Implementation of a Differentiable
Interferometer Simulator for
Gravitational Wave Detector Discovery

Jonathan Klimesch
Master’s Thesis in Physics
26.03.2025



Gravitational Waves

Inspiral Merger Ring-
down

Q O 0 . ‘Ripples in the curvature

of spacetime that are

1:0 - =
= o | | emitted by violent
% 0ol | astrophysical events”
B - - - Ki
= H Kip Thorne
1.0 = Numerical relativity 7]

I Reconstructed (template)
1 1

Time (s)



Gravitational Waves

Time



LIGO Layout
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Can we use optimization techniques to
find unorthodox, but useful designs?



Discrete-Continuous Search Space
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Where should we place which component?

Which parameters should we choose?



Continuous and Highly Expressive Search Space

A) Quasi-Universal Interferometer (UIFO) B) Simplified aLIGO setup in UIFO
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Krenn, M., Drori, Y., Adhikari, R. Digital discovery of interferometric gravitational wave detectors. PRX (2025).



The Objective Function
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Finesse - Frequency domain interferometer simulation software

o_.-=.
[ARARAY

4" Finesse

- - Lo ml m2
import finesse
finesse.configure(plotting=True) CAV n p

1

2

3

14 kat = finesse.Model() !
5 kat.parse( transmitted power
. wnn

7
8
9

# Add a Laser named LO with a power of 1 W.
1 L0 Pt reflected power circulating power

10 # Space attaching LO <-> ml with length of 0 m (default).
11 s s0 LO.p1 ml.pl
12
13 # Highly reflective input mirror of cavity 2 f ' j
10 == reflected power
1 R=0.99 I=0.01
1: G === circulating power
1 .
16 # Intra-cavity space with length of 1 m. 10 transmitted power
17 s CAV ml.p2 m2.p1 L=1
26 100
19 # Highly reflective end mirror of cavity. =
20 m m2 R=0.991 T=0.009 T 107
o g / \
22 # Power detectors on reflection, circulation and transmission. p°_| 1072 L7 N
23 pd reflected_power mi.pl.o Ny [ —
24 pd circulating_power m2.pl.1% 10-3
25 pd transmitted_power m2.p2.o0 / \
o win 104
B - N
28 T
29 out = kat.run("xaxis(ml.phi, lin, -180, 180, 400)") -150 —-100 -50 0 50 100 150

30 out.plot(logy=True) Mirror 1 Tuning [degrees]




Ingredients

1. Search Space 2. Objective Function

Liotal = Lstrain + @ - Penalties

ﬂ%ﬁ%i

O_%‘% 3. Simulator

= L0 m1 m2
T

E‘ CAV I D
+ l transmitted power
lh i reflected power circulating power

How do we optimize this?
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Urania - Local-Global Optimizer
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Krenn, M., Drori, Y., Adhikari, R. Digital discovery of interferometric gravitational wave detectors. PRX (2025).
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The Optimization Bottleneck

[Initialization|

l Computational cost: 1.5 million CPU-hours

GW Detector Pool Finesse is implemented in Numpy / Cython

-> Restriction to CPU
-> Restriction to numerical gradient
approximation

optimization
probability

large small

. complexity =
([(Simpification] [ 6rptimizationLLLLLLLLU

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 (a la Numpy)
Automatic Differentiation
Just-in-time compilation
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dilfferometor - A Differentiable Interferometer Simulator

Plane Wave

Propagation Signal Sidebands

Quantum Noise Optomechanics
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cloc - Lines of Code Comparison

© Finesse3 dilfferometor
Files 269 8
Blank 14794 450
Comment 21736 646
Code 49152 2123
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What dilfferometor does not have

Hermite-Gaussian
Beams

Complex Suspension
Systems

Surface Motion
Simulation

Thermal Effects
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dilffferometor - Subsystems

Plane Wave
Propagation

Quantum Noise

Signal Sidebands

Optomechanics
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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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dilffferometor - Subsystems

Plane Wave
Propagation

Quantum Noise

Signal Sidebands

Optomechanics

21



The Signal System
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The Signal System [&=
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dilffferometor - Subsystems

Plane Wave
Propagation

Quantum Noise

Signal Sidebands

Optomechanics
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Quantum Noise
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Quantum Noise
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dilffferometor - Subsystems

Plane Wave
Propagation

Quantum Noise

Signal Sidebands

Optomechanics
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Optomechanics
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Optomechanics
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A new simulator should ...

e be similar to Finesse k)
e implement basic components for detector optimization

e produce the same results as Finesse

e speed up simulations through GPU support and JIT compilation

e speed up optimizations through auto-differentiation

e support power constrained optimizations

e support large discovery optimizations

30



... be similar to Finesse

29
30

import finesse
finesse.configure(plotting=True)

kat =

finesse.Model()

kat.parse (

wun

#
1

»

I =

» 3

#
m

#

Add a Laser named LO with a power of 1 W.
Lo P=1

Space attaching LO <-> ml with length of 0 m (default).
s0 LO0.p1 ml.pl

Highly reflective input mirror of cavity
ml R=0.99 T=0.01

Intra-cavity space with length of 1 m.
CAV ml.p2 m2.pl L=1

Highly reflective end mirror of cavity.
m2 R=0.991 T=0.009

Power detectors on reflection, circulation and transmission.

pd reflected_power ml.pl.o
pd circulating_power m2.pl.1
pd transmitted_power m2.p2.o0

nnn

out =

kat.run("xaxis(ml.phi, lin, -180, 180, 400)")

out.plot (logy=True)

@

import networkx as nx

G
GE
G
G
G.

G.

G.

= nx.DiGraph()
add_node("10", component="laser")

.add_node("ml1", component="mirror", properties={"reflectivity": 0.99})
.add_node("m2", component="mirror", properties={"reflectivity": 0.991})

add_edge("10", "m1")
add_edge("m1", "m2", properties={"length": 1})

add_node("reflected_power", component="detector", target="mil",

< direction="out")

G.
G.

add_node("circulating_power", component="detector", target="m2")
add_node("transmitted_power", component="detector", target="m2",

< port="right", direction="out")

31



... iImplement 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

simulation step

—e— Finesse
—ea— Differometor gpu
—e— Differometor cpu

102 4

101 4

100 _

Time [s] averaged over 10 iterations

10—2 4

10! 102 103 104
Number of Simulations



... speed up optimizations through auto-differentiation

1.4 1 —=— BFGS 100 4 —=— BFGS O
— —#— AdamW LR 0.1 —m— AdamW LR 0.1
2 —#— AdamW LR 0.5 —=— AdamW LR 0.5
';&‘J 1.2 A
.'6 80 .
c
[G]
o 1.0
c
o
g 60 -
S 0.8 §
© [
> [
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]
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€
£
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... support power constrained optimizations

VW ETMY
i
Esiin = | og(S()) | k
@ 10 ‘\‘
Penaltyy,,.q = Z fp ), Cop, C1) e E |
¥ £ N
Penalty, ¢ = Z f (p(TO),cos,c2), g \\ R
PCnaltybleaCh Z f Det COd, C3) ) e Frequency [Hz]
Det e P %
=E1— 1 ]
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... support power constrained optimizations
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.. support large discovery optimizations

f
£Strain — /f log(S(f))df,

Penaltyy..q = Z f (p(RO), cop, c1) , =1
RO 7
Pcnaltysoft — Z f (p(TO)7 COs, CQ) 9
E1—

Penaltyyjeacn = Z f (p(Det), coq, c3) .
Det

0 if p < co

f(p,CO,C):{(p_CO)+C if p> co |i] d]

Etotal = EStrain -1~ PenaltYhard + B ’ PenaltYsoft + Penalthleach
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... support large discovery optimizations
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dilfferometor...

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?

e Large-scale discovery optimizations
e Sparsification of interferometer matrices
e Implementation of more components
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dilfferometor...

e is similar to Finesse

e Iimplements basic components for detector optimization E
e produces the same results as Finesse %
e speeds up simulations through GPU support and JIT compilation

e speeds up optimizations through auto-differentiation

e supports power constrained optimizations

e supports large discovery optimizations

What's next?

e Large-scale discovery optimizations Thank you for |istening!
e Sparsification of interferometer matrices Any questions?

e Implementation of more components
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Carrier System

Parameters (P ) Parameters (VxP) Function input indices (Fx 1)
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—> |5, 099 0, [90], 0.99, 0, o,
|5, 099, 0, [0] 099, 0, 0O, 1,

1) Optimized parameter indices ( OP ) 2) i Changing parameter indices ( CP )
Function inputs (Fx1xV)
. Optimized parameter values ( OP ) - Changing parameter values ( CP x V) 3'99 3' g
0.99, 0,0
1 1,5
5) ) ’
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Tovrracer R,» foirhicez R,» foirtaeant, fureea s fourface1 Ry fourtace1 T, furface1 R, LEEIE ILEES) A C RS )
fiurface2 L fspace or fspace o . fiurface2 R furface2 T, fsurface2 R,
< fopaceor 0, 0
6) L0822 ] ™ [fr vt e
Function indices ( F) Functions (K)
Matrix indices (2x M)

_ 7) Carrier matrix (XxYxV) Input vector (X xV)
| [

8) 15 0,0 0, 0, 0, 0, 0 T

/ Pty i st O o, o, O 0 0
) \4 0, 0,1, o, o, fipaceo, 0, 0 0
Carrier system (XxY +1xV) furacerT, O, furacerns 1, O, oo o oo
s 0, 0,0, fspaceo, 1, 0, o, 0 0
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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

Speedup factor
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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

To calculate E(t), we first represent quantum fluctuations as noise in both amplitude
and phase of a carrier field:

E(t) = [ag + nq(t)] e«0ttms(®)/o%0 4 ¢c.c = [ag + na(t) + ing(t)] €' + c.c. (2.64)

where n, and ng, are real amplitudes of phase and amplitude fluctuations which in the
frequency domain can form the complex noise

q(w) = ng(w) + ing(w). (2.65)

nq(w) and ng(w) are characterized by Gaussian probability density functions with mean
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Quantum Noise

M Gout = Gin
M Gout qout M' = Gin ‘Tuf
Jout Qo = M g @t M1
(Gow Gl ) =M (G i Y M
V, = Mty,M11
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