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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 
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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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Michelson interferometer 
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Double slit experiment 
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Interference 
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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

d2
d1
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Wavelength
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Light(ElectromagneƟc wave) 
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Interference 



중력파 여름학교 2025

Michelson interferometer 
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Interference 

Constructive Destructive

B
A

A+B

B
A

A+B
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Light(ElectromagneƟc wave) 
Wavelength
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Interference signal 

(in some condition)

d1 d2

: wavelength



중력파 여름학교 2025

Interference signal 

(in some condition)

d1 d2

: 
wavelength

0.1𝜇𝑚~10𝜇𝑚
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Interference signal 

(in some condition)

d1 d2

: 
wavelength0.1𝜇𝑚~10𝜇𝑚

mm scale
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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 

MPA Lectures on Gravitational Waves in 
Cosmology
Azadeh Maleknejad
Max-Planck-Institute for Astrophysics
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GravitaƟonal wave 
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Compact binary system 

Andersson, Nils & Kokkotas, Kostas. (2004). 
Gravitational-wave astronomy: the high-frequency
window. 

Amplitude of gravitational wave

Mass dipole : Center of mass 
Conserved

First derivative is momentum
Conserved
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GravitaƟonal wave quadrupole radiaƟon 
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Effect of gravitaƟonal wave 

Gravitational wave
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Effect of gravitaƟonal wave 

Gravitational wave
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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 
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Gravitational wave
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GravitaƟonal wave and GW detector 

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

Gravitational wave
Suspension
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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

ିଶଵ

L

L

∆𝐿

𝐿
≈ 10ିଶଵ

Minimum 
sensitivity
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Strain due to gravitaƟonal wave 

30 AU

1 AU = 1.496 x 1011m

Size of atom = 1 x 10-10 m

Detect existence of a single atom
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Strain due to gravitaƟonal wave 

30 AU

Detect existence of a single atom

이게 되네???

1 AU = 1.496 x 1011m
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SensiƟvity of michelson interferometer 

When L = 1 m

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

∆𝐿

𝐿
≈ 10ିଵ଺
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SensiƟvity of michelson interferometer 

When L = 1 m

∆𝐿

𝐿
≈ 10ିଶଵ

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

IF L = 1000 km

∆𝐿

𝐿
≈ 10ିଵ଺

오 1000 km 간섭계를 만들면 되겠다
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1000 km interferometer 

~1100km
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(과학자들)
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LIGO interferometer 

LIGO interferometer / Livingston
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LIGO interferometer 

LIGO interferometer / Livingston

4 km
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Fabry-perot cavity 

Coherent Laser

r1=0.99 r2=1.00

Beam splitter
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Fabry-perot cavity 

Coherent Laser FP-Cavity

r1=0.99 r2=1.00

Beam splitter

Number of round trip > 250
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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
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LIGO interferometer 

LIGO interferometer / Livingston

4 km
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1000 km interferometer 

~1100km
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LIGO interferometer 

LIGO interferometer / Livingston

4 km
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First detecƟon of gravitaƟonal wave 
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LIGO interferometer 

LIGO interferometer / Livingston

4 km
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4 km interferometer 
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4 km interferometer 
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4 km interferometer 
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LIGO interferometer 

LIGO interferometer / Livingston

4 km
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First detecƟon of gravitaƟonal wave 
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Parameter esƟmaƟon 

Shu-Wei Yeh (NTHU)
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Parameter esƟmaƟon 

Shu-Wei Yeh (NTHU)

Black Hole
• High mass
• High density(point source)
• No hair
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Inspiral-Merger-Ringdown 

Nature Reviews Physics volume 3, pages344–366 (2021)
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GW170104 

+ pol

x pol
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First detecƟon of gravitaƟonal wave 
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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
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Neutron star 

Why binary neutron star?
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Parameter esƟmaƟon 

Shu-Wei Yeh (NTHU)

Black Hole
• High mass
• High density(point source)
• No hair
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Event Horizon 
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Test of General RelaƟvity 
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Hulse-Taylor Pulsar 
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Bigbang Timeline 
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MulƟ-messenger astronomy with gravitaƟonal 
waves 

LIGO-G2100002-v1 David Reitze
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GW alert procedure 

Yokohama GRB 2019
Marci Branchesi
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Sky localizaƟon  
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- Pure information about object of observation
- Do not dissipate

- Gravitational wave is emitted before Electro magnetic counterpart
- Propagates at the speed of light

First alert of multi-messenger astronomy
Black hole detection
Stochastic gravitational wave background study Yokohama GRB 2019

Marci Branchesi
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Sky localizaƟon  
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GravitaƟonal wave observatories 
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First mulƟ-messenger detecƟon 

Binary neutron star merger

Gamma ray burst detection with Fermi-detector

Kilonova detection using telescope
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First mulƟ-messenger detecƟon 

Binary neutron star merger

Gamma ray burst detection with Fermi-detector

Kilonova detection using telescope
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Tokohama GRB 2019
Marci BranchesiYokohama GRB 2019

Marci Branchesi
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Sky localizaƟon  
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GW170817 

No Signal at VIRGO ???
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LVK ObservaƟon plan 
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LIGO-VIRGO joint observaƟon 
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GW170817 

VIRGO
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- Pure information about object of observation
- Do not dissipate

- Gravitational wave is emitted before Electro magnetic counterpart
- Propagates at the speed of light

First alert of multi-messenger astronomy
Black hole detection
Stochastic gravitational wave background study Yokohama GRB 2019

Marci Branchesi
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Strain sensiƟvity 

Stretch by GW

Compressing by GW

ିଶଵ

L

L

∆𝐿

𝐿
≈ 10ିଶ

Minimum 
sensitivity
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LIGO-Hanford

LIGO-Livingston VIRGO

PolarizaƟon of gravitaƟonal wave 
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LIGO-Hanford

LIGO-Livingston VIRGO

PolarizaƟon of gravitaƟonal wave 
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- Pure information about object of observation
- Do not dissipate

- Gravitational wave is emitted before Electro magnetic counterpart
- Propagates at the speed of light

First alert of multi-messenger astronomy
Black hole detection
Stochastic gravitational wave background study Yokohama GRB 2019

Marci Branchesi

Blind spot of 
GW170817
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Sky localizaƟon  
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GW170817 
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GW170817 

VIRGO



2. Sensitivity curve of gravitational 
wave detector
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LIGO sensiƟvity 

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

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

• Fourier series

> basis

• Fourier transformation

• Application
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Fourier series 

Periodic function

Periodic function
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Fourier series 

𝑓 𝑥 = 𝑔଴exp (2𝜋in଴𝑥) + 𝑔ଵexp (2𝜋inଵ𝑥)…
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Fourier series 

𝑓 𝑥 = 𝑔଴exp (2𝜋in଴𝑥) + 𝑔ଵexp (2𝜋inଵ𝑥)…
Digital signal

1 0 1 1 10

Threshold level
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Basis 

(x,y,z) Orthogonal basis
(r,θ,φ)
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Fourier series 
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Fourier transform 

Transform

Inverse transform



중력파 여름학교 2025

Fourier transform 

Fourier transformation with the angular frequency k
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Fourier transform 

Fourier transformation with the angular frequency k
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Fourier transform 
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Fourier transform 
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Fourier transform 
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Fourier transform 
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Fourier transform 
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Fourier expansion 
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Fourier expansion 

k
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Fourier expansion 

k
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Fourier expansion 
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Fourier expansion 

 

k
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Fourier transform 
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Fourier expansion 
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Fourier expansion 
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Fourier expansion 
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Fourier expansion 
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Fourier expansion 



중력파 여름학교 2025

Fourier expansion 
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Fourier expansion 
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Fourier expansion 
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ApplicaƟon of Fourier transformaƟon 

 

k
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ApplicaƟon of Fourier transformaƟon 

 

k
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LIGO sensiƟvity 

Appl. Phys. Lett. 122, 110502 (2023)
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Power spectral density 
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Power spectral density 
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LIGO sensiƟvity 

Appl. Phys. Lett. 122, 110502 (2023)
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Signal and noise 

Signal : 전달하고 자 하는 것

Noise : 시그널을 제외한 나머지
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아이돌 직캠? 

왜??
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Signal and Noise 

Signal : 내가보고 싶은 멤버

Noise : 내가 보고싶은 멤버
뺀 나머지
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LIGO sensiƟvity 

Appl. Phys. Lett. 122, 110502 (2023)
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Side band figure 

carrier

Signal Signal

Laser frequency

Gravitational wave frequency
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Side band figure 
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Side band figure 

carrier

Signal Signal

Laser frequency

Gravitational wave frequency
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LIGO sensiƟvity 

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

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

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

Appl. Phys. Lett. 122, 110502 (2023)
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SensiƟvity during science run 
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LIGO sensiƟvity 

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

Appl. Phys. Lett. 122, 110502 (2023)
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Suspension 
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LIGO sensiƟvity 

Appl. Phys. Lett. 122, 110502 (2023)
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SensiƟvity curve of KAGRA 
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LIGO sensiƟvity 

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

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

ACS Photonics 2021, 8, 3, 894–900
Publication Date:February 17, 2021
https://doi.org/10.1021/acsphotonics.0c01909



중력파 여름학교 2025

LIGO sensiƟvity 

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

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

Air turbulence, scattering from air
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Test mass chamber 

Rey.Hori
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KAGRA vacuum chamber 
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Cryocooler of KAGRA 
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KAGRA cryostat 
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VibraƟon isolaƟon 

Vibration isolation system with a compact damping system for power recycling mirrors of KAGRA
T.Akuts et al.,
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KAGRA interferometer 

Pre-stabilized laser IOO : Input output optics
MIF : Main interferometer
MIR : Mirror
MMT : Mode matching telescope
OMC : Output mode cleaner
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PSL room of  KAGRA 

JGW-G1910363 – Masayuki Nakano

40W laser
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KAGRA interferometer 

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

Cavity control
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KAGRA interferometer 

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

Length control
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Arm length stabilizaƟon of KAGRA 

Class. Quant. Grav. 37 (2020) 035004
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Sensors in gravitaƟonal wave detector 
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CalibraƟon instrument 
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Sensors in KAGRA 
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Required specification of tilt sensor
• Resolution : 0.1 μrad for cavity
• 1 μrad for BS
• Drift : <10 μrad/day
• Measurement Range: >1mrad.

Sensors in gravitaƟonal wave detector 
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Folded mach-zehnder interferometer 

Physics Letters A,  382,  29,  1950-1955 (2018)
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DemonstraƟon of 2-axis Ɵlt sensor 
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Interferometric Ɵlt sensor 

Input optics Detector optics Controller
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DemonstraƟon of 2-axis Ɵlt sensor 
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KAGRA O3 Commissioning 


