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Walid Chaibi



Monolithic 
suspension

Silicate bonding

High power laser
- O4 : 45W
- O5 : 80-150W
- Post-O5 : 450W
- E-T : 700W
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French-Italian-(Dutch) ground based Gravitational wave detector 

Virgo

Cascina-Pisa-Italy

Super-
attenuator

Squeezed light source
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Sensitivity curves

Observing run: O3b
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Outline

Optical detection principle : interferometry

Towards low frequency : Atom interferometry

Sensitivity enhancement : The Fabry Perot cavity

Stable recycling cavities
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Space time metric in the TT gauge  

𝑔𝜇𝜈 = 𝜂𝜇𝜈 + ℎ𝜇𝜈
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Minkowski GW

𝒙

𝒚

𝒛

(+) polarization (x) polarization

Light follows the geodesic 𝑔𝜇𝜈𝑑𝑥
𝜇𝑑𝑥𝜈 = 0 𝑑𝑥𝜇 = 𝑐𝑑𝑡, 𝑑𝑥, 𝑑𝑦, 𝑑𝑧
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GW, plane wave



i
+
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Beam splitter 50/50

𝐸𝑡 𝑡 = −
1

2
𝐸0𝑒

−𝑖2𝜋𝜈0𝑡 𝑒𝑖𝜙𝑥 + 𝑒𝑖𝜙𝑦

𝐸𝑟 𝑡 =
𝑖

2
𝐸0𝑒

−𝑖2𝜋𝜈0𝑡 𝑒𝑖𝜙𝑥 − 𝑒𝑖𝜙𝑦
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Michelson interferometer

𝐿1

𝐿𝑦
𝑬𝒊 𝒕 = 𝑬𝟎𝒆

−𝒊 𝟐𝝅𝝂𝟎𝒕

𝑬𝒕 𝒕
𝑬𝒓 𝒕

photodetector

i

𝐿𝑥



𝑃𝑡 𝑡 ∝ 𝐸𝑡 𝑡
2 = 𝑃0 × cos2 Δ𝜙 + 𝜙ℎ cos Ω 𝑡 −

ത𝐿

𝑐

Signal ∝
𝐿ℎ 𝑡

𝜆
 : increase the arm length of the interferometer

Dark fringe Δ𝐿 ≃ 0, 𝑃𝑡 ∝
𝐿×ℎ

𝜆

2
: need an offset Δ𝜙
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Michelson interferometer : Dark fringe
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Outline

Optical detection principle : interferometry

Towards low frequency : Atom interferometry

Sensitivity enhancement : The Fabry Perot cavity

Stable recycling cavities



𝐸𝑐0 = 𝑡1 𝐸𝑖0− 𝑟2𝑟1𝑒
𝑖
4𝜋𝜈0𝐿
𝑐 𝐸𝑐0

𝐸𝑡0 = 𝑡2𝑒
𝑖
2𝜋𝜈0𝐿
𝑐 𝐸𝑐0

𝐸𝑟0 = −𝑟1 𝐸𝑖0− 𝑟2𝑡1𝐸𝑐0𝑒
𝑖
4𝜋𝜈0𝐿
𝑐

Steady state

𝐸(𝑖,𝑐,𝑟,𝑡)0 𝑡

𝑡1, 𝑟1 𝑡2, 𝑟2

- + -

+ +

2 mirrors cavity

𝐸𝑖 ⟶ 𝐸𝑐 ⟶ 𝐸𝑡 ⟶
𝐸𝑟 ⟵

𝐿

𝑡2
2 + 𝑟2

2 = 1

𝑡1
2 + 𝑟1

2 = 1

Perfect mirrors : energy conservation
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Enhancement of the interferometer sensitivity: Optical Cavities

𝐸(𝑖,𝑟,𝑐,𝑡) 𝑡 = 𝐸(𝑖,𝑐,𝑟,𝑡)0 𝑡 𝑒
−𝑖2𝜋𝜈0𝑡

𝐸𝑐 𝑡 = 𝑡1 𝐸𝑖 𝑡 − 𝑟2𝑟1 𝐸𝑐 𝑡 −
2𝐿

𝑐

𝐸𝑡 𝑡 = 𝑡2𝐸𝑐 𝑡 −
𝐿

𝑐

𝐸𝑟 𝑡 = −𝑟1 𝐸𝑖 𝑡 − 𝑟2𝑡1𝐸𝑐 𝑡 −
𝐿

𝑐

Cavity equation



Σmax
2 =

𝑡1
2

1 − 𝑟2𝑟1
2
≃𝑟1=𝑟2

1

𝑡1
2 ≫ 1

𝐹 =
𝜋 𝑟1𝑟2

1−𝑟2𝑟1
≃𝑟1=𝑟2

𝜋

𝑡1
2 ≫ 1, 𝐹 = 10 → 106  

Δ𝜙𝐹𝑆𝑅 = 2𝜋 ; Δ𝜈𝐹𝑆𝑅 =
𝑐

2𝐿
; Δ𝐿𝐹𝑆𝑅 =

𝜆

2

𝛿𝜙FWHM =
2𝜋

𝐹
; 𝛿𝜈FWHM =

Δ𝜈𝐹𝑆𝑅

𝐹
 ; 𝛿𝐿FWHM =

𝜆

2𝐹
𝜙

Σmax
2

Σ 𝜙 2𝜟𝝓𝑭𝑺𝑹 = 𝟐𝝅

𝜹𝝓𝐅𝐖𝐇𝐌

Resonance condition
 𝝓 = 𝝅 + 𝟐𝒍𝝅09/07/2025 11

𝐸𝑐0 =
𝑡1

1+𝑟2𝑟1𝑒
𝑖𝜙 𝐸𝑖0= Σ 𝜙 𝐸𝑖0𝜙 =

4𝜋𝜈0𝐿

𝑐
: Round trip propagation phase

Σ 𝜙 : Enhancement factor

Σ 𝜙 2 =
Σmax
2

1 +
4𝐹2

𝜋2
cos2

𝜙
2

Intracavity wave



Specific configuration : 𝑟2 = 1 ; 𝑡2 = 0𝜚 𝜙0 =
𝐸𝑟
𝐸𝑖

𝜏 =
𝐸𝑡
𝐸𝑖
; 𝜚 𝜙0

2 = 1

𝐹 = 10

𝐹 = 100
𝐹 = 1000

Slope : 
2𝐹

𝜋

𝜙0

𝜙𝑟

𝜙𝑟 = Arg 𝜚 𝜙0 = 𝜋 + tan−1
2𝐹

𝜋
𝜙0

H𝑟 𝑓

𝑓

𝐹 = 10 ; 𝑓𝑝 = 1000 Hz
𝐹 = 100 ; 𝑓𝑝 = 100 Hz
𝐹 = 1000 ; 𝑓𝑝 = 10 Hz

𝐻𝑟 𝑓 =
𝜙𝑟

𝜙0
𝑓 ≃

Τ2𝐹 𝜋

1+𝑖
𝑓

𝑓𝑝

 ; 𝑓𝑝 =
𝛿𝜈𝐹𝑊𝐻𝑀

2
: cavity pole

1st order filter
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Arm Cavity reflectivity

Phase without cavity
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Outline

Optical detection principle : interferometry

Towards low frequency : Atom interferometry

Sensitivity enhancement : The Fabry Perot cavity

Stable recycling cavities



0w

( ) 02 , wzwzR =

( )zw
( )zR𝑤 𝑧 = 𝑤0 1 +

𝑧2

𝑧𝑅
2

𝑧𝑅 =
𝜋𝑤0

2

𝜆
 : Rayleigh range

𝑅 𝑧 = 𝑧 +
𝑧𝑅
2

𝑧

Rzz /

−
𝜋

2

𝜋

2

Gouy phase
𝜓𝐺 𝑧 = tan−1

𝑧

𝑧𝑅

Gaussian profile

𝐸 𝑥, 𝑦, 𝑧, 𝑡 = 𝐸0
1

𝑤 𝑧
× 𝑒

𝑖
2𝜋

𝜆
𝑧+𝜓𝐺 𝑧

× 𝑒−𝑖
2𝜋

𝜆

𝑥2+𝑦2

2𝑅 𝑧
× 𝑒

−
𝑥2+𝑦2

𝑤2 𝑧

Spherical wave frontBeam radius

Propagation phase Gouy phase

Resonance condition
 𝟐𝝓𝒓𝒆𝒔 + 𝟐 𝚫𝝍𝑮 = 𝝅 + 𝟐𝒍𝝅
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Gaussian beams :  solution of the paraxial equation

Fundamental mode



𝐸𝑛,𝑚 𝑥, 𝑦, 𝑧, 𝑡 = 𝐸𝑛,𝑚,0
1

𝑤 𝑧
× 𝑒

𝑖
2𝜋

𝜆
𝑧+ 𝑛+𝑚+1 𝜓𝐺 𝑧

×𝐻𝑚
2𝑥

𝑤 2
𝐻𝑛

2𝑦

𝑤 2
𝑒−𝑖

2𝜋

𝜆

𝑥2+𝑦2

2𝑅 𝑧
× 𝑒

−
𝑥2+𝑦2

𝑤2 𝑧

𝐻𝑗: Hermite polynomial of order 𝑗

Gaussian mode : fundamental mode of a set of high order modes ; example : Hermite-Gauss modes

decomposition

Resonance condition
 𝝓𝒏,𝒎,𝒓𝒆𝒔 + 𝟐(𝒎+ 𝒏 + 𝟏) 𝚫𝝍𝑮 = 𝝅 + 𝟐𝒍𝝅 depends on the mode order
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High order modes



0w

( ) 02 , wzwzR =

( )zw
( )zR

2 mirrors cavity
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Optical cavity

Spherical wavefront Spherical mirrors

We set two mirrors Which Gaussian beam can fit inside the cavity (mode of the 
cavity)? Is there a solution? Unicity? 

?
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marginally stable

Stability diagram



𝑃0 = 25W ;𝐺 = 50 ; 𝑃𝑃𝐷 = 1mW ;𝐹 = 400 ; ℎ = 2 × 10−23Hz−1/2@100Hz
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Marginally stable recycling cavities

signal recycling 
mirror
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stable recycling cavities : LIGO

Additional telescopes to 
increase the beam 

divergence : accumulation 
of the Gouy phase
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Outline

Optical detection principle : interferometry

Towards low frequency : Atom interferometry

Sensitivity enhancement : The Fabry Perot cavity

Stable recycling cavities



09/07/2025 21

A lot of noise
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…and a lot of other aspects

Thermal compensation system
Controls
High power laser
Electronics
Vacuum
Parametric instabilities
Newtonian noise
Squeezing, dependent and independent
Calibration
Coatings
Simulations
….and R&D 
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VIRGO sensitivity
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LIGO Hanford sensitivity
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LIGO Livingston sensitivity
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Third generation detectors

Towards low frequency : technological issues
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ET-HF :
- Same wavelength : 1064nm
- High power : 700W
- Squeezing

ET-LF :
- Low frequency super-attenuators
- Newtonian noise subtraction
- Silicon mirrors @ 10K, low power 

1550nm laser
- Squeezing

Third generation detectors : The Einstein Telescope
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- Torsion pendulum : very low frequency
- Technically limited by the size of the 

bars 

Low frequency detectors : Torsion bars
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Low frequency detectors : Atom interferometers

Bragg 
configuration

Gradiometer

space

timeLight imprints its phase on atoms

Free falling atoms



09/07/2025 30

Low frequency detectors : Atom interferometers

Multi-gradiometer configuration : 
Cancel out Newtonian noise

Fill in the gap 0.1Hz-10Hz

Multi diffraction, squeezing, but need more atoms…
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Thank you!
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