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Some Context …
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Automated Search for New Quantum Experiments 

Optical Element Toolbox

Krenn et al., Phys. Rev. Lett. 116 (2016)

https://doi.org/10.1103/PhysRevLett.116.090405
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Krenn et al., Phys. Rev. Lett. 116 (2016)

https://doi.org/10.1103/PhysRevLett.116.090405
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Compute Objective

3D GHZ State
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https://doi.org/10.1103/PhysRevLett.116.090405
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Automated Search for New Quantum Experiments 

Optical Element Toolbox

Generate Random Setup

Simulate Setup & 
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3D GHZ State

Krenn et al., Phys. Rev. Lett. 116 (2016)

https://doi.org/10.1103/PhysRevLett.116.090405
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Automated Search for New Quantum Experiments 

Erhard et al., Nature Photonics 12, 759 (2018)

Optical Element Toolbox

Generate Random Setup

Simulate Setup & 
Compute Objective

3D GHZ State

https://doi.org/10.1038/s41566-018-0257-6
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Human Exploration
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Computational Exploration
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Can AI find unorthodox, but useful 
physics experiment designs? 
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https://doi.org/10.1038/s41566-018-0257-6
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Automated Search for New Quantum Experiments 

Optical Element Toolbox

Generate Random Setup

Simulate Setup & 
Compute Objective

3D GHZ State

Erhard et al., Nature Photonics 12, 759 (2018)

https://doi.org/10.1038/s41566-018-0257-6
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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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Simplified aLIGO Setup
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Continuous and Highly Expressive Search Space

Krenn et al., Phys. Rev. X 15 (2025)

https://doi.org/10.1103/PhysRevX.15.021012
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Continuous and Highly Expressive Search Space

Quasi-Universal Interferometer 
(UIFO)

Krenn et al., Phys. Rev. X 15 (2025)

https://doi.org/10.1103/PhysRevX.15.021012
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Ingredients

1. Continuous Search Space

What is our optimization goal?
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The Objective Function

Hall E. et al., Galaxies 2022, 10(4), 90 (2022)

https://doi.org/10.3390/galaxies10040090
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The Objective Function

Hall E. et al., Galaxies 2022, 10(4), 90 (2022)

https://doi.org/10.3390/galaxies10040090
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Ingredients

1. Continuous Search Space 2. Objective Function

How do we evaluate the objective function? 
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Finesse - Frequency domain interferometer simulation software

Brown D. et al., (2020)

https://git.ligo.org/finesse/finesse3
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Ingredients

1. Continuous Search Space 2. Objective Function

3. Simulator

How do we optimize this?
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Automated Search for New Gravitational Wave Detectors

Generate Random 
UIFO
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Automated Search for New Gravitational Wave Detectors

Generate Random 
UIFO

Simulate & 
Compute Objective

Calculate Gradients of 
Loss w.r.t. Parameters

Update Parameters
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Automated Search for New Gravitational Wave Detectors

Generate Random 
UIFO

Simulate & 
Compute Objective

Calculate Gradients of 
Loss w.r.t. Parameters

Update Parameters

∂
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∂
∂R00L
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Automated Search for New Gravitational Wave Detectors

Generate Random 
UIFO

Simulate & 
Compute Objective

Calculate Gradients of 
Loss w.r.t. Parameters Krenn et al., Phys. Rev. X 15 (2025)

BFGS optimizations

Update Parameters

https://doi.org/10.1103/PhysRevX.15.021012
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Discovered Topologies - Raw Solutions

Krenn et al., Phys. Rev. X 15 (2025)

https://doi.org/10.1103/PhysRevX.15.021012
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Conceptualized UIFOs

Krenn et al., Phys. Rev. X 15 (2025)

https://doi.org/10.1103/PhysRevX.15.021012
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Gravitational Wave Detector Zoo

Krenn et al., Phys. Rev. X 15 (2025)

https://doi.org/10.1103/PhysRevX.15.021012


34
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Generate Random 
UIFO

Simulate & 
Compute Objective

Calculate Gradients of 
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Update Parameters

∂
∂M00L

∂
∂R00L

00L



35

Automated Search for New Gravitational Wave Detectors

Generate Random 
UIFO

Simulate & 
Compute Objective

Calculate Gradients of 
Loss w.r.t. Parameters

Update Parameters



36

Automated Search for New Gravitational Wave Detectors

Generate Random 
UIFO

Simulate & 
Compute Objective

Calculate Gradients of 
Loss w.r.t. Parameters

Update Parameters



37
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Automated Search for New Gravitational Wave Detectors

Generate Random 
UIFO

Simulate & 
Compute Objective

Calculate Gradients of 
Loss w.r.t. Parameters

Update Parameters

Computational cost: 
1.5 million CPU-hours
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Can we make Finesse differentiable?
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Making something differentiable
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Making something differentiable

Replace with 
learned model
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Making something differentiable

Replace with 
learned model

Rewrite in autodiff
framework
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Making something differentiable

Replace with 
learned model

Rewrite in autodiff
framework

Augment source 
code for autodiff

Derivgrind



44

Making something differentiable

Rewrite in autodiff
framework



              - High performance array computing
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Features:

● GPU support & vectorization
● Just-in-Time compilation
● Automatic Differentiation

J. Bradbury et al. (2018)

https://github.com/jax-ml/jax
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Features:

● GPU support & vectorization
● Just-in-Time compilation
● Automatic Differentiation

Constraints:

● Only pure functions
● No conditionals
● Only static shapes

J. Bradbury et al. (2018)

https://github.com/jax-ml/jax


              - High performance array computing

47

Features:

● GPU support & vectorization
● Just-in-Time compilation
● Automatic Differentiation

Constraints:

● Only pure functions
● No conditionals
● Only static shapes

J. Bradbury et al. (2018)

import jax

class Counter:

  def __init__(self):

    self.n = 0

  def count(self) -> int:

    self.n += 1

    return self.n

counter = Counter()

fast_count = jax.jit(counter.count)

# This results in 1, 1, 1!

for _ in range(3):

  print(fast_count())

https://github.com/jax-ml/jax


              - High performance array computing
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Features:

● GPU support & vectorization
● Just-in-Time compilation
● Automatic Differentiation

Constraints:

● Only pure functions
● No conditionals
● Only static shapes

J. Bradbury et al. (2018)

@jit
def f(x):
  if x < 3:
    return 3. * x ** 2
  else:
    return -4 * x

# This will fail!
f(2)

https://github.com/jax-ml/jax


Rewriting Finesse from Scratch in 



Rewriting Finesse from Scratch in 
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Build Step



Rewriting Finesse from Scratch in 
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Build Step Index & Value Arrays

Parameters

System Matrix

Indices of optimized parameters

Frequency values

Function Indices



Rewriting Finesse from Scratch in 
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Build Step Index & Value Arrays

fLaser

fMirror

Solve

Simulation



Rewriting Finesse from Scratch in 
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Build Step Index & Value Arrays

fLaser

fMirror

Solve

Simulation

JIT Compilation
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JIT Compiled Gradient Calculation

Generate Random 
UIFO

Simulate & 
Compute Objective

Calculate Gradients of 
Loss w.r.t. Parameters

Update Parameters
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JIT Compiled Gradient Calculation

Generate Random 
UIFO

Simulate & 
Compute Objective

Calculate Gradients of 
Loss w.r.t. Parameters

Update Parameters

JIT Compilation
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Differometor - Differentiable Interferometer Simulator



Differometor Components
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Optics:

● Mirror
● Beamsplitter
● Directional Beamsplitter
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Optics:

● Mirror
● Beamsplitter
● Directional Beamsplitter

Sources:

● Laser (only 0 Hz offset)
● Squeezer
● Signal Generator

○ Space Length
○ Laser Amplitude
○ Laser Frequency

Differometor Components
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Optics:

● Mirror
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● Directional Beamsplitter
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Connectors:

● Space
● Nothing

Differometor Components
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Optics:

● Mirror
● Beamsplitter
● Directional Beamsplitter

Sources:

● Laser (only 0 Hz offset)
● Squeezer
● Signal Generator

○ Space Length
○ Laser Amplitude
○ Laser Frequency

Connectors:

● Space
● Nothing

Detectors:

● Power Detector
● Demodulating Power Detector
● Quantum Noise Detector
● Balanced Homodyne Detector

Mechanical Elements:

● Free Mass (only z node)

❌  Higher Order Modes

❌  Control Loops

❌  …

Differometor Components
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Accuracy - Close Agreement with Finesse

Simplified aLIGO
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Gradient Computation - Speed Gains through Autodiff

Nvidia Quadro RTX 6000 GPU vs. Intel Xeon Gold 6130 CPU 
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Gradient Computation - Speed Gains through Autodiff
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Gradient Computation - Speed Gains through Autodiff

Nvidia Quadro RTX 6000 GPU vs. Intel Xeon Gold 6130 CPU 
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Gradient Computation - Speed Gains through Autodiff

Generate Random 
UIFO

Simulate & 
Compute Objective

Calculate Gradients of 
Loss w.r.t. Parameters

Update Parameters

JIT Compilation
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Simulation - Speed Gains through GPU and JIT

Simplified aLIGO

Nvidia Quadro RTX 6000 GPU 
vs. Intel Xeon Gold 6130 CPU 
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Simulation - Speed Gains through GPU and JIT

Generate Random 
UIFO

Simulate & 
Compute Objective

Calculate Gradients of 
Loss w.r.t. Parameters

Update Parameters

JIT Compilation
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Differometor Compilation is Slow

Generate Random 
UIFO

Simulate & 
Compute Objective

Calculate Gradients of 
Loss w.r.t. Parameters

Update Parameters

JIT Compilation

Simplified aLIGO:
● Differometor: 40.4 s
● Finesse:   1.4 s
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What are our plans?
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Mario’s ERC Grant



73

Gravitational Wave Detector Zoo 2.0

?
?

?

Krenn et al., Phys. Rev. X 15 (2025)

https://doi.org/10.1103/PhysRevX.15.021012
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Gravitational Wave Detector Zoo 2.0

?
?

?

Krenn et al., Phys. Rev. X 15 (2025)

What are your thoughts on 
computational design?

https://doi.org/10.1103/PhysRevX.15.021012
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New Features - e.g. Higher-Order Modes

Bond, C. et al. Living Rev Relativ 19, 3 (2016).

https://doi.org/10.1007/s41114-016-0002-8
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New Features - e.g. Higher-Order Modes

Bond, C. et al. Living Rev Relativ 19, 3 (2016).

Could Differometor help in some 
of your projects?

Which features should we 
implement next?

https://doi.org/10.1007/s41114-016-0002-8
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pip install differometor - try it out!

https://github.com/artificial-scientist-lab/Differometor

● Differometor is a new differentiable 
interferometer simulator 
implemented in JAX

● It enables large speed gains in 
interferometer optimizations

● We use it for the computational 
design of new gravitational wave 
detectors

https://github.com/artificial-scientist-lab/Differometor
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pip install differometor - try it out!

Thank you for listening! 
Any questions?

https://github.com/artificial-scientist-lab/Differometor

● Differometor is a new differentiable 
interferometer simulator 
implemented in JAX

● It enables large speed gains in 
interferometer optimizations

● We use it for the computational 
design of new gravitational wave 
detectors

https://github.com/artificial-scientist-lab/Differometor
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Backup
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Lines of Code Comparison

Files 269 8

Blank         14794        450

Comment         21736        646

Code         49152       2123

Differometor
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Carrier System
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The Simulator Engine
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The Simulator Engine



84

The Simulator Engine
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The Simulator Engine
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Differometor - Subsystems

Plane Wave 
Propagation

OptomechanicsQuantum Noise

Signal Sidebands
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Plane Wave Propagation



88

Plane Wave Propagation



89

Differometor - 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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Differometor - Subsystems

Plane Wave 
Propagation

OptomechanicsQuantum Noise

Signal Sidebands
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Quantum Noise
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Quantum Noise
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Differometor - Subsystems

Plane Wave 
Propagation

OptomechanicsQuantum Noise

Signal Sidebands
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Optomechanics



97

Optomechanics


