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Plan of Lecture
lecture 1 : Fundamentals of Gravitational Wave and its Detection

Gravitational Wave - What ?  Why?  Where?  and  How? 
Basic of Gravitational Wave Detectors
Ground-based Detectors
LCGT, LIGO, Virgo, GEO + Planned (IndIGO, LIGO-Australia) 
Japan project = LCGT (Large-scale Cryogenic Gravitational wave Telescope)
Project outline, Status of Construction, Science Target,

lecture 2 : Physics, Astrophysics and Cosmology with Gravitational Waves

Global Network of GW Detectors
What can be derive from GW detectors. 

Physics of GW Sources
Compact Binaries, Supernovae, Black hole, Pulsar, etc.

Mutually Follow-ups with non-GW observations
Counterpart by/for Electromagnetic, high-energy particles, etc.
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Note:

Gravitational Wave (GW)
is not detected directly yet at Summer 2011.
In this lecture, we will display figures/sounds of GW 
by theoretical prediction, simulation etc. mainly (but not 
all) .

Construction/Upgrading of newer detectors
 are started already.
Some of them are real photograph, but also include 
future plans.
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lecture 1 : Fundamentals of 
Gravitational Wave and 

its Detection
What is Gravitational Waves ?

Where come from ?
Why we would like to measure ?

How to detect it ?



Gravity --> Gravitational Wave

Discover of Gravity
by Newton

“action at a distance”

General Relativity
by Einstein

“distortion of space-time”
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What is Gravitational Wave ?
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metric tensor
“flat” space-time (Minkowski)

gµ� = �µ� =

�

���

�1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

�

���

“curved (distorted)” space-time 

gµ� �= �µ�

ct   x   y   z
ct
x
y
z

flat space-time

distorted space-
time by mass = 

gravity
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Einstein’s Equation
Rµ� � 1

2
gµ�R = �� Tµ�



Einstein Equation :

In case of small perturbation ‘h’, 
a wave equation is derived as;

--> Wave of strain ‘h’
Gravitational Wave
light speed
transverse
quadrupole
(tidal force)

Gravitational Waves
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Rµ� � 1

2
gµ�R = �� Tµ�

gµ� = �µ� + hµ�

h+ = h

�

⇧⇧⇤

0 0 0 0
0 1 0 0
0 0 �1 0
0 0 0 0

⇥

⌃⌃⌅ h� = h

�

⇧⇧⇤

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

⇥

⌃⌃⌅

propagation of 
distortion

�
⇥2 � 1

c2
�2

�t2

⇥
hµ� = 0

wave equation !



Characteristics:
light speed

transverse

quadrupole

(tidal force)

GW characteristics 
& Force on Free masses

h+ =

�

���

0 0 0 0
0 1 0 0
0 0 �1 0
0 0 0 0

�

��� ĥ� =

�

���

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

�

���

hTT =

�

���

0 0 0 0
0 h+ h� 0
0 h� �h+ 0
0 0 0 0

�

���h+ cos(⇥k · ⇥x� 2�fGW t)

Tidal force on 
masses will be 
induced by GW 

incident.
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.

�E, �B (or �A,�)

.

. hTT =

�

���

0 0 0 0
0 h+ h� 0
0 h� �h+ 0
0 0 0 0

�

��� .

e,�i m (Ïµ�)

. � =
e2

4⇥�c � 1

137
..

GNm2

�c � 10�39 for protons .

Electromagnetic Wave Gravitational Wave

Theory Electromagnetism
（Maxwell Equation）

General Relativity
（Perturbation of Einstein Equation）

Field

Electric filed, Magnetic Field
(Vector/Scalar potential)

Metric 
(distortion of the space-time)

Coupled 
Charge

Electric Charge, Current Mass (Quadrupole moment)

Strength
(=Coupling Constant of 

the interaction)

Character
Speed of light speed of light

Character
transverse transverse

very small loss passing the 
Note:

easily interact with materials,
can shield

very small loss passing the 
materials,

cannot shield
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10
in case of EM (Electromagnetic waves) .....

Motion of electric charge (dipole,...) will 
radiate the EM waves.

Metal antenna (or test charge) can receive 
the EM waves with induced current/voltage 
difference by E or B filed.

+

-

�P

III. 原点付近に電荷があって振動している。十分遠くからみると、スカラーおよびベクトルポ
テンシャルは以下のように近似できる。(双極子近似)

φ("r, t) ∼=
1

4πε0

Q

r
+

1

4πε0cr2
"r · ∂ "P (t0)

∂t0
(11)

"A("r, t) ∼=
µ0

4πr

∫
"j("r, t0) dV (12)

ここでQは全電荷、"P は電気双極子モーメントである。また、t0 = t− r
c とする。原点付

近には、電荷の振動による電流 Iが z軸方向に区間 &を流れており、
∫

"j dV = I&ẑ (13)

および
∂ "P

∂t0
= I(t0)&ẑ (14)

とする。

(i) 式 (11)の右辺第１項はなにを表しているか？　極簡単に（１行で）説明せよ。

式 (11)の右辺第２項と式 (12)は電気双極子放射を表している。
(ii) これらについて、

φ =
µ0

4π
c

z

r2
I(t0)& (15)

"A =
µ0

4π

1

r
I(t0)&ẑ (16)

となることを示せ。
(iii) "E, "B をもとめよ。（極座標を用い、r−2の項は無視する近似で。）
(iv) ポインティングベクトル "Sを z軸からの角度 θ[rad]の関数で表せ。また放射強度パ

ターン（角分布）を簡単に図示せよ。
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in case of GW
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?
GW source

hTT =

�

���

0 0 0 0
0 h+ h� 0
0 h� �h+ 0
0 0 0 0

�

���

tidal force



Quadrupole Radiation is fundamental in GW.

Electro-Magnetic Waves
Electric dipole (Charge dipole),
Magnetic dipole (Current dipole),
Electric quadrupole, ..., ..., ..., ...

Graviational Waves
Quadrupole (Mass),
Quadrupole (Mass current),
..., ..., ...
Dipole Radiation is inhibited, because ....
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Elacromagnetic Wave from Dipole
13

�P
�E

�k

�k

�I �H( �B)

⇥H � �̂



orb
ital 

plan
e

GW from Quadrupole Motion
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Polarization
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e+ =

�

⇧⇧⇤

0 0 0 0
0 1 0 0
0 0 �1 0
0 0 0 1

⇥

⌃⌃⌅ , e� =

�

⇧⇧⇤

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

⇥

⌃⌃⌅ .

We can choose (e+,ex) or (eR, eL) as independent basis.

Sai
Misner, Thorne, Wheeler 

W H Freeman & Co (Sd) (1973/09)



Where ?   - Fundamental Source of GW radiation -

Changing a quadrupole moment of mass

Two symmetric masses which rotate the axis

Quadrupole deformation of mass distribution (shape)

�� ��
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Iµ� =

�
dV (xµx� � 1

3
�µ�r

2)⇥(⇤r)

Ïµ� ,
...
I µ�



Source
change (time derivative) of quadrupole moment of 
mass distribution

Amplitude
inversely proportional to the distance between source 
and observer

Energy
total energy is given as :

GW radiation

Iµ� =

�
dV (xµx� � 1

3
�µ�r

2)⇥(⇤r)

hµ� =
2G

Rc4
Ïµ�

EGW � G

5c5
<

...
I µ�

...
I
µ� >
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GW by artificial source .....
hµν =

2G

Rc4
Ïµν100 kg

1m
1000rotation/sec

100 kg

distance : 10m
-->  h~10-35

=1m ruler change as 
 _                    1                       _ m10000000000000000000000000000000000      .

�� ��

(note: we need more than 150km distance for wavezone of 2kHz GW.  

(2kHz GW)

Artificial source is very difficult ...
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Where ? - possible sources of GWs -

Event like:
Compact Binary Coalescence (NS-NS, NS-BH, BH-BH)
neutron star (NS), black-hole (BH)
Supernovae
BH ringdown
Pulsar glitch

Continuous waves:
Pulsar rotation
Binaries

Stochastic Background
Early universe (i.e. Inflation)
Cosmic string
Astronomical origin (e.g. many NS in galaxy cluster ）

(& Unknown sources...)

typical target : h � 10�22 � 10�24
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Why ? - direct detection / measurement of  GW -

Physics
TEST of general relativity in strong field.

Astronomy, Astrophysics
Radiation from compact / massive objects.
Physics of black-hole, neuron star, supernovae, etc...
--> Gravitational Wave Astronomy

Cosmology
Cosmic background radiation of GW
POP-III stars, star formation, etc...
Physics of early universe.

GW is not directory detected yet now (2011), but is 
expected to open new window of physics and astronomy.
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NS-NS  --> Merge -->(SMNS)--> BH?

typical source : Coalescence of Neutron Star Binaries

inspiral merger Blackhole
quasi-normal mode

st
ra

in
 a

m
pl

itu
de

-4              -2                0               2  [sec] time
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amplitude ~10-24 for NS-NS at 200Mpc away!
(in frequency spectrum, ~10-22~-23 [/√Hz] 

@10~100Hz)

-2

-1

0

1

2

x1
0-2

4  

4.03.83.63.43.23.0
s

time

-2

-1

0

1

2

x1
0-2

4  

3.993.983.973.963.953.943.93
s

‘chirp’ waveform

1� 10�24

f(t) --> mass --> absolute amplitude

• small amplitude
• Waveform can determine masses and absolute amplitude.

--> ‘standard candle’
st

ra
in
 a

m
pl

itu
de

siren

22

We can hear GW!



How to detect GW
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Resonant mass

Weber “bar”

µn ˙ ̇ x n (t) +
ωn
Qn

˙ x n (t)+ωn
2 xn (t )

" 

# 
$ 
$ 

% 

& 
' 
' 

=
1
4

˙ ̇ h αβqαβ + ...

merits:
•sensitive on the resonance frequency
•cost

demerits:
•poor waveform reconstruction (narrow band)
•sensitivity limit



Free Test Masses & Laser interferometer
How to detect GW

Mirror

Mirror

Laser Light

Beam Splitter

Interference
cos( 2 pi  2dL /lambda)

Michelson Interferometer

t

x
Free mass = mirror

t

x

light

fla
t 

sp
ac

e-
ti
m
e

di
st

or
te

d 
sp

ac
e-

ti
m
e
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Laser Interferometers
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Sai
http://www.ligo-la.caltech.edu/



Sensitivities of Laser Interferometric GW detectors
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 LCGT (varRSED, BWstudy2009)
 LCGT (varRSEB, Bwstudy2009)

 
 advanced Virgo

 
 advanced LIGO(ZERO DET, High P)
 advanced LIGO(NS-NS)

Frequency of signal

(strain equivalent) 
Noise spectrum

||
GW which 

amplitude larger 
than it can be 

measured.

[1/
�
Hz]

[Hz]

Sai
https://wwwcascina.virgo.infn.it/advirgo/docs.htmlhttps://wwwcascina.virgo.infn.it/advirgo/



Confused Question

Q : I’m afraid that both space and laser wavelength will 
change. Might them cancel out each other ?
(change of laser wavelength = change of time, with the rule of ‘principle of constancy 
of light velocity’)

A : No, don’t worry!
(for non-physicist)  You can see the behavior as “space-
distorted” or as “time-distorted” as you like.
But in any view, you cannot vanish the wave.
We explain with ‘stable clock’ to image easily as in 
laboratory where we are living :-).

(for physicist) You should learn classical electromagnetism in 
undergraduate cause ! 
This is problem of “Gauge”. Waves will not disappear with 
Gauge tarnsform.  
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Antenna Pattern 
(Response for source direction and polarization)

x

y

z

R.A.

De
cl
in
at

io
n

Interferometer’s antenna 
pattern is widely spread 

as almost ‘omni-
directional’.

x

y

z

zenith angle : �

azimuthal angle : �

GW source

(�,�)

28



Antenna Pattern
29

θ

φ

ψ

GW source

binary system

interferometer

x
y

z

x′

y′
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Notation �



Antenna Pattern

F×(θ,φ,ψ) =
1
2
(1 + cos2 θ) cos 2φ sin 2ψ + cos θ sin 2φ cos 2ψ

F+(θ,φ,ψ) =
1
2
(1 + cos2 θ) cos 2φ cos 2ψ − cos θ sin 2φ sin 2ψ

hdet = F+h+ + F×h× 30
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Free mass --> suspended mirror
To integrate strain ‘h’ --> long baseline 
arms.
Limited size --> Folding arms / Storage 
cavity
Against noises -->
high power laser
Cooling
etc..

Schematic Figure

merit on long base-line

h =
��

�

<-- mirror and 
suspension

of CLIO interferometer
 (prototype of LCGT)
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Detector Noise

10-21
10-20
10-19
10-18
10-17
10-16
10-15
10-14
10-13

101 102 103 104 Frequency [Hz] 

h equivalent noise spectrum of TAMA300 

 2001/06    (DT6)
 2002/08/31 (DT7)
 2003/02/20 (DT8)
 2003/11/04 (DT9)

?
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Sai
http://tamago.mtk.nao.ac.jp/spacetime/index.html



Fundamental Noises
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total noise
Pendulum thermal noise
Mirror thermal noise
Radiation pressure noise
Shot noise
Seismic vibration
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Brownian motion of macroscopic instruments : 
Pendulum, Mirror ...

K =
1

2
mv2 U = �1

2
kx2

K + U = kBT

< K >=< U >=
1

2
kBT

x2
RMS =

kBT

m�2
0
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Fluctuation-dissipation theorem

Thermal Noise 

m
d2x

dt2
+ �

dx

dt
+ kx = fN (t) :Langevin Eq.

< fN (t)fN (t�) >= 2�kBT ⇥(t� t�)

< x(⇥)2 >=
4�kBT

|�m⇥2 + i⇥� + k|2

: Power spectrum of Brownian motion
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Spectrum

k � k[1 + i�]

m(�⇥2 + ⇥0 [1 + i�(⇥)])x(⇥) = f(⇥)

< x(⇤)2 >=
4�kBT

⇤

⇤2
0⇥(⇤)

m |� ⇤2 + i⇤2[1 + i⇥]|2
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anelasticity model
viscosity dumping model



in GW detector,
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Shot Noise
Radiation Pressure Noise 

Fluctuation of number of photons

38

mirror
Photons of Laser light

Shot Noise

Radiation Pressure Noise xrp(f) �
1

mf2

�
�P
c�

xshot(f) �
�

�c�
P

High Power ? or Low Power ?
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Standard Quantum limitno
ise

 [a
rb

itr
ar

y 
un

it 
/√

Hz
]

frequency [Hz]

Shot noise
Radiation pressure noise

laser power x10

laser power x0.1



Noises !
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long base line
 (for enhance GW signal)

long L is better !
noise on mirror : dx
gravitational wave : h    -->  signal = h L

signal-to-noise ratio :  S/N = hL / dx

Baseline length can be extend up to λ/2
... limite of some pragmatic reasons ...

41L

dx



---> N turn 
signal : N L h 
mirror displacement noise : dxmirror

                                      --> N dxmirror

S/Nmirror = L h /dxmirror

noises from other instruments : dxother
(e.g. from electric circuit)

S/Nother = N L h / dxother 

S/N = N L h / ((N dxmirror)2 + dxother2)(1/2)

By baseline L and N-turns, S/N gain by L against mirror 
displacement noise, and by N L against other noises.
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1kHz GW --> Optimal arm length = 75 km ! ...

Folding Arms

Delay Line Fabry=Perot

Recycled Fabry=Perot
+signal recycling

LCGT is designed 
with 3km arms.
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Q: As long as possible ?

log(frequency)

re
sp

on
se

 
=l
og

(|o
ut

pu
t 

sig
na

l /
in
pu

t 
h|

)
Simple Michelson
Fabry=Perot

Ans : NO!
Reason : Light Speed



Fight it out ! , Noises !!

f -1/2

f -5/2

Frequency [Hz]

N
os

e 
Sp

ec
tra

l D
en

si
ty

 [m
/√

H
z]

Seismic

Pendulum Thermal

Mirror Thermal
Photon Shot Noise

Radiation
Press

Thermal noises
-->  cryogenic
Photon Shot Noise & Radiation Pressure 
Noise
--> high power laser, cavity, massive mirror
Seismic
--> vibration isolation
--> silent site = underground

45



Ground-based GW Detectors

LIGO Australia

advanced LIGO

LIGO (Hanford) 4km & 2km

TAMA 300m

CLIO 100m

LCGT 3km

LIGO (Livingston) 4km

Virgo 3km
advanced Virgo

GEO 600m

IndIGO
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- LCGT -
Large-scale Cryogenic Gravitational wave Telescope



LCGT
 (Large-scale Cryogenic Gravitational wave Telescope)

© ICRR, university of Tokyo
LCGT

~1000m under the 
mountain
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Underground
in Kamioka, Japan
Silent & Stable 
environment

Cryogenic Mirror
20K
sapphire substrate

3km baseline
Plan
2010  : construction 
started
2014  : first run in normal 
temperature
2017- : observation with 
cryogenic mirror



Sensitivity Limit of LCGT
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h ~ factor x 10-24 [/√Hz]
for observation band
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LCGT sensitivity limit
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Noise budget

 mirror substrate Brownian thermal noise      VRSE(D) quantum noise 
 mirror substrate thermoelastic noise             VRSE(B) quantum noise
 seismic noise                                                 suspension thermal noise
 standard quantum limit 

Sai
http://gwcenter.icrr.u-tokyo.ac.jp/en/researcher/parameter



LCGT Collaboration

Total  124 Collaborators
 (including 25 overseas members)

23 Japanese organizations of 
universities and/or research 
laboratories 
+ 
15 organizations abroad
(May 2011)
New members are welcome!
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Optical design
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Sai
http://www.icrr.u-tokyo.ac.jp/gr/LCGTdoc.pdf
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Tunnel
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4

The latest map of LCGT

3km: 
X: (25+2m)from BS - Center of X end cryostat room
Y: (25-2m) from BS - Center of  Y end cryostat room

Xarm and Yarm cross perpendicularly 
at the center of BS chamber. 
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1. Center parking
2. Center front room
3. Center experiment room A
4. Center experiment room B
5. Center experiment room C
6. Laser room(Deleted)
7. X-front cryostat room
8. X-front VI room(2F)
9. Front machinery room
10. Front VI preparation room (2F)
11. Y-front cryostat room
12. Y-front VI room(2F)
13. Approach for front VI room
14. Geo-phys X-front
15. Sakonishi front
16. Sakonishi front parking (Deleted)
17. Geo-phys X-end
18. X-end cubicle room

19. X-end cryostat room
20. X-end VI room(2F)
21. X-end machinery room
22. X-end VI preparation room (2F)
23. Approach for X-end VI room
24. X-end experiment room
25. X-end staff room
26. Geo-phys Y-front
27. Geo-phys Y-end
28. Y-end cryostat room
29. Y-endVI room(2F)
30. Y-end machinery room
31. Y-end VI preparation room (2F)
32. Approach for Y-end VI room
33. Y-end experiment room
34. Cryogenic experiment room (Deleted)
35. Y-end staff room
36. Y-end parking

2011年 7月 30日 土曜日
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Sumikin & Nippon Steel Stainless Steel Pipe Co., Noda Sumikin & Nippon Steel Stainless Steel Pipe Co., Noda Sumikin & Nippon Steel Stainless Steel Pipe Co., Noda 

Nippon Shinshukukan Co., Hosono MIRAPRO Co., Noda

San-ai Plant Co., Kisarazu San-ai Plant Co., Kisarazu

MIRAPRO Co./MESCO, Kamioka



Suspension and Anti-Vibration System
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Sai
http://www.icrr.u-tokyo.ac.jp/gr/LCGTdoc.pdf
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Cryostat



61



Data Storage and Analysis
62

 Raw data rate of LCGT ~ 70GByte/hour. 
The spool storage at Kamioka > 500TByte

storage of raw and calibrated data
Main data storage at Kashiwa ICRR site. 

~30PByte for five years observation
For LCGT data only, it is roughly 1PByte/year.

International data sharing
 5sites (= LCGT + LIGO*2 +Virog +LIGOaustralia) will reach to 5PB/year.

Big computing (calculation) power is needed. 



Prototype of LCGT
TAMA
CLIO



TAMA300
Configuration
• Fabry=Perot=Michelson, with Power Recycling
• baseline: 300m
• laser: Injection-lock Nd:YAG, 10W, 1064nm
Site
• National Astronomical Observatory,

 Mitaka, Tokyo

64

TAMA

300m

300m

(1995- )
middle size detector

Sai
http://tamago.mtk.nao.ac.jp/spacetime/index.html



TAMA300
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CLIO (Cryogenic Laser Interferometer Observatory) 
Prototype of LCGT at Kamioka

 (Look it at Kamioka Tour)

Sai
http://www.icrr.u-tokyo.ac.jp/gr/homej/grj.html
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coooooling !!



TAMA

68

Reduction of noises ! 
Seismic disturbances --> Underground
Thermal motion --> Cryogenic
enhance GW --> km baseline

Sai
http://www-sk.icrr.u-tokyo.ac.jp/aboutus/index.html



World Wide GW detectors
LIGO, Virgo, GEO

IndIGO, AIGO(LIGO-Australia)



LIGO

They achieved science runs :
S2 (2003)
S3 (2003)
S4 (2004)

S5 (Nov.2005 - Oct.2007)
S6 (July 2009 - Oct.2010)

Hanford (H1:4km, H2:2km)

Livingston (L1:4km)

US project
Two dislocated 

site

http://www.ligo.org/
https://www.advancedligo.mit.edu/

summary.html

70



site : Pisa (Italy)
European Project

Mainly from Italy & 
France

VIRGO

https://wwwcascina.virgo.infn.it/

71



Einstein Telescope (Future Plan) European future project with more one order 
better sensitivity of aLIGO/aVirgo/LCGT.

72

Sai
http://www.et-gw.eu/
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LCGT is called 2.5G.

Sai
https://wwwcascina.virgo.infn.it/advirgo/

Sai
http://www.et-gw.eu/



IndIGO

viewgraph by Tarun Souradeep 
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LIGO Australia

viewgraph by David McClelland 

Tuesday, 12 July 2011

The Australian Consortium for Interferometric 
Gravitational wave Astronomy

The University of Adelaide  
The University of Western Australia
The University of Melbourne
Monash University
The Australian National University

with Charles Sturt University

Over 50 members

Tuesday, 12 July 2011

LIGO:
LLO
LHO1
LHO2

LIGO:
LLO
LHO1
LAO

What is LIGO-Australia

Tuesday, 12 July 2011
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Space-base projects

LISA
DECIGO
BBO

76

sun

earth

These plans focus on lower frequency band.

Pulsar Timing Arrays
More lower frequency, for stochastic background GW ...



GWIC (Gravitational Wave International Committee) RoadMap

https://gwic.ligo.org/
https://gwic.ligo.org/roadmap/Roadmap_100814.pdf
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lecture 2 : Phyics, Astrophysics and 
Cosmology with Gravitational Waves

GW detection is a important test of Einstein’s 
general relativity.

GW bring many information of its sources inside.
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Interferometer--(signal)-->raw data--(analysis)-->Science

 

GW events

Science

raw data ~600TB/year

World wide 
detectors

Counterpart / Follow up
Observations



Science Target of LCGT (and 2nd generation detectors)

In general, direct measurement of GW aims :

1. Fundamental Physics
TEST of Einstein’s general relativity in strong field.

2. Astronomy, Astrophysics
Radiation from compact / massive objects.
Physics of black-hole, neuron star, supernovae, etc...
Gravitational Wave Astronomy

3. Cosmology
Cosmic background radiation of GW

POP-III stars, star formation, etc...

Physics on early universe.

LCGT’s targets are 1  & 2 mainly .

80



Remind : GW sources that possible to be detected by LCGT

Event like:
Compact Binary Coalescence
   neutron star (NS)
   black-hole (BH)
Supernovae
BH ringdown
Pulsar glitch

Continuous waves:
Pulsar rotation
Binaries

Stochastic Background
Cosmic string
Astronomical origin (i.e. many NS in galaxy cluster ）

(& Unknown sources...)
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  DFM waveforms

Sensitivity limit of LCGT 
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h � 10�22 � 10�24[1/
⇥
Hz]

Typical target :

Q: How far events can be observed ?
A: Depend on kind of sources



Compacr Binary Coalescences

inspiral merger Blackhole
quasi-normal mode

83

NS-NS
NS-BH
BH-BH



amplitude ~10-24 for NS-NS at 200Mpc away!
(in frequency spectrum, ~10-22~-23 [/√Hz] 

@10~100Hz)

-2
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0

1

2

x1
0-2

4  

4.03.83.63.43.23.0
s

time

1� 10�24

• small amplitude
• Waveform can determine masses and absolute amplitude.

--> ‘standard siren’
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Most 
promising source

NS(neutron star)-NS binary



CBC (Compact Binary Coalescence)
85

Inspiral    Merger   Ringdown

NS-NS, NS-BH, BH-BH

第 1 章. LCGT の重力波源

NS-NS BH-NS BH-BH

銀河系での合体率 [1/yr] 83.0+209.1
−66.1 × 10−6(CI=95%) 10−7 − 10−4 10−7 − 10−5

LCGT(BRSE) での最大観測可能範囲 231Mpc(z=0.0522) 475Mpc(z=0.103) 1.10Gpc(z=0.222)

LCGT でのイベントレート [1/yr] 3.9+9.90
−3.13 0.036 − 36 0.32 − 32

LCGT(DRSE) での最大観測可能範囲 312Mpc(z=0.0697) 662Mpc(z=0.141) 1.50Gpc(z=0.292)

LCGT でのイベントレート [1/yr] 9.2+23.2
−7.35 0.087 − 87 0.70 − 70

表 1.1: コンパクト連星系の銀河系での合体率と LCGT で観測可能な範囲内でのイベントレート．NS-NS については，ビーム補正
と暗いパルサーからの寄与の補正を取り入れたもの．J1906+0746 の寄与は入っていない．最大観測可能範囲は，最適方向・角度
の場合に S/N=8 となる距離とした．また，最適方向・角度からのずれによる観測可能体積の減少率を (0.44)3 = 0.0852 として，
LCGTでのイベントレートは計算した．光度距離と赤方偏移 z の関係はWMAP 5yearの結果である，ΩM = 0.274, ΩΛ = 0.726,

H0 = 70.5kms−1Mpc−1 を用いた．

PSR name Ps (ms) Pb (hr) e τlife (Gyr)
B1913+16a 59.03 7.75 0.617 0.37
B1534+12a 37.90 10.10 0.274 2.93

J0737-3039Aa 22.70 2.45 0.088 0.23
J1756-2251a 28.46 7.67 0.181 2.03
J1906+0746b 144.14 3.98 0.085 0.082
J2127+11Cbcd 32.76 8.047 0.681 0.32

表 1.2: 1010 年以内に合体する連星中性子星．Ps:パルス周期，Pb:公転周期，e:離心率，τlife:寿命，τlife = τsd + τmrg，τsd: spin

down age, τmrg:重力波放出による合体までの時間．J1906+0746は伴星がWDである可能性もある．J2127+11Cは球状星団M15

にあるもの．それ以外は銀河円盤内にあるもの．引用文献，aO’Shaughnessy et al.(2008)[3], bKim et al.(2006)[4], cThe ATNF

Pulsar Catalogue[5]. dPhinney(1991).[6]

selection効果を取り入れた評価によって，R = 2 − 4 × 10−7[yr−1] という結果を得た．この値は合体率の
下限値を与えていると考えられ，実際の値は，以下の２つの因子の補正を更に受ける．一つ目はパルサー
のビーム因子 fb で，これは，4π/(beamが自転しながら覆う立体角)として定義される．Kalogera et al.
では，PSR1913+16及び 1534+12ではビームの形状の解析が進んできていて，それぞれ fb = 5.8, 6.5と
いう値が得られていることから，典型的な値として fb = 6を採用した [8]．もう一つの効果は，暗くて観
測されないパルサーからの寄与をどの程度取り入れるかである．Kalogera et al.では，パルサーの光度関
数を用いた評価により，Rは最大 200倍程度大きくなる可能性があると見積もっている．これは他の不定
性に比べて最も大きな不定性となっている．これらの効果を取り入れ，上記の Rを 6 × (1 ∼ 200)倍する
ことで，最終的な合体率として，10−6 ≤ R ≤ 5 × 10−4[yr−1]を得た．

Kim et al.[9]は，以上に加えて，Bayes統計を導入して合体率の再評価を行った．その結果として，最頻
値はR = 8×10−6[yr−1]で，上限下限はCI=68%で (3−20)×10−6 [yr−1]，CI=99%では (0.7−40)×10−6

[yr−1]という結果を得た．なおこれはビーム因子や暗いパルサーの寄与の効果はすべて含まれた結果であ
る．もし採用されているビーム因子 (fb ∼ 6)の効果を取り除くと，中心値はR = 1.3× 10−6[yr−1]で，上
限下限は CI=99%で (0.11− 6.6)× 10−6 [yr−1]となる．暗いパルサーの寄与は，パルサーの光度関数とし
て空間分布と共に解析の中に取り入れられており，論文の結果からその効果だけを引き去ることはできな
い．しかし，暗いパルサーの光度関数が，合体率の評価に大きな影響を与えている点は以前までの解析と
は同じである．そのような系統誤差は，この評価とは別に与えるべきであると考えるべきである．

2003年頃発見された PSR J0737-3039は，軌道周期がそれまでのものより短く、従って合体までの時

iv

A few number PSR binaries are found.

Sai
http://relativity.livingreviews.org/Articles/lrr-2008-8/



Proof of GW (indirect)

Binary Pulsar PSR1913+16 
observation (Hulse & Taylor)
Pulsar is very stable clock.
Change of orbital period according 
to a lost of kinetic energy by GW 
radiation.

Taylor, 1993
(ノーベル賞講演より抜粋)

86

Sai
J.H. Taylor 1993



!"#!"$%&'(&'$')*&�

���

+),)-.-$%&'(&'$')*&$�

/0''&1*$2*)13)'3$4/+5$3&26(1$789":#;<$

(6=&2$>?'6@?1$362*)1-&$7ABCD<$$

C$EDEFG-$7@CHIHJK<$

$

$

:=&1*$')*&$L?'$4/+5$M$$$�

118+174
�79 Myr�1

7N6%$7OHD<P$4?'6%&'$7QHD<<�

R?S&=&'P$2T2*&%).-$&''?'2$S>6->$)'&$1?*$

61-,03&3$61$*>62$&=),0).?1$S6,,$U&$,)'(&I�

9.8+14
�6.6 yr�1

"&&$),2?$VU)36&$&*$),I$/W+EXP$YXZHHY7EHYH<$�

280Mpc
(@S/N=8)

87

Expected detection rate of NS-NS for LCGT

by H.Tagoshi

~10 event/year



LCGT’s detection range for CBC (＋ for Black hole quasi-normal mode oscillation)
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“Chirp” of mass
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0.5-0.5 Msolar

1.4-1.4 Msolar

10-10 Msolar

frequency development --> mass of stars



Waveform of CBC
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Sai
http://gwcenter.icrr.u-tokyo.ac.jp/researcher/parameters



GW emissions from different phases 
carry out different informations.
In case of CBC, methods of waveform prediction are also different.

Inspiral (Post-Newton)
frequency development  ---> mass of stars, and absolute amplitude
measured amplitude ---> distance from the earth
polarization ---> inclination angle of binary orbit

Merger (Numerical Relativity) 
depends of many (initial/boundary) conditions ---> Complex 
information of stars , e.g. radius, viscosity, EOS, tidal effect 
(disruption, deformation)  ...

Ringdown (Perturbation)
BH quasi-normal mode
frequency ---> mass
decay time ---> spin (Kerr parameter)

Physics on CBC waveforms
91

What a fruitful source is it !

Inspiral    Merger   Ringdown



Tidal disruption on NS-BH merger
92
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Numerical simulation of NS-NS merger
93

Hyper-massive NS might
 be formed.
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by Y.SekiguchiEffect of hyperon in EOS

nomal material

Hyperon EOS is sofeter than noraml.



NS mass limit : various EOS
95

This pressure variation accounts for the nearly
50% variation in predictions of neutron star
radii (27).

A potential constraint on the EOS derives
from the rotation of neutron stars. An abso-
lute upper limit to the neutron star spin fre-
quency is the mass-shedding limit, at which
the velocity of the stellar surface equals that
of an orbiting particle suspended just above
the surface. For a rigid Newtonian sphere,
this frequency is the Keplerian rate

vK ! (2")#1!GM/R3 !

1833$M/MJ)1/2(10 km/R)3/2 Hz (3)

However, both deformation and GR effects
are important. A similar expression, but
with a coefficient of 1224 Hz and in which
M and R refer to the
mass and radius of
the maximum-mass,
nonrotating configu-
ration, describes the
maximum rotation
rate possible for an
EOS (26, 28, 29).
We have found that
Eq. 3, but with a co-
efficient of 1045
Hz, approximately
describes the maxi-
mum rotation rate
for a star of mass M
(not close to the
maximum mass) and
nonrotating radius R
independently of the
EOS. The highest
observed spin rate,
641 Hz from pul-
sar PSR B1937%21
(30), implies a radi-
us limit of 15.5 km
for 1.4 MJ.

Internal Structure
and Composition
A neutron star has
five major regions:
the inner and outer
cores, the crust, the envelope, and the atmo-
sphere (Fig. 3). The atmosphere and envelope
contain a negligible amount of mass, but the
atmosphere plays an important role in shap-
ing the emergent photon spectrum, and the
envelope crucially influences the transport and
release of thermal energy from the star’s sur-
face. The crust, extending about 1 to 2 km
below the surface, primarily contains nuclei.
The dominant nuclei in the crust vary with
density, and range from 56Fe for matter with
densities less than about 106 g cm#3 to nuclei
with A & 200 but x & (0.1 to 0.2) near the
core-crust interface at n ' n0/3. Such extremely

neutron-rich nuclei are not observed in the lab-
oratory, but rare-isotope accelerators (31) hope
to create some of them.

Within the crust, at densities above the
neutron drip density 4 ( 1011 g cm#3 where
the neutron chemical potential (the energy
required to remove a neutron from the filled
sea of degenerate fermions) is zero, neutrons
leak out of nuclei. At the highest densities in
the crust, more of the matter resides in the
neutron fluid than in nuclei. At the core-crust
interface, nuclei are so closely packed that
they are almost touching. At somewhat lower
densities, the nuclear lattice can turn inside-
out and form a lattice of voids, which is
eventually squeezed out at densities near n0

(32). If so, beginning at about 0.1 n0, there
could be a continuous change of the dimen-
sionality of matter from three-dimensional

(3D) nuclei (meatballs), to 2D cylindrical
nuclei (spaghetti), to 1D slabs of nuclei inter-
laid with planar voids (lasagna), to 2D cylin-
drical voids (ziti), to 3D voids (ravioli, or
Swiss cheese in Fig. 3) before an eventual
transition to uniform nucleonic matter
(sauce). This series of transitions is known as
the nuclear pasta.

For temperatures less than &0.1 MeV, the
neutron fluid in the crust probably forms a
1S0 superfluid (1, 2). Such a superfluid would
alter the specific heat and the neutrino emis-
sivities of the crust, thereby affecting how
neutron stars cool. The superfluid would also

form a reservoir of angular momentum that,
being loosely coupled to the crust, could
cause pulsar glitch phenomena (33).

The core constitutes up to 99% of the mass
of the star (Fig. 3). The outer core consists of a
soup of nucleons, electrons, and muons. The
neutrons could form a 3P2 superfluid and the
protons a 1S0 superconductor within the outer
core. In the inner core, exotic particles such as
strangeness-bearing hyperons and/or Bose con-
densates (pions or kaons) may become abun-
dant. It is possible that a transition to a mixed
phase of hadronic and deconfined quark matter
develops (34), even if strange quark matter is
not the ultimate ground state of matter. Delin-
eating the phase structure of dense cold quark
matter (35) has yielded novel states of matter,
including color-superconducting phases with
(36) and without condensed mesons (35).

Neutron Star
Cooling
The interior of a proto–
neutron star loses ener-
gy at a rapid rate
by neutrino emission.
Within 10 to 100 years,
the thermal evolution
time of the crust, heat
transported by electron
conduction into the in-
terior, where it is radi-
ated away by neutrinos,
creates an isothermal
structure [stage (V) in
Fig. 1]. The star contin-
uously emits photons,
dominantly in x-rays,
with an effective tem-
perature Teff that tracks
the interior temperature
but that is smaller by a
factor of &100. The
energy loss from pho-
tons is swamped by
neutrino emission from
the interior until the star
becomes about 3 ( 105

years old (stage VI).
The overall time

that a neutron star will
remain visible to terrestrial observers is not yet
known, but there are two possibilities: the stan-
dard and enhanced cooling scenarios. The dom-
inant neutrino cooling reactions are of a general
type, known as Urca processes (37), in which
thermally excited particles alternately undergo
beta and inverse-beta decays. Each reaction
produces a neutrino or antineutrino, and
thermal energy is thus continuously lost.

The most efficient Urca process is the
direct Urca process involving nucleons:

n3 p % e ! " v̄e, p3 n % e% % ve

(4)

Fig. 2. Mass-radius diagram for neutron stars. Black (green) curves are for normal matter (SQM)
equations of state [for definitions of the labels, see (27)]. Regions excluded by general relativity
(GR), causality, and rotation constraints are indicated. Contours of radiation radii R) are given by
the orange curves. The dashed line labeled *I/I! 0.014 is a radius limit estimated from Vela pulsar
glitches (27 ).
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Supernova will emit GW in various
 phase of its development.

core bounce
convection
formation of proto-neutron star
g-mode oscillation

neutrino emission
accretion
cf: SASI (standing-accretion-shock instability)

Supernovae
96Easy to 

find by eyes and telescope
（GW detectors cannot lost the 

chance ...）
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Evolution of Supernova and GW

viewgraph by Kei Kotake



Burst Waveform (Short duration wave)
98

Dimmermeier at al.

Rotating core collapse and bounce will radiate GW.
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Proto Neutron Star and its spin instability
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Convection and SASI ( standing-accretion-shock instability)
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Black holes
102

, when I was a child.

It illustrated in juvenile 
scientific magazine as ...

, in my children’s 
book recently
...amazing!!



(Google image search results)Black holes
103favorite 

of many people!
Primordial BH
Formed at eary universe
~0.5 Msolar

Stellar mass BH
(also final state 
of NS-NS merger)

IMBH
intermediate mass
103 ~ 105 Msolar ?

SMBH
super-massive BH@AGN
~ 106 Msolar 

BHs have a hierarchy of mass.
GW is come from BH itself.



Ringdown GW
 from BH Quasi-Normal Mode

104

Waveform: Damped sinusoid    (Quasi-normal modes)

h(t) = exp(−πfct/Q) sin(2πfct)

Q = 2.0(1 − a)−0.45

fc =
3.2 × 104[Hz]

M/M!

[
1 − (1 − a)0.3

]
central frequency

Quality factor

Echeverria (1989)

* Probe for BH direct observation
* BH physics in inspiral-merger,  core collapses, ...

M: Mass
a: Spin

inspiral-mergerBinary,
SN expl. BH formation

Ringdown
Kerr BH

core collapse perturbed BH QNMs



BH Mass Spectroscopy ...

Q = Kerr parameter
fc = Mass of BH

%
% %

%

Tsunesada, Kanda et al. Phys.Rev.D 71, 103005 (2005)
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LCGT’s detection range for Black hole quasi-normal mode oscillation
106
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Pulsars

Continuous GW
non-axisymetric  --> GW radiation
GW radiation may cause spin down.

Burst like GW
Glitches

107

Period

time



Structure of Neutron star
108

Lattimer, et al. Science 304, 536(2004)

Yakovlev 2005



Expected Upper bound for known pulsars’ GW 109
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 VRSE-B, with 1yr integration
             10yr integration
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 known pulsars (maximum allowed amplitude)
 LMXB etc. 



Stochastic background GW

Like as cosmic microwave 
background, GW from ...
Inflation
Phase transition in early universe
String cosmology predicts...
Cosmic string

Huge num. of astronomical objects 
(unresolved) overlap

Search using two or more detectors

110

?



Stochastic background GW
111

Ωgw(f) =
1
ρc

dρgw

d log f

ρc =
3H2

0

8πGN

ρgw

critical density：

GW energy density :

Hubble Const.：H0 = h0 × 100[km/(s · Mpc)]

GW spectral density : Sh(f)
Ωgw(f) =

4π2

3H2
0

f3Sh(f)

h2

0Ωgw(f)



Stochastic background GW：observational limit
112

13

signal just in the LISA frequency window, while the QCD phase transition is expected to
give a signal peaked around f = 4×10−6 Hz. However, the signal is sizable only if the phase
transition is first order and, unfortunately, in the Standard Model with the existing bounds
on the Higgs mass, there is not even a phase transition but rather a smooth crossover, so
that basically no GW is produced. However, in supersymmetric extensions of the Standard
Model, the transition can be first order, and a stronger signal could be obtained. Depending
on the strength of the transition, one could even get a signal such as curve (d) of fig. 4.
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Log[ f (Hz) ]
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(a)

(b)

(c)

(d)

Figure 4: The backgrounds predicted, with optimistic choice of parameters, by (a) inflation,
(b) string cosmology, (c) cosmic strings, (d) a first order phase transition at the electroweak
scale, together with the bounds and sensitivities of fig. 3.

Finally, there are very interesting astrophysical backgrounds, coming from a large number
of unresolved sources. These are displayed in fig. 5. For a discussion, see [19] and the contri-
bution of Raffaella Schneider to these proceedings. Another important issue, especially for
LISA, is also how to discriminate cosmological from astrophysical backgrounds, see eg. [20].

The conclusion that emerges looking at fig. 3 is that in the next few years, with the first
generation of ground based interferometers, we will have the possibility to explore five new
order of magnitude in energy densities, probing the content in GWs of the universe down
to h2

0Ωgw ∼ 10−5. At this level, the nucleosynthesis bound suggest that the possibility of
detection are quite marginal. It should not be forgotten, however, that nucleosynthesis is a
(beautiful) theory, with a lot of theoretical input from nuclear reaction in stars, etc., and
its prediction is by no means a substitute for a measurement of GWs. With the second
generation of ground based interferometers and with LISA, we will then penetrate quite
deeply into a region which experimentally is totally unexplored, and where a number of
explicit examples (although subject to large theoretical uncertainties) suggest that a positive
result can be found.
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Stochastic background GW：for ground-based detectors
113
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Global Network of GW Detectors

LIGO Australia

advanced LIGO
advanced Virgo

GEO

IndIGO

ET

LCGT

1. The coincidence of event candidates convince us the ‘true 
detection’.

2. Global network detectors will make possible to determine some 
parameters of GW sources,  direction, inclination, etc...

3. Complemental sky coverage and duty time of observation.

Aim (Science Target)
Merits, Prospects 

114



Merit of Network GW detectors

Determination of 
Arrival Direction of GW  = Source Direction
Polarization of GW
(in case of Compact Binary ) Absolute Amplitude & 
Inclination angle of orbit plane will be determined.
to be the “Standard Siren”!

Sky coverage
Duty Time of Observation
More GW events
Chance for follow-up observations

detector 1
detector 2

detector 3

115
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single detector
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LCGT will make important role in the network,
with a complemental sensitivity map.
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Determination of Source Direction
118

detector 1
detector 2

detector 3

Example with ΔT=1 msec Example with ΔT=0.5 msec

R.A.

D
e
c
l
.

R.A.

D
e
c
l
.

example with time delay only

We need to take care also for antenna 
response dependency of incident 
direction, polarization, etc..

�

D



Source Direction (Reconstruction of Sky Position)

viewgraph by Alan Weinstein 

Benefits of LIGO-Australia 

Determination of source sky position: NS-NS binary inspirals 

LIGO + Virgo With LIGO-AustraliaWen & Chen, 2010

AJW for LVC, G1100702, Amaldi9, July 2011, Cardiff, Wales 8

See talk By Linqing Wen (Thu)
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Source Direction (Reconstruction of Sky Position)

viewgraph by Alan Weinstein 

Importance of LIGO-Australia 
in addition to LIGO, Virgo, LCGTin addition to LIGO, Virgo, LCGT

� Significant Improvement in localization, even with LCGT 
� To first order LIGO Australia improves N S localization� To first order, LIGO-Australia improves N-S localization, 

while LCGT improved E-W localization

LIGO, Virgo, Australia and Japan

LIGO, Virgo, Australia or Japan LIGO, Virgo only

Fraction 

of sky

AJW for LVC, G1100702, Amaldi9, July 2011, Cardiff, Wales 9

Sq. deg
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Eye and Ear
121

Eye and Ear complete the information from outside.
Eye : fine spatial resolution, good to see the surface of object, hard to see the hidden inside...
Ear : widely angle receiver, bad spatial resolution, suggestion for inside structure... 

Optical (visible - infrared), Radio,
X-ray, Gamma-ray, Cosmic-Ray 

antenna pattern of GW detector

x

y

z

zenith angle : �

azimuthal angle : �

GW source

(�,�)

Let’s use ‘eyes’ and 
‘ears’ to look/hear the our 

universe !



Counterpart / Follow-up Observations

SupernovaeCompact Binary Coalescence
GW from 

astronomical 
objects

neutrinos
gamma, X ray

Data Analysis

GW detectors

Super-
-Kamiokande
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Compact Binary Coalescences

NS-NS binary might be a progenitor of Short-GRB.

Follow-up obs. between GW and Gamma, X, optical will confirm.

124



Mutually Followup Observations
125

If NS-NS = Short-GRB, 
[Forecast] 

merger before 30sec !
direction (xx.xx, yy.yy)

Followup by 
X, Gamma, Optical

[Alert] 
date, direction, distance,...

Delayed precise 
analysis

Confirmation of 
Afterglow

[Aux trigger]
Date, direction, ...

GW by LCGT etc.
Real time analysis
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arranged by K.Hayama



Forecast !?

GW are emitted continuously before coalescence.

127
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Example of Practical Issue : NS-NS forecast
128
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  [
%

]

0.01 0.1 1 10 100
time before merger [sec]

 NS-NS (1.4-1.4Msolar)
 BH-BH (10-10Msolar)
 (0.5-0.5Msolar)

Before merger,
 10% of final S/N before 1 min.
 40% before 10 sec.

for S/N>8,
  1 min --> 25Mpc
10 sec --> 80Mpc
(*optimal direction.)

Forecast by GW is not easy, 
however it is not impossible in 
principle.
Even it is not a forecast, 
faster alert is useful for 
observe the transient 
behavior.



Direction of Sources
129

Since GW observation’s error box is wide, it will require large 
F.O.V. for gamma/X telescopes.

by H.Tagoshi



Coincidence chance between GW and GRB

z distribution Beaming of 

GRB

Chance of 

GRB found

pre-Swift 0.2 rad 2.9%

Swift 2.5 deg 0.2%

0.1 rad 0.7%

0.2 rad 2.9%

0.3 rad 7.3%

0.4 rad 12.4%

130

If beaming of GRB is 
about 0.2 rad, a chance 
is once for 30 times.



Astrophys.J.681:1419-1428,2008   LIGO collab.

It was NOT CBC. (excluded 
99%)

GRB 070201  <--> LIGO
131



Neutrino Emission from NS-NS merger
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viewgraph by Kenta Kiuchi 

There are few fully 
GR numerical 
simulations 
incorporating 
microphysics. 
(e.g., Magneto Hydro 
Dynamics, EOS with 
neutrino cooling)

These results suggest 
that NS-NS might emit 
much neutrinos.
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may be more promising source for both neutrino and GW.
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GW
Typical Range < 1Mpc
Typical Angular Resolution ~ 3 
degree

Neutrino (Super-Kamiokande)
Typical Range ~ several 100 kpc
Typical Angular Resolution
at 10kpc
C.L.68% (=1 sigma) --> 4.7 degree
C.L.95% (=2 sigma) --> 7.8 degree

Phys.Rev. D68 (2003) 093013 / arXiv:hep-ph/0307050v2
R. Tomas, D. Semikoz, G. G. Raffelt, M. Kachelriess, A. S. Dighe

Neutrino and GW
from Supernovae
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Summary & Future

Gravitational Waves !!!
LCGT
 has been funded partially, and its construction started !
 (First run will be 2014.)

2nd Generation Detectors (LCGT, aLIGO, aVirgo...)
will start netwoek observation at late 2016 or early 2017.

We are looking forward the first detection !
Science of GW is fantastic !
Global Network of GW Detectors and Follow-up 
Observations
will bring fruitful results for 

‘Gravitational Wave Astronony’.
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