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Gravitational Waves

“Ripples in the curvature 
of spacetime that are 
emitted by violent 
astrophysical events”

- Kip Thorne
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Gravitational Waves
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LIGO Layout
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Can we use optimization techniques to 
find unorthodox, but useful designs? 
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Discrete-Continuous Search Space

Laser (Power)

Mirror (Reflectivity, Tuning)

Beamsplitter (Reflectivity)

Directional Beamsplitter

Squeezer (dB, Angle)

Detector

Suspension (Mass)

Space (Length)

Where should we place which component?

Which parameters should we choose?
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Continuous and Highly Expressive Search Space

Krenn, M., Drori, Y., Adhikari, R. Digital discovery of interferometric gravitational wave detectors. PRX (2025).
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The Objective Function
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Finesse - Frequency domain interferometer simulation software
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Ingredients

1. Search Space 2. Objective Function

3. Simulator

How do we optimize this?
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Urania - Local-Global Optimizer

Optimization using BFGS

Krenn, M., Drori, Y., Adhikari, R. Digital discovery of interferometric gravitational wave detectors. PRX (2025).
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The Optimization Bottleneck

Computational cost: 1.5 million CPU-hours

Finesse is implemented in Numpy / Cython
➔ Restriction to CPU
➔ Restriction to numerical gradient 

approximation

Optimization using BFGS

Krenn, M., Drori, Y., Adhikari, R. Digital discovery of interferometric gravitational wave detectors. PRX (2025).
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Can we implement a simulator designed 
for detector optimizations?

● Library for array-oriented numerical computation (à la Numpy)
● Automatic Differentiation
● Just-in-time compilation
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                            - A Differentiable Interferometer Simulator

Plane Wave 
Propagation

OptomechanicsQuantum Noise

Signal Sidebands
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cloc - Lines of Code Comparison

Files 269 8

Blank         14794        450

Comment         21736        646

Code         49152       2123
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What                              does not have

Hermite-Gaussian
Beams

Thermal EffectsComplex Suspension 
Systems

Surface Motion 
Simulation
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                            - Subsystems

Plane Wave 
Propagation

OptomechanicsQuantum Noise

Signal Sidebands
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The Carrier System
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The Carrier System
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The Carrier System
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                            - Subsystems

Plane Wave 
Propagation

OptomechanicsQuantum Noise

Signal Sidebands
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The Signal System
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The Signal System
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                            - Subsystems

Plane Wave 
Propagation

OptomechanicsQuantum Noise

Signal Sidebands
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Quantum Noise
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Quantum Noise



27

                            - Subsystems

Plane Wave 
Propagation

OptomechanicsQuantum Noise

Signal Sidebands
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Optomechanics
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Optomechanics
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A new simulator should …

● be similar to Finesse

● implement basic components for detector optimization

● produce the same results as Finesse

● speed up simulations through GPU support and JIT compilation

● speed up optimizations through auto-differentiation

● support power constrained optimizations

● support large discovery optimizations
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… be similar to Finesse
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… implement basic components for detector optimization
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… produce the same results as Finesse

>> 99% agreement using normalized root-mean-square deviation
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… speed up simulations through GPU support and JIT compilation
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… speed up optimizations through auto-differentiation
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… support power constrained optimizations
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… support power constrained optimizations
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… support large discovery optimizations
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… support large discovery optimizations

Size Parameters
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● is similar to Finesse
● implements basic components for detector optimization
● produces the same results as Finesse
● speeds up simulations through GPU support and JIT compilation
● speeds up optimizations through auto-differentiation
● supports power constrained optimizations
● supports large discovery optimizations

                            …

What’s next?

● Large-scale discovery optimizations
● Sparsification of interferometer matrices
● Implementation of more components
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● is similar to Finesse
● implements basic components for detector optimization
● produces the same results as Finesse
● speeds up simulations through GPU support and JIT compilation
● speeds up optimizations through auto-differentiation
● supports power constrained optimizations
● supports large discovery optimizations

                            …

Thank you for listening! 
Any questions?

What’s next?

● Large-scale discovery optimizations
● Sparsification of interferometer matrices
● Implementation of more components
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Carrier System
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… produce the same results as Finesse

<< 1% agreement using normalized root-mean-square deviation:
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Major optimization speedups through autodiff
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… speed up optimizations through auto-differentiation
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… speed up optimizations through auto-differentiation
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… speed up simulations through GPU support and JIT compilation
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Quantum Noise



49

Quantum Noise


