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Gravitational wave and GW detector

Mil ler, M.C., Yunes, N. The new frontier of gravitational waves. Nature 568, 469–476 (2019)
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Azadeh Maleknejad
Max-Planck-Institute for Astrophysics
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Gravitational wave and GW detector

Gravitational wave

Free fall condition 
to incident gravitational wave



Gravitational wave and GW detector

Gravitational wave
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Sensitivity of michelson interferometer

When L = 1 m

∆𝐿

𝐿
≈ 10−21𝑚

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

IF L = 1000 km

∆𝐿

𝐿
≈ 10−16𝑚



Interferometer of GW detector

4 km



Fabry-Perot cavity

Coherent Laser Cavityr = 0.99 r = 1
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Fabry-Perot cavity

Coherent Laser Cavity r = 1
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>250 round trip



Strain sensitivity

Stretch by GW

Compressing by GW
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Interferometer of GW detector

IFI : Input faraday isolator
PRM : Power recycling mirror
ITM : Input test mass 
ETM : End test mass
MMT : Mode matching telescope
SRM : Signal recycling mirror
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Coherence



Coherence



Linewidth of laser

Transmitter and Receiver Design for Amplified Lightwave Systems
Daniel A. Fishman, B. Scott Jackson, in Optical Fiber Telecommunications (Third Edition), Volume B, 1997

https://www.sciencedirect.com/science/article/pii/B9780080513171500073
https://www.sciencedirect.com/book/9780080513171/optical-fiber-telecommunications-iiib
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Interferometer of GW detector

IFI : Input faraday isolator
PRM : Power recycling mirror
ITM : Input test mass 
ETM : End test mass
MMT : Mode matching telescope
SRM : Signal recycling mirror



Spatial mode of gaussian beam



Gaussian beam

https://www.edmundoptics.co.kr/knowledge-
center/application-notes/lasers/gaussian-beam-propagation/
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Gaussian beam mode matching



Interferometer of GW detector
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Gaussian beam mode matching



Interferometer of GW detector

IFI : Input faraday isolator
PRM : Power recycling mirror
ITM : Input test mass 
ETM : End test mass
MMT : Mode matching telescope
SRM : Signal recycling mirror



KAGRA chamber

https://authors.library.caltech.edu/94680/2/1901.03053.pdf



Mirror of  IMC



Wavefront sensor MCE_TRANS





Vibration isolation system of KAGRA



Cryogenic system of KAGRA

T. Akutsu et al. 
PTEP 2020, 05A101



Cryogenic system of KAGRA

Class. Quant. Grav. 36 (2019) 165008 



T. Akutsu et al. 
PTEP 2020, 05A101

Cryogenic system of KAGRA



Test mass chamber

Rey.Hori



Power and Signal recycling mirror

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

Loss
Number of round trip x Length # of roundtrip x period
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KAGRA status
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Quantum noise of gravitational wave 
detector



Quantum noise of coherent light

Heurs M. 2018 Gravi tational wave detection using 
laser interferometry beyond the standard quantum 
l imit.Phil. Trans. R. Soc. A 376: 20170289.



Phase and amplitude noise of light

Heurs M. 2018 Gravi tational wave detection using 

laser interferometry beyond the standard quantum 
l imit.Phil. Trans. R. Soc. A 376: 20170289.



Classical electromagnetic wave



Measuring the electromagnetic wave

𝐼𝑡𝑒𝑛𝑠𝑖𝑡𝑦 → 𝐸
2
→ (𝑊/𝑚2) ∝ (𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛)

𝑃ℎ𝑜𝑡𝑜 𝑑𝑖𝑜𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 (𝐼) ∝ 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 ∝ (𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛)
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Measuring the electromagnetic wave



Quantum noise of coherent light

Heurs M. 2018 Gravi tational wave detection using 
laser interferometry beyond the standard quantum 
l imit.Phil. Trans. R. Soc. A 376: 20170289.



Standard quantum limit of GW detector

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

Radiation pressure
noise

Shot noise



Quantum noise of interferometer

Assume anti-symmetric port is dark port



Quantum noise of interferometer

Assume anti-symmetric port is dark port

‘as’ is vacuum field Squeezed States for Advanced Gravitational Wave Detectors, B.A., 
University of California Berkeley, Eric Oelker (2009)



Quantum noise of coherent light

Heurs M. 2018 Gravi tational wave detection using 
laser interferometry beyond the standard quantum 
l imit.Phil. Trans. R. Soc. A 376: 20170289.



t
photon

t
photon

T T

Shot noise

Shot noise of interferometer

Laser power = the number of photon / time



±∆𝑁

When we have coherent laser source

𝑆𝑖𝑔𝑛𝑎𝑙 ∝ (𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛)

𝑆ℎ𝑜𝑡 𝑁𝑜𝑖𝑠𝑒 ∝ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃ℎ𝑜𝑡𝑜𝑛



Shot noise of interferometer

If Shot noise is relatively larger than other noise(Thermal, Electric.. etc)
We say that it has shot noise limit sensitivity

Shot noise

Signal

Shot noise

Signal

𝑆𝑖𝑔𝑛𝑎𝑙 𝑡𝑜 𝑁𝑜𝑖𝑠𝑒 𝑟𝑎𝑡𝑖𝑜 =
𝑁

𝑁

Noise

Low intensity High intensity

Frequency Frequency
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Shot noise of interferometer

If Shot noise is relatively larger than other noise(Thermal, Electric.. etc)
We say that it has shot noise limit sensitivity

Frequency Frequency
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Noise
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Target sensitivity of KAGRA

Shot noise



Target sensitivity of KAGRA

Small number of round trip



Shot noise curve of GW detector

Coherent Laser Cavity
Loss

Interaction length ~ Number of round trip x Length



photon Mirror

∆𝑝
∆𝑝

Radiation pressure noise

• Stored energy is very high (750 kW)

• Desired sensitivity is very high ( 10−21~10−24)



Test mass of KAGRA



Radiation pressure noise

Thermal, seismic
(slow)

Radiation pressure GW source



Design sensitivity of KAGRA



Squeezed vacuum injection in GW detector



Quantum noise of interferometer

Assume anti-symmetric port is dark port

‘as’ is vacuum field Squeezed States for Advanced Gravitational Wave Detectors, B.A., 
University of California Berkeley, Eric Oelker (2009)



Phase and amplitude noise of light

Heurs M. 2018 Gravi tational wave detection using 
laser interferometry beyond the standard quantum 
l imit.Phil. Trans. R. Soc. A 376: 20170289.



Non-linear crystal

Non-linear crystal

𝜔 𝜔 𝜔
𝜔1

𝜔2

linear optics Non linear optics



Parametric down conversion

PPKTP

532 nm
(SHG)

O1 O2

O3 O4

Squeezed vacuum

1064 nm

Under threshold operation



R. Schnabel / Physics Reports 684 (2017) 1–51

classical E 
field

vacuum 
field

Parametric down conversion process

Nonlinear 
crystal
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classical E 
field

vacuum 
field
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Squeezed vacuum



Phase and amplitude noise of light

Heurs M. 2018 Gravi tational wave detection using 
laser interferometry beyond the standard quantum 
l imit.Phil. Trans. R. Soc. A 376: 20170289.



Squeezed state of light

R. Schnabel / Physics Reports 684 (2017) 1–51



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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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



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



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



4. Frequency dependent 
squeezing in GW detector



First suggestion of filter cavity in FD 
squeezing



Squeezed vacuum

M. Evans, L. Barsotti, P. Kwee, J. Harms, and H. Miao

Phys. Rev. D 88, 022002 – Published 29 July 2013

Squeezed vacuum injection with filter cavity



Side band figure

carrier

Signal Signal



Detuned cavity

Stefan Hild et al, “Detuned arm cavities”, 3rd GEO simulation 
workshop, Hannover, June 2007



Gravitational wave signal



Assume anti-symmetric port is dark port

‘as’ is vacuum field

Squeezed States for Advanced Gravitational Wave Detectors, B.A., 

University of Ca lifornia Berkeley, Eric Oelker (2009)

Squeezed States for Advanced Gravitational Wave Detectors, B.A., 

University of Ca lifornia Berkeley, Eric Oelker (2009)

Electric field in simple Michelson interferometer



Optical parametric oscillator

All-Optical Electron Acceleration with Ultrafast THz 
Pulses, Wenqian Ronny Huang, MIT(2017)

𝜔1 = 𝜔2 ∶ 𝑑𝑒𝑔𝑒𝑛𝑟𝑎𝑡𝑒𝑑 𝑂𝑃𝑂



Filter cavity

Denis Martynov et al, Phys. Rev. D 99, 

102004

Frequency 
detuning

①

②

③



Detuned filter cavity

`

P. Kwee, J. Miller, T. Isogai, L. Barsotti, and M. Evans
Phys. Rev. D 90, 062006 – Published 5 September 2014



Squeeze angle

M. Evans, L. Barsotti, P. Kwee, J. Harms, and H. Miao

Phys. Rev. D 88, 022002 – Published 29 July 2013

Squeeze angle



Squeeze angle

UNIVERSITÉ PARIS DIDEROT, Eleonora 
Capocasa (2017)

Squeeze angle

Squeeze angle

Detuning frequency
< Ω



Squeeze angle

UNIVERSITÉ PARIS DIDEROT, Eleonora 
Capocasa (2017)

Squeeze angle

Squeeze angle

GW signal side band frequency
~ 100Hz 



Squeeze angle

UNIVERSITÉ PARIS DIDEROT, Eleonora 
Capocasa (2017)

Squeeze angle

Squeeze angle

Filter cavity bandwidth



Squeeze angle

UNIVERSITÉ PARIS DIDEROT, Eleonora 
Capocasa (2017)

Squeeze angle

Squeeze angle

Determined by storage time of light



Squeeze angle rotation

𝛾 = 𝑙𝑜𝑠𝑠 𝑜𝑓 𝑓𝑖𝑙𝑡𝑒𝑟 𝑐𝑎𝑣𝑖𝑡𝑦
𝜔𝑓𝑐 = 𝑑𝑒𝑡𝑢𝑛𝑒𝑑 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦



Squeeze angle rotation

R. Schnabel / Physics Reports 684 (2017) 1–51



LIGO filter cavity



OPO of LIGO squeezer

PPKTP

532 nm
(SHG)

O1 O2

O3 O4

Squeezed vacuum

1064 nm

Under threshold operation



LIGO OPO



LIGO filter cavity



ALS with green laser



LIGO filter cavity


