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Network of GW Interferometers

LIGO GEO Virgo
KAGRA

LIGO India

KGWG since 2009
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LIGO

• 2015 First detection of gravitational waves  
- First detection of black hole binary 
- First detection of heavy (stellar-mass) black holes 
- Opens a new era of GW Astronomy 

• 2017 Nobel Prize in Physics
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Gw150914 

5

Gravitational waves from neutron star binaries

• B1913+16 / Hulse & Taylor (1975) 
• Orbital period change due to GW radiation 
• 1993 Nobel Prize 
• LIGO is based on  

NS binary mergers 
• Why 2019 ?  

d = O(100 Mpc)

Weisberg, Nice, Taylor, ApJ (2010)
1975 2005
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NS (radio pulsar) which will coalesce within Hubble time 

(2003)  
(2004)
(1990)
(2004)
(1975)
(1990)
(2000)
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sGRB short-hard gamma-ray bursts from NS mergers 
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Neutron Star Mergers / Kilonova

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

Credit: NSF/LIGO/SSU/A.Simonnet

Press Release Oct 16, 2017 
GW from Binary NS Mergers
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GW170817 / GRB170817A
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2017-08-17 12:41:04 UTC
라이고 및 비르고 중력파 신호 포착

+2초 후
페르미 및 인티그랄 감마선 신호 포착

+약 11시간 후
칠레 천문대 망원경들이

가시광선 신호 포착

+약 21시간 후
국내연구진 호주 이상각망원경으로

추적관측시작. 이후 약 4주간 추적관측
(KMTNet, BOOTES-5망원경 등)

+약 9일 후
찬드라 우주망원경

X-선 신호 포착

+약 16일 후
지상 전파망원경
전파 신호 포착

KMTNet(서울대/한국천문연구원)

그림출처: LIGO, NASA, 1M2H/UC Santa Cruz and Carnegie Observatories/Ryan Foley,
서울대/한국천문연구원/임명신, NSF/Sonoma 주립대/A. Simonnet, NRAO

서울대학교 초기우주천체연구단
(임명신)12



GRB and Kilonova
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r-process peak at A~195
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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 detection from NS mergers 
• New era for GW Astronomy & Multi-Messenger Astronomy 
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우주 진공은 요동치고 있다

1023cm 109cm 102cm

10-13cm10-33cm
18

Image by kip Thorne



진공은 무엇인가

• 빛은 사라지고 
입자-반입자 쌍 생성


• 입자-반입자는 어디에서

• `없다`는 과연 무엇인가
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진공은 무한한 창조의 공간

20

LHC@CERN



우리는 왜 진공을 인식하지 못하는가
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Image by kip Thorne

• 우리는 큰 변화 만을 인식한다

• 진공 자체도 변할 수 있다

존재와 변화

시공간의 변화 / 일반상대성이론 1915

중력이 있으면 빛도 휜다

물질(에너지)의 존재가 진공 자체를 바꾼다 
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중력렌즈

NASA/ESA

마이크로렌징 / 외계행성탐색
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블랙홀 발견

• 은하중심 거대 블랙홀 
• 블랙홀 쌍성 / 강한 엑스선방출 
• 2002 노벨물리학상

XTEJ1118+480
M87

Centaurus A

24



빛으로 이해하는 우주 / 시공간 자체의 변화

시간(세슘-133원자)과 길이의 기준

시간과 3차원 공간, 그리고 물질은 광속불변의 법칙에 의해 얽혀 있음
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중력과 시간지연

GPS

에너지(질량)는  시간의  흐름을  변화시킨다
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중력은  시공간  자체의  변화



중력파

시공간의 잔물결

빛의 속도로 이동
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블랙홀의 충돌

전자기파/중력파

중력파 
아인슈타인 1916년 예측 
라이고 2015년 9월 검출

전자기파 
맥스웰 1867년 예측 
헤르츠 1886-91 검출 
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Line element (ds) : how to specify geometry?
- should be independent of coordinate transformation 
- should be testable by a local measurement
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dr, d� ⌧ 1

ds2 = a2(d✓2 + sin2 ✓ · d�2)

ds2 = (dx)2 + (dy)2

ds2 = (dr)2 + (rd�)2

d✓, d� ⌧ 1

more general in curved space
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ds2 = a2(d✓2 + f2(✓)d�2)

ds2 = a2(d✓2 + sin2 ✓ · d�2)

C(✓ = ✓0) =

Z 2⇡

0
af(✓0)d� = 2⇡af(✓0)

r = a

Z ✓0

0
d✓ = a✓0

C = 2⇡af(r/a)



line element in special/general relativity

ds2 = ⌘↵�dx
↵dx�

flat space time

⌘↵� = diag(�1, 1, 1, 1) =

0

BB@

-1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

1

CCA

ds2 = �(cdt)2 + dx2 + dy2 + dz2

= �(cdt)2 + dr2 + r2(d✓2 + sin2✓ d�2)

ds2 = g↵�dx
↵dx� (↵,� = 0, 1, 2, 3)

special relativity (line element is invariant under Lorentz transformation) 

general relativity (educated guess) 

information of gravity (metric)
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notations

a↵ = g↵�a
�

a · b = a↵b
↵ = g�↵a

�b↵ = g↵�a
�b↵

g↵�g�� = �↵�

a↵ = g↵�a�
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proper time under curved geometry

ds2 = g↵�dx
↵dx�

d⌧2 = �ds2

ds2

d⌧2
= �1 = g↵�

dx↵

d⌧

dx�

d⌧
= g↵�u

↵u�

quantum fields “move” along the trajectory  
which minimises the proper time under curved geometry
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(mc2)2
✓
dt

d⌧

◆2

� (mc)2
✓
dt

d⌧

d~x

dt

◆2

= (mc2)2

� ds2

d⌧2
=

✓
dt

d⌧

◆2

�
✓

d~x

cd⌧

◆2

= 1

E2 � (pc)2 = (mc2)2

� =
dt

d⌧
E = �mc2

p = �mv

Special Relativity

Geodesic equation / extremize proper time

�

Z q
�⌘↵�dx↵dx� = 0

�

Z s✓
1 +

2�

c2

◆
(cdt)2 �

✓
1� 2�

c2

◆
(d~x)2 = 0

�

Z q
�g↵�dx↵dx� = 0

d2x↵

d⌧2
= 0

d2xi

dt2
= � @�

@xi

d2x↵

d⌧2
= ��↵

��
dx�

d⌧

dx�

d⌧

Flat space

Newtonian

General

Christoffel symbol
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Tidal gravitational force / Newtonian case

d2xi

dt2
= ��ij

@�(x)

@xj , d2(xi + �i)

dt2
= ��ij

@�(x+ �)

@xj

@�(x+ �)

@xj
⇡ @�(x)

@xj
+

@

@xk

✓
@�(x)

@xj

◆
�k + ...

d2�i

dt2
= ��ij

✓
@2�

@xj@xk

◆

x

�k

�

x

tidal acceleration tensor
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Ricci tensor                       

Einstein’s Field Equation

• In Newtonian dynamics: Poisson’s equation:

i.e., summation over the quantities that describe the geodesic deviation (=tidal 
acceleration tensor). 

r2� = �ij
✓

@2�

@xi@xj

◆
= 4⇡G⇢

• In the presence of energy (mass, etc.), Einstein's field equation becomes

Curvature scalar                       

Energy-momentum tensor

R = Rµ
µ

• The Ricci tensor is similarly defined with Φ, i.e., summation of all tidal components.

Rµ⌫ = R�
µ�⌫

R↵� � 1

2
g↵�R =

8⇡G

c4
T↵�
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Einstein’s field equation with source

G↵� ⌘ R↵� � 1

2
g↵�RG↵� =

8⇡G

c4
T↵�

T↵� =

0

@
energy density energy flux

mom. endsity stress tensor

1

A

r�T
↵� = 0 r�G

↵� = 0

Bianchi identitylocal conservation 
of energy-momentum

Newtonian limit
39

Newtonian vs Einstein gravity

What mass does

~F = �m~r� ds2 = g↵�(x)dx
↵dx�

d2xi

dt2
= ��ij

@�

@xj

d2x↵

d⌧2
= ��↵

��
dx�

d⌧

dx�

d⌧

r2� = 4⇡Gµ G↵� =
8⇡G

c4
T↵�

produce a field curves spacetime

Motion of a particle

Newton’s law of motion Geodesic equation

Field equation

40

ds2

d⌧2
= �1 = g↵�

dx↵

d⌧

dx�

d⌧
= g↵�u

↵u�



Principles of Gravitational Waves

c = 1 unit
long timescale change

short timescale oscillation
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Linearized Vacuum Einstein Equation 

g↵� = ⌘↵� + h↵�
⌘↵� = diag(�1, 1, 1, 1) =

0

BB@

-1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

1

CCA
|hµ⌫ | ⌧ 1

⇤ ⌘ ⌘↵�@↵@� = � @2

@t2
+ ~r2

�R↵� =
1

2
[�⇤h↵� + @↵V� + @�V↵] = 0

V↵ ⌘ @�h
�
↵ � 1

2
@↵h

�
�

h�
↵ = ⌘��h�↵

x0↵ = x↵ + ⇠↵(x)

h0
↵� = h↵� � @↵⇠� � @�⇠↵

⇤h0
↵� = 0

Gauge transformation

Lorentz gauge

Field equation
V 0
↵ ⌘ @�h

0�
↵ � 1

2
@↵h

0�
� = 0

42



EM waves & Gravitational waves

Maxwell equation

source (charge, spin)

E,M fields

EM waves

Einstein equation

source (energy, …)

space-time curvature (gravity)

gravitational waves
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Linearized Gravitation vs Electromagnetism

h↵�(x)
⇣
�(t, ~x), ~A(t, ~x)

⌘

�R↵���(x) ~E(t, ~x), ~B(t, ~x)

h↵� ! h↵� � @↵⇠� � @�⇠↵
~A ! ~A+ ~r⇤

� ! �� @⇤/@t

@�h
�
↵ � 1

2
@↵h

�
� = 0 ~r · ~A+ @�/@t = 0

⇤h↵� = 0
⇤ ~A = 0

⇤� = 0

basic potential

fields

Gauge transformation

Lorentz gauge

field equation

44



Transverse-traceless (TT) gauge

h↵� =

0

BB@

0 0 0 0
0 a b 0
0 b -a 0
0 0 0 0

1

CCA ei(
~k·~x�!t)

⇤h↵� = 0

a =
1

2
(hxx � hyy)

b = hxy

further impose TT gauge

impose Lorentz gauge

wave equation

45

production of gravitational waves
near source, one cannot assume tranverse-traceless form

trace-reversed perturbation

• keep entire perturbation / solve for gravitational wave 
• impose TT gauge only far from the source

h̄µ⌫ = hµ⌫ � 1

2
h⌘µ⌫

@h̄µ⌫

@x⌫
= 0

Lorentz gauge

⇤h̄µ⌫ = �16⇡GTµ⌫

wave-equation with sources
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Further properties

⇤h̄µ⌫ = 0

h̄µ⌫ = Re{Aµ⌫ exp(ik�x
�)}

Aµ
µ = 0 (traceless), A0i = 0 purely spatial

in vacuum

plane waves propagating with speed of light

coordinate transformation

TT gauge far away from any sources

h̄TT
µ⌫ = hTT

µ⌫
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Regions of space around a source of GW
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GW propagating in z-direction in TT gauge 

hTT
µ⌫ = h+(t� z)

0

BB@

0 0 0 0
0 1 0 0
0 0 �1 0
0 0 0 0

1

CCA+ h⇥(t� z)

0

BB@

0 0 0 0
0 0 1 0
0 1 0 0
0 0 0 0

1

CCA

plus polarisation cross polarisation

ds2 = �dt2 + (1 + h+)dx
2 + (1� h+)dy

2 + dz2 + 2h⇥dxdy

line element

Lx =

Z x2

x1

p
1 + h+dx ⇡ (1 +

1

2
h+)Lx0;

Ly =

Z y2

y1

p
1� h+dy ⇡ (1� 1

2
h+)Ly0

h+
h�

lengths in x- & y-directions
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Generation of gravitational waves

⇤h̄µ⌫ = �16⇡GTµ⌫

h̄µ⌫(t,x) = 4

Z
Tµ⌫(t� |x� x0|,x0)

|x� x0| d3x ⇡ 4

r

Z
Tµ⌫(t� |x� x0|,x0)d3x

|x0| ⌧ |x|, |x� x0| = r

weak source 
long wavelengths 

large r

h̄jk(t,x) =
2
r
d2Ijk(t�r)

dt2

Ijk =

Z
⇢xjxkd3x

@T tt

@t
+

@T kt

@xk
= 0, and

@2T tt

@t2
=

@2T kl

@xk@xl

conservation of energy momentum tensors are used
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Order of magnitude estimates of GW amplitude

Ijk =

Z
⇢xjxkd3x Qjk =

Z
⇢

✓
xjxk � 1

3
r2�jk

◆
d3x

Note: the moment of inertia tensor is not exactly the same as the 
quadrupole moment tensor, but in TT guage, it does not matter.

Ïjk ⇠ (mass)⇥(size)2

(transit time)2 ⇠ quadrupole Kinetic E. = ✏Mc2

hjk ⇠ 10�22
�

✏
0.1

� ⇣
M
M�

⌘⇣
100Mpc

r

⌘

In most cases, ! is small, but it could become ~0.1
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Quadrupole radiation from a binary NS merger

h ⇠ G

c4
Ens

kin

r

Ens
kin ⇠ 1.4M�(⇡a/T )

2

T 2 =

✓
4⇡2

GM

◆
a3

h ⇠ 10�20 ⇥
✓
6.3 kpc

r

◆✓
M

2.8M�

◆5/3 ✓ T

1.0s

◆�2/3
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2. GW sources:

So, extremely weak for most cases!

• Laboratory generation of GWs:

Ex). A rotating dumbbell of two masses: 1ton, 2m & 1kHz

R ~ λ = 300km  è

Ex). Particle accelerators, e.g., LHC:

where

for

In the LHC, v~0.999999991 and 10^11 protons per bunch è h ~ 10^-43 !!

GW Kang (KISTI/KGWG)

53

GW sources
• Compact Binary Coalescence (neutron stars 

and black holes) 
• Strong signal, but rare 
• Computable waveforms 

• Continuous (~ single neutron stars) 
• Weak, but could be abundant 
• Deviation from axis-symmetry is not known 

• Burst (supernovae or gamma-ray bursts) 
• GW amplitudes are now well known, not 

frequent 
• Stochastic 

• Superposition of many random sources 
• Could be useful to understand distant 

populations of GW sources or early universe

Ijk =

Z
⇢xjxkd3x

Black hole binaries
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Waveforms can tell many things

Neutron star binary

Black hole binary

high f

low f

different  
time-scale

different  
pattern
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중력파 검출기 네트워크

8544.68km 

8867.18km 3026.76km 

LIGO, Hanford, WA 

LIGO, Livingston, LA 

Virgo, Cascina, Italy 

시간차이 
HO/LO-Virgo  ~ 0.03초 
HO-LO ~ 0.01초

57
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40kg 용융실리카 (SiO2) 
(흡수율 1ppm 이하)

Nd:YAG 고체레이저  
1064nm (근적외선)

Goal 750 kWGoal 200 W

Laser Interferometer Gravitational-wave Observatory



GW propagating in z-direction 

h+ h�

59

plus polarisation cross polarisation

• TT gauge 
- mirrors & beam splitters remain at rest 
- GW (h) interact with interferometer’s light 

• local Lorentz (LL) frame 
- in the proper reference frame of beam splitter 
- beam splitter is freely falling with GW  
- mirrors are moving 
- tiny correction due to GW & light interaction 

• physical observables should be independent of coord choice 

Kip Thorne

What is interacting with GW, laser light or test mass?

60



라이고 검출기 성능

• 4km 거리에서 양성자 직경의 1000분의 1 변화 측정 가능 
(1광년 거리에서 머리카락 굵기의 1/10 변화에 해당) 

• 강한 레이저 파워 (20 W       700 W      100 kW)  
(최종 목표 : 200 W       750 kW) 

• 거울 사이의 레이저 약 280번 반복하여 4km 거리 한계 극복 
(1120 km 효과) 

• 검출 가능 거리 : 
중성자별 충돌은 약 10억 광년 / 블랙홀 충돌은 약 30억 광년

61

Sensitivity of Interferometers

If the length resolution is "laser, detectable strain is 

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

h ⌘ �l

l
=

�laser

l
=

10�6m

103m
= 10�9

Fabry-Perot cavity (~ 250 bounces) :

h ⇠ �l

leff
⇠ �laser

�GW
⇠ 10�6m

106m
= 10�12
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�GW ⇠ 1000 km for 300 Hz

h ⇠ 1p
Nphotons

�laser

�GW
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N: measured number of photons over period τ  

Poisson distribution
�N =

p
N̄

�t�E � ~
2

E = ~2⇥c
�l

N �E = ~2⇥c
�l

p
N̄

�⇥ = 2⇥c
�t

�l

Uncertainty in the phase measurement :

�t�E =
�⇥�l

2⇥c
~2⇥c

�l

p
N̄ � ~

2

�⇥ � 1p
N̄

N � 1
2(�⇥)2

Measuring the phase shift by averaging over some period τ  

Shot noise

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

Nphotons =
Plaser

hc/�laser
⌧ ⇠ Plaser

hc/�laser

1

fGW

⌧ ⇠ 1/fGW

For 1W laser with λlaser=1 µm, fGW=300Hz,  Nphotons=1016

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

h ⇠ �l

leff
⇠

N�1/2
photons�laser

�GW
⇠ 10�8 ⇥ 10�6m

106m
= 10�20
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Gw150914 
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Why Neutron Stars ?

Ultimate testing place for physics of dense matter

M = 1.5 ⇠ 2.0M�

R = 10 ⇠ 15 km

A ⇠ 1057 nucleons

e+e� pair creation

67

Theomodynamics with General Relativity

Hydrostatic equilibrium
dP

dr
= �GM⇢

r2

✓
1 +

P

⇢c2

◆✓
1 +

4⇡Pr3

Mc2

◆✓
1� 2GM

rc2

◆�1dP

dr
= �GM⇢

r2

dM

dr
= 4⇡r2⇢

includes all energy sources
physics of dense nuclear matter 

(strong interaction)

dM

dr
= 4⇡r2

⇣ ✏

c2

⌘
Mass continuity

dT (r)

dr
= �3L(r)(r)⇢(r)

4⇡r24acT (r)3

dL(r)

dr
= 4⇡r2⇢(r)✏(r)

Radiative energy transport

Energy conservation

P = P (⇢, T, composition)
 = (⇢, T, composition)
✏ = ✏(⇢, T, composition)
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Maximum Mass of Neutron Stars

Neutron Star-White Dwarf Binaries 
1.97 solar mass NS : Nature 467 (2010) 1081

2.01 solar mass NS : Science 340 (2013) 6131

    Q) How to understand ?
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Response of NS to GW during Inspiral

perturbative approaches
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Tidal deformability & Love number

71

• 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 
• … …

Selected references

Tidal deformability & Love number

�
(1 + gtt)

2
= �

m

r
�

3Qij

2r3

✓
ninj

�
1

3
�ij

◆
+O

✓
1

r3

◆
+

Eij

2
r2ninj +O(r3)

ni =
xi

r

Qij = ��Eij

� : Tidal deformability

k2 =
3

2
G�R�5

k2 : l = 2 Tidal Love number

Qij =

Z
d3x�⇢(x)

✓
xixj �

1

3
r2�ij

◆

Eij : external quadrupole tidal field
Qij : quadrupole moment of NS

Hinderer et al. PRD 81 (2010)

dimensionless parameter
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Laser Interferometer

• Consider a simple Michelson 
interferometer with lx ≈ ly ≈l. 

• The phase difference of returning 
lights reflected by x and y ends 

• Toward the photo-detector:  

• For small Δ#, 

�� = �x � �y ⇡ 2!0 [lx � ly + lh(t)]

EPD / ei�x � ei�y = ei�y (ei�� � 1)

Time varying part

IPD / |ei�� � 1|2 ⇡ |��|2 ⇡ 4!2
0(lx � ly)

2 + 8!2
0(lx � ly)lh(t)
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⇡

4
+

3
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accumulated GW phase

point-particle approximation

|��GW(f)| = |�3.5,pp(fGW)� �3.5,�(fGW)|
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phase shift vs deformability
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dx
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GW 170817 (d=40 Mpc) 
GRB 170817A by Fermi-GBM 
Kilonova/X-ray/Optical Afterglows

Press Release Oct 16, 2017 
GW from Binary NS Mergers
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Magnitude of strain

with ◆ =  = 0
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in detector’s frame (r, �,⇥)

h(t) = F+h+(t) + F⇥h⇥(t)

F+ = �1

2
(1 + cos2 �) cos 2⇤ cos 2⇥ � cos � sin 2⇤ sin 2⇥

F⇥ = +
1

2
(1 + cos2 �) cos 2⇤ sin 2⇥ � cos � sin 2⇤ cos 2⇥

h+(t) = �GM�
c2r

(1 + cos2 �)hc(t)

h⇥(t) = �2GM�
c2r

(cos �)hs(t)

optimal condition ◆ = 0 & ✓ = 0

hc(t) =
2

c2

✓
µ

M �

◆
[�GMf(t)]2/3 cos [2⇥(t)� 2⇥0]

hs(t) =
2

c2

✓
µ

M �

◆
[�GMf(t)]2/3 sin [2⇥(t)� 2⇥0]
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With Y-B Choi, H-S Cho, YM Kim

Uncertainty in the estimation of deformability under optimal condition
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GWs from low-mass NS mergers are better to distinguish NS EoS

Prospects

• Distribution of black holes and neutron stars 
• Tidal deformability and NS structure from GW 

• From 2019, expecting more GWs from aLIGO
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