 9p)]
P

we calculated the case, =2 — (¥")?, (29)

8 n . , . . . . . . .
ky = g(l = 2¢)* A 2e(y = 1) =y + 7-][2"(4()’ + 1)e* + {6y — 4)c® + (26 — 22y)¢? + 3(Sy — B)c — 3y + 6)

¢ 2 ¢ 3 l _l
=31 = 2¢)*QRely = 1) =y + 2) log( o )} ’
1 —2¢c

ks = o (1~ 2020y — e — 3y — 2~y 3]{2‘[40 +1)ed + 2(9y — 2)c* —20(Ty — 9)c? + 5(37y — 72)c?
/

N | -1 .
— 452y - 5)e + 15(y — 3)] = 151 — 26720y — 1)c> = 3(y = e + y — 3) log( )} . (51)

1 —2¢

47



Higher Tidal Love Numbers

0.12

0.1F

0.08

0.04

Damour and Nagar , PRD 80, 084035 (2009)

—
—
—
—
—
-

-2 (SLy)
-2 (FPS)
-3 (SLy)

3 (FPS) 7
4 (SLy)

4 (FPS)

0.35

48

r = (Mw)?/3

Aplidal ), 7:5/2

A\Ijgidal ~ Ny 2772

‘A\I}gidal/A\Ijgidal| N 0(10—3)
We hardly expect to

observe higher terms of

tidal deformability in the
waveform



Magnetic-type tidal coefficients

Damour and Nagar , PRD 80, 084035 (2009)

Likewise,

Magnetic-type tidal coefficients
A

$4 = gAHA. 0"+ 5 [2m + dar(p — )]y
£€+1) 6m
A _bm o _
€— 1 be GM\2¢+1 2 [ ) 3 + 477(‘ P)]l,(/ 0. (31)
GO T ) el - 1)!!( c3 )
__t- Je 20+1
4(€ +2) 2¢— D!
2 sy W(F) — evoaath p(F
o= 2y, = — 2+ /P(A) Yoda ¥ P('A)
(/}Q(’) o C}"U(ILIQDQ(’.) r=1/c

1 1 G M5
G(f2 - jzRS - bz( ) y

48 482\ ¢2

B 96¢>(2¢ — 1)(y — 3)
- 52c(12(y + De* +2(y = 3)c* + 2(y = 3)c?2 + 3(y = 3)c =3y + 9) + 3(2c — 1)(y — 3)log(1 — 2¢))

J2 (73)
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Magnetic-type tidal coefficients

Damour and Nagar , PRD 80, 084035 (2009)

Likewise,
. . . \ ,
Magnetic-type tidal coefficients 005} \\ | |
\ | |
\ | |
4 N\
A A I + - -0.01 F \\ : '
S} = ot HY. yo - \ | ;
| |
0015 F \‘\"\ :
G €—1 by GM\2¢+1 = l\-\\, :
Ge ™ 4(€ +2) 2€ — 1)"( C ) 0021 'Y |
| A\ |
_ €— 1 Je 20+1 . ' \\\\: '
46 +2) 2€— D! R | ; :
- ! \":\\\ :
] 1 (GM\5 _ ':2“']“’ l N
('0. — - RS — b ) i 0.05 0.1 0.15 0.2 0.25 0.3
T ST 2( % ¢
, 96¢3(2¢ — 1)(y — 3)
o= o 73

52c(12(y + De* +2(y = 3)c* + 2(y = 3)c?2 + 3(y = 3)c =3y + 9) + 3(2c — 1)(y — 3)log(1 — 2¢))
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Tidal Love number and Tidal deformability

(1—gs) M 30;(,, 1, 1 T. Hinderer, Ap|, 677, 1216 (2008)
I A A r
*% ,-J-xixj+0(r3), (l)
A : Tidal deformability
Qij — _Agij (Qi; : Quadrupole moment of NS
9 RS &i; + External quadrupole tidal field
A= 3 ?kQ ks : 1 = 2 Tidal Love number
RB(R) GM
8C° — O —
by =——(1—2C)22+2C(y — 1) - g ' T H(R) Re?

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

+3(1-20)%2 -y +2C(y — 1)]In(1 — 20)}_
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Tidal term in GV waveform

- _7/6 iV

hr(f) = Af 70T (f) M. Favata, PRL.112.101 101 (2014)
3

Ur(f) = @, + 2zft, 128773 (PN

Fargy). M

-\ (6595 - 315

spin CCC.
+3PN + AWy

16 (rny + 12ma)miA1 + (my + 12mq)m3As
13 (rmy + mag)?

2 5 2\ °
B . C _2 Re
NESVVIRT R D TE A
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Higher order terms in GWV phase ()

Post-Newtonian spin-tidal couplings for compact binaries -

arXIV: 1 805 .O 1487 EN order ' Aa 0o ,\-;_1‘32, U923 0z Al ea ‘
5 LOax A
b NLOxéA LOxZ
'-( ) 3 l+ 3715 + 55 + 113 y 6.-'5 NNLOxA NLOx>2| LOxUI o
w(r) = , —v |z — ' |
198/75/2 756 9 3 3 o
38 -
1.5 2
X (mx1+ n2xz) — ?V(Xl + x2) | " 4+ O(z®)
I, - 5 < i i s &
+Az” + (A + )z + (A + 2+ 1)z + ()(:1:7)} :
15 . (8561, — 8167%) ALY
288\ U\ - |r'49931/1 B 2497nf\) rr.)l
A= (264 - ) JNg + (1 2), (16) % ‘/593 _ 105 567 e \ 18 | 9 /
n ! AT 8 ’7) X2 —v [272).!3.‘; —2040@‘_,’)] +(162).
/6607 | 6639m o o\ ]eA”
- (’4595 15895 N 5715m  325m2Y cl0AL! (\ g T3 T ) S YT
N = — p—
. 28 28 14 T ) M°® F(1 ¢ 2), (19)
+(1e2), (17) /7 0865 4933 \ gl
T — —_ . " vy — Y ~2
/6920 20740\ 8o 2
\ 7 2y ) M

52



Higher order terms in GWV phase (2)

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

3M 39 -
\y — _2 2 ]_ _—— I\ L —_— X 6.5
128y [ © +¥a" ~ Xz
"33m74'§3m%r (8)
v 1 1Y y o
X =o737%¢ { () [36(35 + 6149)A5" — (7 — 4751¢)55" — 2316¢AL" — 34745{")

+x® [36(35 + 614/g)AS7 — (7 — 4751/9)5%" — 2316357 /g — 347468 /4] }

. 4000 1) (@)
.'&3 _ .)1_[’ 14(q/\3 +A3 / )5
. 29925 / 2)

$2 = 2 gol! + 0l /q).

11M7
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Dynamic tide

DT 2 2
m O Wy

OAT ™ w2 = (mQ)? 2(m9)2ef9’ (b — )

s 2
N la)f eilﬂ}ef(¢_¢f)2 /\/7(¢ ¢f e:FiQ;"szds

- (mQ)* ey
PRL.116.181101 (arxiv:1602.00599)

’

(2)
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Calculation of Tidal
deformability



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

a spherical symmetric star in hydrostatic equilibrium

2 _ 0 a1
G,u’/ p— 87TT,uI/ (J‘\O — ya/ dxa dx
= =" di’ + " dr® +r*(d9’ + sin’0d¢’).

0
Tos = (p+P)uatts + pgy b

TOV eq.
AP GMp (. P\ ([, 4xPr®\ (  2GM
dr r? e - M2 rc?

dd_M = Agr? (%) # Mass & Radius
(A C
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TOV Eq. vs. Diff. Eq. for Tidal deformability

static linearized perturbations due to an external tidal field

G, = 8moTy,

B

2m(r)

pl

q- - d7re” (5p+9p I

(0)
gafﬁ =9, B + h(x 3

T. Hinderer (2008), K. Thorne and A.

Campolattaro (1967)
/ lee 3 =

diag[—e"" Ho(r), e Ha(r), r*K(r), r? sin*0K ()] Yan(0, ).

0Ty = —0p = —(dp/dp)~"ép 0T} = dp

sr(p )| }
=
p +p> ~ V,z] _o

dp/dp

/



To obtain Tidal Love number; k2 (1)

Jou i
ko = - 22 (1-20)22+2C(y — 1) — 9 T. Hinderer, Ap), 677, 1216 (2008)

X {20[6 — 3y +3C(5y — 8)] +4C3[13 — 11y + C(3y — 2) + 2C%(1 + y)]

+3(1—20)%2 =y +2C(y — 1)] In(1 — 20)}_

_RB(R) ., GM
Y="HR) T Re




To obtain Tidal Love number, k2 (2)

dH ~1
— =P Zf 2(1—2M> XH{ 27 [5e + 9P + (de/dP)(e + P)]

o) ()

25(1—2—) - 1+—+2m~( p)}

r

TOV
Compositions of a NS

d_P _ _GM,O (1 4 i) < dm Pr? ) < 2GM> F. Weber 2005

dr 7?2 pC?
dM €
pra — 47p? (62 ) hporr pl i

k2 (A\,\) depends on NS EoS !!
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Equation of State

Hard (stiff) Y.-M. Kim et al. (EPJA 2020)
2500
KIDS
——— GSkI
— 2000 — - SLy4
T ———e Ski4
E 1500{ ~7- sa
>
2 1000
Q.
500
0
0
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Constraints on Equation of State

prefer soft EoS: GW 17081 7,strangeness

2.5
2.0 £
o
= 1.5-
7))
%
E 1.0'
—— KIDS —— Skl4 === Skl4+hyp.
0.51 — GskI —— sGI === SGl+hyp.
— SLy4 P
0.0 — . : '
3 10 12 14 16
M. Kim et al. (IJMPE 2020) Radius [km]

prefer harder EoS: M_max, NICER



Polytropic equation of state

p - Kpr — Kp|+]/n

1<K2<K3
1.0 -
——— K05 . K2=10
€ =(l + (l) C2 + I) ..... Kg:( Ko = 9 //,
p 0 ['—1 0.8 1 : - fjn i 5;:—.:5 /,/
K l H— e
=(1+a Cz + —0p . ne 0.6 Ry -
( )p 0 r— ]p / 7
(a=0)
2
cs dp r_P
C(Q) de €+ p

M. Kim et al.,, JKPS, 78, 932-941(2021)
https://link.springer.com/article/10.1007/s40042-02 [ -00084-4
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Polytropic EoSs vs. Realistic EoSs (1)

M. Kim et al. (JKPS 2021)

Ki<K><K3
3.0 - K105 —— Kq.—l.o Kg-lO—oO.S 25_
..... Kg=0.5 — - K9=l.0 — Kg=1.0—~1.b
— — Kr31=‘:1.5 Kg:].u
2.5 -l 2.0-
i
=20 1.5-
m -
"
s 1.5- A ‘ 1.0-
I S, soted
I A ,‘\ |
1-0- =~ - II .,’ \.\ 0-5
I~ '/ “
0.5 — SN N ] o0
' 8 10 12 14 16 18
Radius [km —
n<l0 kml ' >=1.0
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M. Kim et al. (I]MPE 2020)

—— KIDS =—— Skl4 === Ski4+hyp.

- GSKkI - SGI === SGIl+hyp.

- Sly4 =

8 10 12 14 16
Radius [km]



Polytropic EoSs vs. Realistic EoSs (2)

2\ 2\ °
C 2 ( Rc
A=\/M°—G = - k2
/ GM 3\GM
Ki<K2<K3
0.30
——— K}=O05 - .- KD=10 —— KIDS
...... Kn=0.5 Kn=1.0 GSkI
02 z - K;-1.04o.5 - 5|_y4
04 e KD=10-15 =+ Ski4
4 - =+ SGI
o] ~ U my RN T, e, MS1
_ RV, ~ ——- MSlb
0- ‘ "‘.\" “»
0 ' S \..}-\ 't’\'s
. \, Y- .
\\.
0.00 :

‘ ..T.-:_.—--"l-‘ O'O - T T
1.5 2.0 25 3.0 % N U 1.0 15 20 25 3.
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p/p,

Density profiles for polytropic eos
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Tidal Love number, k2

High k2 low k2

67



Tidal Love number, k2
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Measurements of GW 170817

P(2 Pruc)= 3.5%27.1 7 x1034 dyne/cm?

)= +390_
A(1.4M.)=190+3%_ 50 P(6 Pruc)= 9.0779.26 x1035 dyne/cm?

20001 Less Compact \ ,{5/\ 10%7
1500 - More Compact 10%°
2w
™~ 1 \O
= 1000 g;
= 10%
=
500 10%3 1
1032 1 ; ————
0 250 500 750 1000 1250 o T
5 ) f { 20 3
A plg/em?
Abbott et al. (LSC and Virgo), arxiv:1805.11581 (PhysRevLett.121.161101) Pruc= 2.8 x101% g/cm?3
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Eos-insensitive relation

1500 Insensitive to EoS
1250- K.Yagi and N.Yunes, Phys. Rep. 681 (2017) |
1000 C = ap + a1 (InA) + as(InA)?
< 750
a_0=0.360,a_I=-0.0355,a_2=0.000705
500-
250 C=GM/RcA2

05 010 015 020 025 030
M/R
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Lambda-Radius relation N
Implication of PREX 2 -

PhysRevLett.126.172503 (2021)
R (km)
Kim et al., PhysRevC.98.065805 (2018) 1200 —i22 13 13.5 14 14.5

900 I | I | |
O . | Allowed o P
0.72 i« 3
. _ +0. 7 &
Radius [km] = 12.587;%5 00 1000 - N
| | 600} o o
! ! < 500 =T 1
I | — 400} e
g 800 - -
| | < - {}
I B sLy4
" | 200 . & ska [ o) 1
: | 100 A sal °" PREX-2
| ' PP e i ® KDs 1 GO = =
" X PR U T U U YT TN TN U TN TN OO
: 09 10 11 12 13 14 15 0.15 0.2 0.25 0.3 0.35
: : Radius (1.4M.) [km] R (fm)
[ I
— +147.15
1 [— Lambda = 435.74715,13

Red line: A (1.4M(®) = 2.88 * 10-6 (R/km)7>
[C] PhysRevLett. 120.172703.pdf

Blue line: A (1.4M(®) = 1.35 * 10-3 (R/km)50
Implication of PREX 2 - PhysRevLett.126.172503 (2021)
=> A\ ~ R48

Lambda

Magenta line: A (1.4M(®) = 1.05 * [0+ (R/km)é0

Y.-M. Kim, in progress
Radius [km] Lambda Prog



Beyond k2

0.14} o esaa- GSkl |
-mm Sly4
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0.10 o > 3 3715 55 113
10} — 5G| ir) =——2 11 Do)+ [ =2
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TOV solver in lalsimulation

import lalsimulation as lalsim

Polytrope EoS LIZfgts ALE

eos = lalsim.SimNeutronStarEOSPolytrope(Gamma,
reference_pressure_SIT,
reference_density_ SI)

EoS generation

Polytrope EoS table 2|3 LIS M eosfile A& (REM ZE pressure, FHM| ZE density)

eos = lalsim.SimNeutronStarEOSFromFile(eosfile)

lalsim.CreateSimNeutronStarFamily(eos)

Solving TOV costan

mass = 1.4 % 1lal.MSUN_ST
radius = lalsim.SimNeutronStarRadius(mass,eosfam)
k2 = lalsim.SimNeutronStarLoveNumberK2(mass,eosfam)

&1 Kt=: https://Iscsoft.docs.ligo.org/lalsuite/lalsimulation/

group__ | a | sim_neutron_star _h.html
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