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Gravity and general relaƟvity 

Local space time curvature Local energy, momentum stress

Mass of object
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GravitaƟonal wave detector 

Miller, M.C., Yunes, N. The new frontier of gravitational waves. Nature 568, 469–476 (2019)

• Ground scale Michelson interferometer
• 4 km vacuum tunnel arm
• Over 1000 km interaction length

interference signal
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Light(ElectromagneƟc wave) 
Wavelength
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Interference 

Constructive Destructive
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A+B

B
A

A+B



10th GW anniversary and KGWG general assembly

Interference signal 

(in some condition)

d1 d2

: wavelength
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GravitaƟonal wave detector 

• Ground scale Michelson interferometer
• 4 km vacuum tunnel arm
• Over 1000 km interaction length

interference signal

Build most sensitive system 
using most simple arrangement
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GravitaƟonal wave and GW detector 

https://www.ligo.caltech.edu/

Gravitational wave
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GravitaƟonal wave and GW detector 
Gravitational wave

Free fall condition 
to incident gravitational wave
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Strain sensiƟvity 

Stretch by GW

Compressing by GW

ିଶ

L

L

∆𝐿

𝐿
≈ 10ିଶଵ

Minimum 
sensitivity
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Strain due to gravitaƟonal wave 

30 AU

Detect existence of a single atom

Why dose this even work?

1 AU = 1.496 x 1011m
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SensiƟvity of michelson interferometer 

When L = 1 m

∆𝐿

𝐿
≈ 10ିଶ

Danilishin, Stefan L. et al. Living Rev.Rel. 15 (2012) 5 
arXiv:1203.1706

IF L = 1000 km

∆𝐿

𝐿
≈ 10ିଵ଺
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1000 km interferometer 

~1100km
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LIGO interferometer 

LIGO interferometer / Livingston

4 km
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Fabry-perot cavity 

Coherent Laser FP-Cavity

r1=0.99 r2=1.00

Beam splitter

Number of round trip > 250
4 km x 250 ~ 1000 km



10th GW anniversary and KGWG general assembly

LIGO interferometer 

LIGO interferometer / Livingston

4 km
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First detecƟon of gravitaƟonal wave 
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LVK ObservaƟon plan 
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BNS range 

• Binary-neutron-star range

• Common benchmark of sensitivity

• Made up of two 1.4 solar mass neutron stars

• Signal-to-noise ratio of 8

https://svs.gsfc.nasa.gov/10543

Maximum distance at which an event can be detected



Sensitivity during science run
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O4 sensiƟvity of LIGO 

Phys. Rev. D 111, 062002 – Published 3 March, 2025
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LIGO interferometer 

Key component of LIGO

• Stabilized laser

• Michelson interferometer

• Fabry-perot cavity

• Test mass

• Suspended system

• Dual recycling system

PSL
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Pre-stabilized Laser 

High Power

Long operation

• Frequency

• Linewidth

• Power

• Pointing

(beam jitter)
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Reference cavity 

Cavity for frequency stabilization
Finesse around 30000
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Fabry-perot cavity 

Coherent Laser FP-Cavity

r1=0.99 r2=1.00

Beam splitter
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Laser frequency stabilizaƟon 
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Beam stabilizaƟon 
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PSL room of  KAGRA 

JGW-G1910363 – Masayuki Nakano

40W laser
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LIGO interferometer 

Key component of LIGO

• Stabilized laser

• Michelson interferometer

• Fabry-perot cavity

• Test mass

• Suspended system

• Dual recycling system

FP cavity
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4 km FP cavity 

LIGO interferometer / Livingston

4 km
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Arm length control 
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Arm length control 
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• Largest FP cavity

• Length control

• DOF control
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Wavefront sensor 

f1 f2 f3
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Wavefront sensor 
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LIGO interferometer 

Key component of LIGO

• Stabilized laser

• Michelson interferometer

• Fabry-perot cavity

• Test mass

• Suspended system

• Dual recycling system

TM

TM



10th GW anniversary and KGWG general assembly

Test mass of LIGO (40 kg) 
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Test mass 
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Suspended system 
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First detecƟon of gravitaƟonal wave 
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Suspended system 
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SensiƟvity curve of KAGRA 
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First detecƟon of gravitaƟonal wave 
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LIGO interferometer 

Key component of LIGO

• Stabilized laser

• Michelson interferometer

• Fabry-perot cavity

• Test mass

• Suspended system

• Dual recycling system

PRM
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LIGO interferometer 

Key component of LIGO

• Stabilized laser

• Michelson interferometer

• Fabry-perot cavity

• Test mass

• Suspended system

• Dual recycling system

SRM
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LIGO interferometer 

Key component of LIGO

• Stabilized laser

• Michelson interferometer

• Fabry-perot cavity
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• Dual recycling system

SRM
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KAGRA interferometer 

Power recycling cavity
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Power recycling cavity 

d1 d2
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Power recycling cavity 

Constructive Destructive

B
A

A+B

B
A

A+B
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Power recycling cavity 
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Power recycling cavity 
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KAGRA interferometer 

IOO : Input output optics
MIF : Main interferometer
MIR : Mirror
MMT : Mode matching telescope
OMC : Output mode cleaner
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KAGRA interferometer 

IOO : Input output optics
MIF : Main interferometer
MIR : Mirror
MMT : Mode matching telescope
OMC : Output mode cleaner

Power recycling cavity
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LIGO interferometer 

Increase Power 

inside main arm cavity

-> sensitivity improvement
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KAGRA interferometer 

Signal recycling cavity
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Signal recycling cavity 
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KAGRA interferometer 

IOO : Input output optics
MIF : Main interferometer
MIR : Mirror
MMT : Mode matching telescope
OMC : Output mode cleaner

Detector
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First detecƟon of gravitaƟonal wave 
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Signal recycling cavity 

Cavity between 
SRM and ITMS
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FFT 

 

k
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First detecƟon of gravitaƟonal wave 
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SRC tuning 
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Dual recycling system 
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Photon calibraƟon in GWD 
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Interference 

Constructive Destructive

B
A

A+B

B
A

A+B
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Interference signal 

by intensity change? 

by phase change?
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Photon calibraƟon 

We know momentum
We know mass of test mass
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Photon calibraƟon 
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Global Pcal network 
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Frequency dependent squeezing 

FDS using filter cavity
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Standard quantum limit of GW detector 

Standard quantum limit of gravitational wave detector
Shot noise + Radiation pressure noise 

Radiation pressure
noise

Shot noise
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t
photon

T
Shot noise

Shot noise of interferometer 

Laser power(W) = the number of photon(n) / time(s)
=             / s

Photon energy



10th GW anniversary and KGWG general assembly

t
photon

t
photon

T T
Shot noise

Shot noise of interferometer 

Laser power(W) = the number of photon(n) / time(s)
=             / s

Photon energy
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Shot noise of interferometer 

h = 6.62607015×10−34 J⋅Hz−1
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Standard quantum limit of GW detector 

Standard quantum limit of gravitational wave detector
Shot noise + Radiation pressure noise 

Radiation pressure
noise

Shot noise
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RadiaƟon pressure noise 
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photon Test mass

∆𝑝
∆𝑝

RadiaƟon pressure noise 

• Stored energy is very high (750 kW)

• Desired sensitivity is very high ( 10ିଶଵ~ 10ିଶସ)
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Standard quantum limit of GW detector 

Standard quantum limit of gravitational wave detector
Shot noise + Radiation pressure noise 

Radiation pressure
noise

Shot noise

Damped oscillation

Radiation pressure noise
- Photon pressure fluctuation at mirror

-> Intensity noise
Shot noise
- Photon number fluctuation at PD

-> Phase noise
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LIGO sensiƟvity 

Appl. Phys. Lett. 122, 110502 (2023)

Radiation pressure

Shot noise
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Quantum noise of gravitaƟonal wave detector 

Living Reviews in Relativity volume 22, Article number: 2 (2019)

port1
port2

port3

port4
Vacuum
field
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GravitaƟonal wave detector 

Living Reviews in Relativity volume 22, Article number: 2 (2019)

port1
port2

port3

port4
Squeezed vacuum
field
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Squeezed light 

Heurs M. 2018 Gravitational wave detection u
sing laser interferometry beyond the standard 
quantum limit.Phil. Trans. R. Soc. A 376: 20170
289.
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O4 Squeezing status 
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Frequency independent squeezing 

Optical and noise studies for Advanced Virgo and filter cavities for quantum noise 
reduction
in gravitational-wave interferometric detectors, Eleonora Capocasa, UNIVERSITÉ PARIS 
DIDEROT (2017)
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Frequency independent squeezing 

Optical and noise studies for Advanced Virgo and filter cavities for quantum noise 
reduction
in gravitational-wave interferometric detectors, Eleonora Capocasa, UNIVERSITÉ PARIS 
DIDEROT (2017)

GW150914
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Frequency independent squeezing 

Optical and noise studies for Advanced Virgo and filter cavities for quantum noise 
reduction
in gravitational-wave interferometric detectors, Eleonora Capocasa, UNIVERSITÉ PARIS 
DIDEROT (2017)

GW190521

GW150914
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Frequency dependent squeezing(FDS) 

Optical and noise studies for Advanced Virgo and filter cavities for quantum noise 
reduction
in gravitational-wave interferometric detectors, Eleonora Capocasa, UNIVERSITÉ PARIS 
DIDEROT (2017)

amplitude 
squeezing

phase
squeezing
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Frequency dependent squeezing 
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LIGO sensiƟvity 

Appl. Phys. Lett. 122, 110502 (2023)
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Frequency dependent squeezing using filter 
cavity 

Laser
frequency

GW signal frequency



10th GW anniversary and KGWG general assembly

Frequency dependent squeezing using filter 
cavity 
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Squeezed light 

Heurs M. 2018 Gravitational wave detection u
sing laser interferometry beyond the standard 
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Squeezed light 

Heurs M. 2018 Gravitational wave detection u
sing laser interferometry beyond the standard 
quantum limit.Phil. Trans. R. Soc. A 376: 20170
289.

Squeeze angle
rotation
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Squeeze angle rotaƟon 
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Frequency dependent squeezing using filter 
cavity 
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Frequency dependent squeezing - KAGRA 
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Quantum noise of gravitaƟonal wave detector 

Quantum optics experiment 
implementation
on the scale of kilometers
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Summary 

• Stabilized laser

• Michelson Fabry-perot cavity

• Test mass

• Suspended system

• Dual recycling system

• Photon calibration

• FD squeezing
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Summary 


