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Gravitational waves from neutron star binaries

B1913+16 / Hulse & Taylor (1975)
+change in the orbital period due to GW radiation
1993 Nobel Prize
LIGO is based on
NS binary mergers
- GW expected in 2019
d = O(100 Mpc)

Weisberg, Nice, Taylor, Apd (2010)
1975 2005



NS (radio pulsar) which will coalesce within Hubble time



2017 Nobel Prize
Interstellar original scenario by kip Thorne

2019 LIGO detected GW from Saturn
- GW from BH/NS binary mergers

- No BH/NS near Saturn

- Existence of a Warm Hole near Saturn

Interstellar starts 40 years after GW detection from Saturn



sGRB short-hard gamma-ray bursts from NS mergers

2704 BATSE Gamma-Ray Bursts

NUMBER OF BURSTS

] I
107 10° 10° 10"
Fluence, 50-300 keV (ergs cm™)



GRB and Kilonova from NS binaries

r-process peak at A~195



Heavy Elements from NS mergers

Sources of Heavy Elements

S Rosswog 2015

solar pattern vs NS-merger

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

NS mergers:
r-process peak at A~195



Press Release Oct 16, 2017
GW from Binary NS Mergers

GW 170817 (d=40 Mpc)
GRB 170817A by Fermi-GBM
Kilonova/X-ray/Optical Afterglows

soon after the announcement of
2017 Nobel Prize



LSC EsE
Scientific
Collaboration

Laser Interferometer Gravitational-wave Observatory

Nd:YAG laser
1064nm (infrared)

40kg fused Silica (SiOy)

Goal 200 W Goal 750 kW :
(absorption < 1ppm)
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Sensitivity of Interferometers

If the length resolution is Aiaser, detectable strain is

er 1 —0
Al _ )\las _ 0" °m _ 10_9

=
[ [ 103m

Fabry-Perot cavity (~ 250 bounces) : Acw ~ 1000 km for 300 Hz

Al Alaser 10~ %m B

Y

h ~
leff )\GW 106m

Due to quantum nature of the photons, the length resolution could be
reduced

1 )\la,se'r'

h o~
\/Nphotons AGW
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Measuring the phase shift by averaging over some period T

Poisson distribution

AN = VN

N: measured number of photons over period T
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Shot noise

Collect photons for a time of the order of the period of GW wave

T~ 1/fGW
Plaser Plaser 1
N otons — ~
phot hc/)\laser ! hc/)\laser fGW

FOI‘ 1W lasel‘ With }Jaser=1 llm, fGW=300HZ, Nphotons=1 016

Al N N]:hl(){gins)\laser N 10_8 X 10_6m _ 10—20

h ~
leff )\GW 10%m

By adopting high power laser (20W for O1) and Power Recycling,
we can reach ‘astrophysical sensitivity’ of ~10-22,

13



GW Catalog

2018.12.05
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GW170817 / G

31/70817A
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-Irst event of Multi-messenger Astronomy

ApJL.848.L12(2017)



Telescopes in Chile

Fermi/Integral
gamma-ray

http://horizon.kias.re.kr
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Chandra X-ray

Korean Telescopes
Nature 551, 71 (2017)

VLA radio

http://horizon.kias.re.kr
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Kilonova / Geometry of GW170817 Nature 551, 71 (2017)

. Optical/ IR / X-ray

p
4
P
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Origin of Solar System Elements
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Gravitational-Wave & Multi-Messenger Astronomy

First direct detection of GW in 2015
First detection of BHs with masses 30 ~ 60 solar mass
GW, Gamma-ray, Optical, X-ray, Radio from NS mergers

New era for GW Astronomy & Multi-Messenger Astronomy
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Why Neutron Stars 7

Ultimate testing place for physics of dense matter

ete™ pair creation

M =15~ 2.0Mg
R =10~ 15 km

A ~ 10°7 nucleons
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Nuclear matter is not an ideal gas

F. Weber 2005

Condensed Matter:
- electron degeneracy
- EM interaction
Neutron Star:
- hadron (p,n) degeneracy
- strong interaction

- still uncertain due to the nature of strong interactions
- Iintroduction of 3 body forces
- exotic states with strangeness
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Why Neutron Stars ?

Ultimate testing place for physics of dense matter

v chiral symmetry restoration
color superconductivity
color-flavor locking
guark-gluon-plasma
AdS/QCD

symmetry energy

tensor forces

3-body forces

R RN Y



P = P(p, T, composition)
Theomodynamics with General Relativity k= r(p, T, COmpOS.It.IOIl)
e = €(p, T, composition)

Hydrostatic equilibrium
dP GM Am Pr3 -
o P dP——GMp(l—i—P><1+ wPr>(1_20Z2\4>
rc

dr 72 dr 72 oc? M c?

Mass continuity

—— = 47rop — = 47T Y
dr c?) F—— includes all energy sources

dr
physics of dense nuclear matter
(strong interaction)

dT(r) SL(r)k(r)p(r
Radiative energy transport Ar — Arr24acT(r)3

_ dL(r)
Energy conservation ~
7"

= 47tr? p(r)e(r)
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Mass & radius of neutron star

Q) Which EOS ?

hard EOS

&

V. o

soft EOS

Neutron Star-White Dwarf Binaries
1.97 solar mass NS : Nature 467 (2010) 1081
2.01 solar mass NS : Science 340 (2013) 6131

29



Millisecond Pulsars  =|
Dipole Radiation w |
|
o
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Moment of Inertia / Glitches

Erot — IQQ Q X —Qn
()
. B? R6Q4 Tpulsar — .
Edipole = — J_GCS Y (1 —n)Q
: B2 R°Q3
)= "+
6lc3

D. Antonopoulou (U. Amsterdam, 2015)
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Superfluid Neutrons

D. Antonopoulou (U. Amsterdam, 2015)

superfluid
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Neutron Star Cooling

Log (7 /K)
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depends on

particle fraction
elements in the envelope
nuclear supertluidity

Y.Lim, C H Hyun, CHL, [UMPE (2017)
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Cooling Mechanism

Photon emission : mostly on the surface
Neutrino emission : entire region, major energy l0ss

Name

Modified Urca
(neutron branch)

Modified Urca
(proton branch)

Bremsstrahlung

Cooper pair
formations

Direct Urca

T~ condensate
K~ condensate

Process

n+n—n+p+e +Vv,
n+p+e —n+n+v,
p+n—p+p+e +V,
p+p+e —p+n+v,

n+n—n+n+vyv
n+p—n+p+vv
p+p—p+p+vv
n+n— [nn]+vv
p+p— |ppl+vv

n— p+e +V,

p+e —n+4v,
n+<m” >—n+e 4V,
n+ <K >—n+4+e +V,

Emissivity®
(erg cm ™S s_l)

~2x 108 R TP

~10M R T

~10Y R TS
~5x102' R T
~5x10° R T

Slow

Slow

Slow

Fast

Fast
Fast

aQrm™ 1 1 o r~ &1
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Fine-tuning Problem

Skl4 + YBZ6 + SAA3'

1.0 M, | »

1.1 M,

1.2 M, |
1.3 M, A
1.4 M, |
15Mm, |°

Log(¢/yr)

| NSmass: 1.0-2.0 M,

abrupt drop: ingnition of direct
URCA

stiffer EoS allows early direct Urca
no calculated-curve can explain
middle-age data

require real fine-tuning

with Yeunhwan Lim, Chang Ho Hyun, Kyujin Kwak
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Low-Mass X-ray

Sinaries (LMXB)

Accreting Object: NS or BH
Companion: Low-Mass Main Sequence
Age: Old (> 10° year)

Accretion timescale: 107 - 109 year
X-ray energy: Soft (< 10 keV)
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M & R from LMX

with Myungkuk Kim, Young-Min Kim, Kyujin Kwak

flux

temperature

radius

expansion
e
S NS R
\ g ﬂ ;
\;, -

l’*‘l

Ny af, S

touchdown

Ozel et al. 2009
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Mass & radius from LMXB

- In collaboration with MK Kim, YM Kim, K Kwak
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Low-Mass X-ray

Sinaries (LMXB)

Steiner, Lattimer, Brown, Apd, 2010
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Response of NS to GW during Inspiral

perturbative approaches
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Tidal deformabillity & Love number

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 deformabillity & Love number

(1 + gu) m 3Quy (i 5 1 1 Eij 2 i j 3
E— =53 nn3—§53 + O 3 —1—77“71713—1—(’)(7“)

Eiqi . external quadrupole tidal field
(0i; : quadrupole moment of NS

A . Tidal deformability Qi = / d>z5p(x) (xixj — %Tz&;j)
QRij = —A&ij .
n o= —
.

dimensionless parameter

ko : | = 2 Tidal Love number

3 _5
ko = §GAR Hinderer et al. PRD 81 (2010)
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~

r(f) = Af =7/t

v = (WfM)1/3

5PN

6PN
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phase shift vs deformability

~

AUt 195 23/2 )\ A
- —_— X ——
dx tidal,5PN 8 n M>  M°
V23 dimensionless
L 2/3
= (wM)?*? = (w " )

n = mlmg/]W2

A 2\’ meo \ ° A
A=—=GA\| =] ~950.5(—
mo° (Gm) 990-5 ( m ) (1036 g cm? 82>

R 2 S . 5
(—C) ko = 9495 (Rmk ) ks
Gm MM,
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accumulated GW phase

’AgbGW(f)’ — ‘\Ij(f)pp(iﬂbPN) — \Ij(f)pp(3.5PN)—|—tidal(5PN)
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accumulated GW phase

waveform model;
1/2-cycle T&)’lOI"FZ(S PA)

Mch=1.188M.
MI=M2=1.365M.

~600 Hz



Measurement error vs. source distance

Local group| |Virgo cluster

Virgo supercluster

!

!

Dotted line : 5PN
Solid lined : 6PN

A (M=1.4M)=800

!
!

GWI170817

Y.B. Choi, H. S. Cho, C.-H. Lee



Press Release Oct 16, 2017
GW from Binary NS Mergers

GW 170817 (d=40 Mpc)
GRB 170817A by Fermi-GBM
Kilonova/X-ray/Optical Afterglows

soon after the announcement of
2017 Nobel Prize
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Gw170817
Information of Neutron Star Structure
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perfer lower A (soft EOS)
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(revised) properties of GW1 /70817

Abbott et al. (LSC andVirgo), arxiv:1805.11579
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A new constraint by GW Observation

Low-spin prior : X <= 0.05
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Neutron Star of Known Mass

updated 4 April 2016

GWI170817:
BNS
Ml:1.36~1.60 M-

906+0
534+1

746 comp.

2 (D)
comp. bﬁulse—Toylor binary double

21375116 Y. 2 in M5 neutron star

J0757-3039A (i) . binaries
J0737-30398 ® Iouble pulsar

e :!
o ¥ in NGC 6544
—ed .

(1.36~2.26)
e M2: 1.17~1.36 M.

1 - e
e

j};ﬁé_gﬁgl )) * —e ~

—_ o) N B g —_

J1748-2446J (0) in TeI:r 5|—q white dwarf . .
J1909-3744 ué) neutron star

J0751+1807 (w
0437-4715 (p

( o
J0024-7204H (o hel in 47 Tuc : 3
802-2124 ) : binaries

——Le1in NGC 1851

s |_i:N_(3(:|ig4§‘»‘05|—0—|
I ® r—— in NGC 6441
|—o"[:§ in NGC 6752
L ey
, I in NGC 6544 Hed
triple system w 2 WDe@ :
’ 1 1 : P
ol
I :c : i
= . 'main sequence— . .
| ., | r—s— neutron star binaries | Lattimer, Annu.Rev.Nucl.Part.Sci.62,485(2012)
0.0 0.5 10 15 2.0 2.5 3.0 and https://stellarcollapse.org by C. Ott

Neutron star mass (Mg)
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https://stellarcollapse.org

A new constraint by GW Obs. (1)

P(2 pnuc)= 3.5%27_, 7 x1034 dyne/cm?

)= +390_
/\( | .4M ) 190 120 P(6 anC)= 9.O+7’9-2.6 x | 035 dynelcmz

= | 4 3
Abbott et al. (LSC and Virgo), arxiv:1805.11581 (PRL accepted) Pruc= 2.8 x101* g/em
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Universal (Eo

S-insensitive) relations

Yagi & Yunes, PR 681, 1 (2017)

I-Love-Q relation, ...

Moment of inertia (l)
- Tital Love number (Love)
- Quardupole moment (Q)

Application

- X-ray o
- Gravita

S

nservations
lonal-wave measurements

- Gravita

ional & astrophysical test of GR
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A new constraint by GW Obs. (2)

EoS insensitive relations (Yagi&Yunes,PR2017)  Parametrized EoS: Mmax >= .97 Ms

Ri=10.8 +20_; 7 km Ri=11.9 *14, 4 km
Ry=10.7 *2.1_; 5 km Ry=11.9 *14,, 4 km

Abbott et al. (LSC andVirgo), arxiv:1805.11581 (PRL acce%fsed) Slide from YMKim
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What we have done in Korea

—
=
e
_all =

7
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'
\

Y

S
S
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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)]
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MaSS‘ :%adIUS re|atIOﬂS Kim et al., arxiv:1805.00219

J0348+0432

J1614-2230

Mns=1.4Me GWI170817 - MI
GWI170817 - M2

GW170817
- Mchirp = 1.188 M@

- low spin prior : M| = 1.36 ~ 1.60 Mo ,M2 = 1.17 ~ |.36 M®
- high spin prior :M| = 1.36 ~2.26 M®,M2 =0.86 ~ .36 M®
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Tlda‘ defOrmablllty Of a NS Kim et al., arxiv:1805.00219

GWI170817, Mchirp = 1.188 M@
- low spin prior : Lambda(l.4 M®) < 800
- high spin prior : Lambda(l.4 M®) < 1400
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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, Living Rev. Relativity, 21, 3 (2018)

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

64 Slide by YMKim



NICER Neutron star Interior Composition ExploreR

launch: June 2017, SpaceX

platform: ISS ELC (ExXPRESS Logistics Carrier)

instrument: X-ray (0.2-12 keV)

objective

- structure: neutron star radii to 5%, cooling timescales

- dynamics: stability of pulsars as clocks, properties of outbursts, oscillations,
and precession

- energetics: intrinsic radiation patterns, spectra, and luminosities

65



66



Nuclear Equation of States o=t

Ko ( p KL p ]
E(p,z)=-B+— £ -1 LA | Eevm o) 4 ...
(p, ) + 13 <p0 ) TS <p0 ) + Esym(p)(1 — 22)” +

Incompressibility o ~ 230 MeV
Skewness K| ~ —2000 MeV

S0 = Fsym(po)  Symmetry Energy

Po

J.M. Latter, Y. Lim (2016)



Symmetry energy / Theoretical uncertainties

waiting for RAON@IBS

Courtesy of Lie-Wen Chen
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Prospects

Expecting more GWs from NS binary mergers !
- Mass & tidal deformability of NS can be measured

simultaneously by GWs.
- GWs can give constrains on the radius of NS and

high-density EOS.

Expecting new results from RAON !
- RAON can give constraints on high-density EOS
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Binary interactions
are always interesting

Thanks
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