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Gravitational wave
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Inspiral, merger, ring-down
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Gravitational wave

MPA Lectures on Gravitational Waves in Cosmology

Azadeh Maleknejad

Max-Planck-Institute for Astrophysics



Propagation of gravitational wave
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Gravitational wave detector



Gravitational wave detector

LIGO interferometer / Livingston



Gravitational wave detector



Gravitational wave and GW detector

https://www.ligo.caltech.edu/
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Gravitational wave and GW detector

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

Gravitational wave

Free fall condition 

to incident gravitational wave
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30 AU

1 AU = 1.496 x 10^11m
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Single atom = 1 x 10^-10m



Double slit interference
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Interferometer

mm scale



Interferometer



Construct & Destructive interference



Michelson interferometer

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



Michelson interferometer



Sensitivity of Michelson interferometer

When L = 1m

∆�

�
≈ 10

�	

�

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

IF L = 1000km

∆�

�
≈ 10

�
�
�



1000km interferometer is available?

~1100km



Fabry-Perot cavity

Coherent Laser Cavity



Fabry-Perot cavity

Coherent Laser Cavity

> 250 roundtrip



Fabry-Perot Michelson interferometer

4 km x 250 = 1000km



Interferometer of LIGO



Interferometer of GW detector



KAGRA interferometer

Rey.Hori

‘Ka’mioka + ‘Gra’vity

KAGRA



Location of KAGRA

Nature Astronomy, 3 (2019) 35–40



Avoid seismic noise



KAGRA tunnel



Vibration isolation system of KAGRA

Rey.Hori



Test mass chamber

Rey.Hori



Interferometer of KAGRA

Interferometer of KAGRA

(gravitational wave detector)

Y. Aso et al. (KAGRA Collaboration), Phys.Rev. D88, 043007 (2013)

MC    : Mode Cleaner

ITMX  : Input Test Mass X

ITMY  : Input Test Mass Y

REFL  : Reflection Port

PRM  : Power Recycling Mirror

OMC  : Output Mode Cleaner

AS_DC : Anti Symmetric DC

SRM   : Signal Recycling Mirror 

POP   : Pick-off-in-the-PRC

ETMX : End Test Mass X

ETMY :  End Test Mass Y

AS_RF : Anti Symmetric RF
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Sensitivity curve of  gravitational wave 
detector

Sensitivity curve of KAGRA



Measurement



Time domain and frequency domain



Sensitivity curve of  gravitational wave 
detector

Sensitivity curve of KAGRA

GW150914



Test mass of KAGRA



Test mass of KAGRA

High frequency component of vibration and seismic noise can be reduce 



How suspension works

http://www.pstcc.edu/nbs/WebPhysics/Expm%2001.htm



Resonance

https://en.wikipedia.org/wiki/Resonance
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Gaussian beam



Spatial mode of gaussian beam



Design of mode cleaner



Working principle of  mode cleaning

Coherent Laser Cavity
Loss



Working principle of  mode cleaning

control control



Power and Signal recycling mirror
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Energy conservation in Michelson interferomet
er



Power and Signal recycling mirror
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