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Gravitational waves, detected a century after they were first theorized, are spacetime distortions
caused by some of the most cataclysmic events in the universe, including black hole mergers and
supernovae. The successful detection of these waves has been made possible by ingenious detectors
designed by human experts. Beyond these successful designs, the vast space of experimental config-
urations remains largely unexplored, offering an exciting territory potentially rich in innovative and
unconventional detection strategies. Here, we demonstrate the application of artificial intelligence
(AI) to systematically explore this enormous space, revealing novel topologies for gravitational wave
(GW) detectors that outperform current next-generation designs under realistic experimental con-
straints. Our results span a broad range of astrophysical targets, such as black hole and neutron
star mergers, supernovae, and primordial GW sources. Moreover, we are able to conceptualize
the initially unorthodox discovered designs, emphasizing the potential of using AI algorithms not
only in discovering but also in understanding these novel topologies. We’ve assembled more than
50 superior solutions in a publicly available Gravitational Wave Detector Zoo which could lead to
many new surprising techniques. At a bigger picture, our approach is not limited to gravitational
wave detectors and can be extended to AI-driven design of experiments across diverse domains of
fundamental physics.

Introduction

Gravitational waves are ripples in space-time produced
by enormous energetic astrophysical phenomena such as
the collision of two black holes or supernovae. While
predicted in 1916 by Einstein as a consequence of his
General Relativity [1], they have only been directly ob-
served 100 years later [2]. This discovery has opened
a new window for the observation of phenomena in the
universe, independent from electromagnetic waves, neu-
trinos or massive particle – and allowing for a new branch
of multi-messenger astrophysics [3].

The current generation of GW detectors, the Ad-
vanced Laser Interferometer Gravitational-Wave Obser-
vatory (aLIGO) [9], exploit optical interferometry, which
is sensitive to the distortion of space-time. The de-
sign is based on a Michelson interferometer with multi
kilometer long arms, augmented with recycling cavities
and squeezed vacuum sources for reducing various noise
sources. LIGO’s topology and design sensitivities of cur-
rent and near-future upgrades are presented in Fig. 1.

These detectors have all been designed by human re-
searchers following human design principles, sometimes
augmented with small-scale computational optimization
of detector parameters (such as finding the ideal laser
power and mirrors’ reflectivities and phases) [10, 11].

Taking a broader view – beyond parameter optimiza-
tion – we see that there is an unimaginably large number
of experimental topologies that have never been explored
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by human researchers. This suggests an expansive range
of unexplored GW detector configurations that could not
only surpass current leading designs, but could also pro-
vide entirely new and innovative experimental concepts
and ideas in the field [12–14].

In this manuscript, we explore the vast space of poten-
tial new topologies for GW detectors using artificial intel-
ligence. We rephrase the discrete (and thus computation-
ally difficult) question of topology discovery into a contin-
uous optimization problem of a universal interferometer
(UIFO) for gravitational wave detectors. We then focus
on four GW frequency regimes motivated by exciting as-
trophysical phenomena, such as black hole and neutron
star mergers, supernovae and primordial gravitational
objects. In all frequency regimes, we discover new GW
topologies that outperform the current next-generation
designs, under realistic experimental constraints. We fur-
ther discover superior designs that mimic LIGO’s current
topology which are candidates for near-term upgrades.
We explore and conceptualize the underlying physical
principles of several of these designs by simplifying them
to their core functionalities. Finally, we publish theGrav-
itational Wave Detector Zoo, which contains all 50 di-
verse topologies that outperform current next-generation
designs, and we hope the underlying techniques can in-
spire the community to develop new methods for de-
tecting gravitational waves. Our method can not only
find new superior detection schemes for rare astrophysical
events, but could also be used for designing gravitational-
wave based detectors for dark matter [15, 16], or aspects
of quantum gravity [17, 18]. Our work shows how ad-
vanced computational design methods can inspire new
unorthodox ideas for fundamental physics experiments.

The enormous topological search space – With
only one laser, four optical elements (mirrors or beam-
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FIG. 1. Setup of LIGO’s GW Detector: A laser pumps
a Michelson interferometer. At the interferometer input, a
power recycling mirror (PRM) recycles the light returning to
the laser, increasing significantly the available photons for de-
tection. The interferometer consists of 4 km long arms, with a
cavity in each arm (ETMX/Y and ITMX/Y). At the interfer-
ometer output, a signal-recycling mirror (SRM) reshapes the
response of the interferometer. The signal is then detected
with homodyne detection, by using a local oscillator (LO).
Frequency-dependent squeezing is generated via a cavity and
is injected into the interferometer’s dark port with a Faraday
isolator (FI) to reduce the dominant quantum noise in the en-
tire detection band. The setup is similar to those of the Virgo
[4] and KAGRA [5] GW detectors. Inset: The noise budget
for generations of LIGO detectors: Advanced LIGO [6], A+
LIGO [7] and the next-generation Voyager detector [8]. The
main noise contributions of the Voyager detector are quantum
and classical (thermal and seismic) noise sources.

splitters) and two detectors, we can already build 3000
unique experimental topologies. With 10 elements, we
could build more than 100 million unique configurations
(see Appendix). Each optical element in these configura-
tions is furthermore parameterized by continuous num-
bers, such as the reflectivity or the phase introduced by
the element. If each element is described by only two
continuous numbers, the entire search space of experi-
ments with only 10 elements contains 100 million unique
20-dimensional search spaces. This space contains many
GW detector designs invented by human researchers, in-
cluding the aLIGO design. Furthermore, it contains ev-
ery GW detector that has not yet been discovered. The
enormous number of discrete topologies makes a system-
atic investigation of this space infeasible. Finding new
ideas for gravitational wave detectors thus is a search
problem in an extremely high-dimensional space.

Digital Discovery Approach

Representing Gravitational Wave Detectors in a
universal Interferometer – We approach this prob-
lem by reformulating the mainly discrete search problem
into a continuous optimization problem, by inventing a
quasi-universal interferometer (UIFO), see Fig. 2. The
UIFO, which is inspired by the idea of universal function
approximation of neural networks, is a highly expressive,
parametrized optical interferometer. It consists of cells
of beamsplitters (BS) enclosed by mirrors. The input
into the UIFO can be either a laser or a squeezed vac-
uum. A balanced homodyne detection then finally re-
trieves the signal. The physical properties of the optical
elements (such as laser power, phases, transmissivity of
mirrors and beamsplitters), as well as the distances be-
tween them, are free parameters. A UIFO with (3×3) BS
cells (UIFO3) has up to 187 parameters, (UIFO4 has 310,
UIFO5 has 463 parameters). The UIFO is constructed in
such a way that setting the right parameters leads to
different topological structures, e.g. we can encode the
next-generation LIGO Voyager blueprint in Fig. 2B.
Astrophysical design targets – We aim to find new

designs of interferometric gravitational wave detectors
for superior sensitivity in the frequency range of inter-
esting astrophysical targets. To do so, we have to find
precise parameter settings of the UIFO that lead to high-
sensitivity within the desired frequency range. We search
for a broadband detector in the range of 20 – 5000Hz for
detections of universal sources such as binary black hole
mergers, which coincides with the objective of aLIGO
and the next-generation Voyager detector [8, 9]. An-
other target are high-sensitivity designs at low-frequency
in the range of 10 – 30Hz, which is the expected signal
range of black hole mergers originating from the earli-
est stars in the universe [19]. These early and distant
black holes could be an interesting source of dark sirens,
for precision measurement of the Hubble constant [20].
We also search for detectors for supernovæ explosions,
which are expected in the range of 200 – 1000Hz [21].
These signals have never been observed, and even the nu-
merical and theoretical modeling of these events is still
a topic of active research [22–24]. They could inform
about nuclear synthesis of heavy materials [25]. Finally,
we explore the range of 800 – 3000Hz, which contains ex-
pected signals from binary neutron stars mergers and
postmerger physics [26, 27]. This phenomena are to date
completely unexplored, and could inform about extreme
states of matter within quantum chromodynamics, in-
cluding quark-gluon plasma [28].
Computationally simulating gravitational wave

detectors – To compute the performance of a UIFO
setup, we use PyKat [29], a python interface for Finesse.
Finesse (Frequency domain INterfErometer Simulation
SoftwarE ) is an open-source interferometer simulation
program, with a main focus on gravitational wave
physics [30]. For an experimental setup, Finesse com-
putes the strain sensitivity over a frequency range of the
gravitational wave, such as those in Fig. 1.
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FIG. 2. Details of the quasi-universal interferometer (UIFO) A) A UIFO is a highly expressive parameterized template
for an interferometer. It consists of (n × n) unit cells, light inputs at three of the four boundaries (left, up and down) and a
homodyne detection cell at the right boundary. A unit cell consists of a beamsplitter or a 4-port Faraday isolator (FI) enclosed
by four mirrors. The graphical representation of the FI illustrates that a light beam traveling against the direction of the arrow
is transmitted, whereas a light beam traveling in the same direction as the arrow is reflected. Such 4-port routing behaviour
can be realized using polarization beamsplitter with a Faraday rotator at each port. The input light can come from a laser
or a squeezed vacuum source. A balanced homodyne detection scheme finally retrieves the signal. The individual elements
are parametrized: Laser (power and relative phase), Squeezer (squeezing level and squeezing angle), mirror (transmission rate,
relative phase, mass), beamsplitter (transmission rate, relative phase), and space (length). B) One way to inscribe LIGO’s next-
generation Voyager detector into UIFO. Optical elements with perfect transmission and other unused elements are rendered less
visible with a semi-transparent white overlay. The thickness of the red lines indicate the power stored in the carrier frequency
in a logarithmic scale. To display all the distances on the same plot, the lengths of the drawn spaces are logarithmic in the
physical distances. Drawn spaces were shrunk and stretched to maintain rectangular setups.

To computationally estimate the quality of an experi-
mental detector design, we maximize the sensitivity while
satisfying physical constraints for the parameters (such as
maximal mirror reflectivity) and global constraints (such
as maximal laser power that goes through an optical ele-
ment). We compute the strain sensitivity at 100 discrete
steps of the target frequency range (Fewer steps often
lead to pathological solutions). The sensitivity is defined
as the ratio between the readout noise and the interfer-
ometer optical response to strain. The optical response
is calculated by modulating the spaces between the op-
tics at a given frequency and demodulating the resulting
signal at the interferometer readout. The modulation is
done such that horizontal spaces are 180 degrees out-of-
phase with the vertical spaces, thus mimicking the in-
teraction of a low-frequency GW with the interferome-
ter. The noise is calculated by propagating the quantum
vacuum field, including squeezed vacuum, from all the
open ports in the interferometer to the readout. Laser
frequency and intensity noises are considered by calculat-
ing the amplitude and frequency transfer functions from
the laser sources to the readout and projecting the in-
trinsic laser noises, assumed to be the same as the ones
measured during aLIGO third observing run [6], to the
readout. The parameter constraints are implemented by
constraining the search space, while global design con-
straints are added as penalties in the computational ob-

jective function. These penalties prevent solutions with
unreasonably large optical power reflected or transmit-
ted through the optical elements and large optical power
at the photon detectors. The parameter ranges of the
optical elements, summarized in Table I, are constrained
in the same way next-generation design LIGO Voyager
design, to make them experimentally feasible.
Urania: A parallelized hybrid local-global op-

timizer for scientific discovery – Our objective is
to find experimental setups with large strain sensitivity
while satisfying experimental constraints. This objective
is translated into a loss function, which maximizes the
detector sensitivity with experimentally feasible param-
eters and overall detector behaviour.
We develop Urania1, a highly parallelized hybrid local-

global optimization algorithm, sketched in Fig. 3. It
starts from a pool of 1000s of initial conditions of
the UIFO, which are either entirely random initializa-
tions or augmented with solutions from different fre-
quency targets. Urania starts 1000 parallel local op-
timizations that minimize the objective function using
an adapted, parameter-constrained version of the Broy-

1 In ancient Greek mythology, Urania is the muse of astronomy
and stars.
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FIG. 3. A sketch of the discovery engine Urania: A pool
of gravitational wave detectors is filled with random initializa-
tion of UIFOs (see Fig. 2 for details. The horizontal location
of the dots stand for complexity, and vertical for sensitivity).
A large number of parallel independent optimization instances
choose Boltzmann-distributed from the pool and locally op-
timize using numerical minimization of a loss function based
on gradients and higher-order derivatives. Superior solutions
replace the original instance. Subsequently, and in parallel,
automated simplification algorithms choose again Boltzmann-
distributed from the pool and try to reduce the complexity of
the solutions. Reduced complexity solutions are added to the
pool.

den–Fletcher–Goldfarb–Shanno (BFGS) algorithm [31–
34]. BFGS is a highly efficient gradient-descent opti-
mizer that approximates the inverse Hessian matrix. For
each local optimization, Urania chooses a target from
the pool according to a Boltzmann distribution, which
weights better performing elements in the pool higher,
and adds a small noise to escape local minima. These
choices add a global character to the exploration. When
one of the local optimizations of Urania finds a better
parameter setting for a setup in the pool, it replaces the
old solution with the superior one. After a local optimiza-

FIG. 4. Phase Transitions in Loss curves: We show the
loss evolution for (in this case, for post-merger physics targets
at 2 – 3 kHz) for five top-performing setups. The loss shows
distinct jumps, in which the solutions discovered new abilities.

Parameter Min Max

Optical path 10 cm / 5m 4km

Suspended mass 10 g 200 kg

Optical loss per element 5 ppm

Optical transmission 15 ppm

Squeezing level 10 dB

Transmitted optical power 2 kW

Reflected optical power 3.5MW

TABLE I. Physical parameter ranges used in Urania. For
UIFO optimization 10 cm was used for lower bound on optical
paths. For thermal noise minimization 5m was used. For
more details see ther thermal noise section in the appendix.

tion converges, Urania repeats and chooses a new target
from the pool. In parallel, Urania chooses (Boltzmann
distributed, thus again adding a global character) ele-
ments from the pool and simplifies it by probabilistically
removing elements that have no effect on the sensitivity.
These new setups have fewer parameters than their an-
cestors and are stored in the pool, which increases the
number of setups in the pool.
Urania is able to successfully navigate the complex

search space, and identify in total 50 solutions that out-
perform the best known human-designed topologies. Sur-
prisingly, we observe that the solutions do not continu-
ously improve, but go through phase transitions, with
periods of neglictable improvements and periods where
Urania identifies a superious strategy and exploits it to
its fullest – see Fig. 4. In total, we spend roughly 1.5
million CPU-hours to identify the solutions.
For a fair comparison with human-designed structures,

we use as a baseline the next-generation LIGO Voyager
detector[8] and parametrically optimize it for each target
frequency range. For that, the Voyager design in Fig. 1
is parametrized with more than 50 variables and exten-
sively optimized with gradient-based methods. In that
way, if a solution of Urania surpasses the baseline, we
know that it needs to have not only better parameters
of the optical elements for the same topology but an en-
tirely new setup topology. All comparisons take quantum
noise, laser frequency and intensity noises into account.
Thermal noise contributions are analysed in detail in the
Appendix.

Results

We find a total of 50 UIFO configurations that out-
perform the optimized aLIGO baseline: 7 broadband so-
lutions, 10 solutions for the cosmological window, 3 so-
lutions for the supernova window, and the remaining 39
for analysing post-merger physics of neutron star merg-
ers. In Fig. 5, we show the results of the best solutions in
these four frequency regimes. For these four targets we
find a maximal sensitivity improvement of 4.2 compared
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FIG. 5. Strain Sensitivity curves for various objectives: Broadband, Cosmological Targets, Supernovæand ranges for the
post-merger analysis of binary neutron star mergers. Blue: LIGO Voyager, Orange: LIGO Voyager with parameters optimized
for the specific frequency range, Green: new UIFO solutions. Noise contributions involve quantum noise, laser frequency and
intensity noises.

to optimized LIGO Voyager baseline (6.8 compared the
original LIGO Voyager), 2.2 (9.5), 4.0 (5.0) and 5.3 (9.0),
respectively.

The improvements of the broadband solution lie pre-
dominantly in the low-frequency regime. This would im-
prove the observation of heavy-mass black hole mergers.
It could also allow for the detection of binary neutron
stars longer before they are actually merging, which can
be used to send earlier signals to the detection network
to identify rare multi-messenger events.

One of the key targets of LIGO is the observation of
gravitational waves from supernovae. So far, no such
event has been observed. The best solution we find in
this regime improves the sensitivity on average by a fac-
tor of 1.6 compared to the optimized (baseline) Voyager
detector. It thereby could increase the expected obser-
vation rate by a factor of 3.8.

Finally, the post-merger solution would allow the ob-
servation of the peak of the signal of binary neutron star
mergers. The expected frequency range of this peak is
currently outside of the most sensitive regime of LIGO.
Observing the post-merger physics could allow the anal-
ysis of the nuclear state of matter of neutron stars. The
average sensitivity is improved by a factor of 4.1, poten-
tially improving the rate by a dazzling factor of 68.7.

Details on transfer functions, thermal noise contribu-
tions, fabrication sensitivity and astrophysical observa-
tion distances are shown in the Appendix.

Physics of discovered solutions

After Urania discovered the solutions, we investigate
several of the top-performing ones to understand the un-
derlying strategies that were used to go beyond human-
designed detector ideas [35, 36]. We identify the core
principles of the detectors such as the transducers – the
configuration which translates the gravitational wave sig-
nal to an observable optical signal, optomechanical cavi-
ties, and filter cavities. From there, we are able to iden-
tify common strategies shared by several of the solutions
as well as specific individual tricks and techniques that
are unique to certain detector designs (Details in the Ap-

pendix). The implementation of most of the solutions do
not require extreme changes to the existing LIGO sites’
infrastructure or the construction of kilometer-scale vac-
uum tubes, thus are candidates for potential future de-
tector upgrades.

An unusual side-pumped L-shape GW trans-
ducer – The exceptional solutions in Fig. 6 (and in
fact the vast majority of solutions we investigated),
have a rather unusual GW transducer, which is differ-
ent from the standard Michelson interferometer based
LIGO topology. Instead of using one pump laser and
a beam splitter that directs the light into the two trans-
ducer arms, these topologies use side-pumped arm cav-
ities with a beamsplitter at the corner of an L-shaped
topology. Unusual as it might look, this configuration
has the same response as aLIGO, but has some interest-
ing features. Unlike Michelson inteferometers, the arms
are pumped by two lasers from the arms’ high reflectivity
sides, which allows the use of relatively low-power lasers.
For example, as can be seen in Fig. 6A, the broadband
solution uses two 36W lasers while the LIGO Voyager de-
sign uses a single 152W laser. A consequence of the dual
pumping is the presence of two outputs coming out of the
corner beamsplitter instead of one. When the two lasers
are 180◦ out-of-phase with each other, the carrier fields in
the two outputs have opposite signs but the GW signals
coming from the arms have the same sign. One can seal
one of the outputs with a high-reflecting mirror to cre-
ate destructive interference for the carrier and construc-
tive interference for GW signals at the remaining output.
This is implemented in the broadband solution as can be
seen in Fig. 6A. One can choose not to do so and use the
carrier field present at the two output ports to pump op-
tomechanical cavities for signal amplification and quan-
tum noise squeezing, a strategy used by the other two
solutions in Fig. 6B and C. Finally, since the carrier and
the GW signal are mixed, the corner beamsplitter serves
a dual purpose as both a power-recycling and a signal-
recycling mirror. This arrangement offers an advantage
over a Michelson interferometer since it has one less de-
gree of freedom that needs to be controlled.
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FIG. 6. Conceptualized UIFOs: For each of the 3 simplified UIFOs i. Optical layout diagram illustrating the solution,
highlighting essential optical parameters. The percentage alongside the mirrors and beamsplitters indicate their power trans-
mission coefficients, while the values (in white) in or near the spaces denote their length and the optical power circulating inside
them. Optical detunings are omitted for clarity. Spaces with no length notation can be arbitrarily short. As a consequence,
many optical elements can be grouped together on suspended platforms, thus simplifying the control over these elements. Light
traveling against the direction of the arrow of the Faraday isolator is transmitted, whereas light traveling in the same direction
as the arrow is reflected. ii. Quantum noise of the UIFO solution (green), the baseline (orange), and Voyager (blue). iii.
Optical response of the solution (orange), the baseline (green), and Voyager (blue). In Figures B) and C), the dashed green
line shows the computed curve for the UIFO without radiation pressure in the case of the supernova and postmerger solutions.
The frequency axes in B) and C) span the targets’ frequency ranges. Insets show the curves in the broad frequency range.

In practice, the dual pumping with two separate lasers
requires exceptionally high-quality phase-locking, which
might be challenging with current technology. However,
it could still be achieved by splitting a single laser close
to the corner beamsplitter and steering the split beams
into the arm cavities using folding mirrors. In this case,
the topology would be similar to a zero-area Sagnac [37],
where the readout is placed behind one of the steering
mirrors instead of the unused port at the input beam-
splitter (more details in Appendix).

Pondermotive squeezing – To increase sensitivity
in the low frequency regime, many solutions develop
a pondermotive squeezing or amplification [38] in the
arms or in external lightweight cavities. This amplitude-
dependent phase-shift originates from light hitting and
changing the position of a mirror (the larger the inten-
sity, the larger the change), which subsequently intro-
duces a phase in the light due to the changed optical
path length. In some solutions the circulating powers
in the external optomechanical cavities are large and the

mirror masses are small, which is a challenge for radiative
cooling. As an alternative, new ideas of optical refriger-
ation of mirrors might be suitable [39]. Additionally, the
development of amorphous silicon-based Optical Mirror
Coatings could further dramatically improve the thermal
noise budgets [40, 41] (details in Appendix).

The Physics of the Broadband Solution – Fig. 6A
shows the optical layout, quantum noise and optical re-
sponse of the simplified UIFO designed for broadband
frequency range. This solution was designed as an all-
purpose GW detector. In this solution, GW signal ex-
iting the open port of the 4.8% corner beamsplitter is
routed through the FIs and filtered by a 3 km filter cav-
ity. A 10 dB squeezed vacuum is injected into the dark
port. The filter cavity allows utilization of the ponder-
motive squeezing generated in the arms to enhance the
low-frequency sensitivity of the solution much like in the
variational readout scheme proposed in [42]. Fig. 6A ii
shows that the quantum noise does not diverge as fre-
quency tends to zero. Fig. 6A iii shows that the response
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vanishes for zero frequency. Additional evidence for vari-
ational readout can be found in Fig. 9 A where it is shown
that the coupling of amplitude fluctuations to the read-
out is highly suppressed at all frequencies. Unlike the
original variational readout scheme, a small part of the
light in the filter cavity is routed by a Faraday isolator
back into the interferometer. This creates a weak optical
spring resonance [38] that enhances the quantum-limited
sensitivity at 30Hz by a factor of 1.4 compared with the
case where the filter is completely sealed.

The Physics of the Supernova Solution – Fig. 6B
shows the optical layout and performance of the solution
optimized for supernova GW signals. The GW trans-
ducer’s topology is the same as the one in the broadband
solution. However, in this case, the outputs of the trans-
ducer are used as inputs to a ring cavity that encom-
passes a 17m linear cavity formed by 10 g mirrors which
enhances greatly the optomechanical effects. Since the
optomechanical cavity is housed inside a cavity that feeds
the signal back into the interferometer, it acts as an opti-
cal spring [38]. In addition to the optomechanical cavity,
the ring cavity also contains a 700m long filter cavity
that aligns the frequency-dependant vacuum squeezing
angle with the signal phase. Figs. 6B ii and iii show the
quantum noise and the optical response respectively. The
dashed green lines in the figures show the noise and the
response without radiation pressure effects (simulated by
setting all the masses to infinity). Remarkably, in the
presence of radiation pressure, the GW signal gets am-
plified by 3 orders of magnitude, while at the same time,
the quantum noise is amplified by a small amount. This
is a new generalization of optical springs, that has before
been applied to the standard aLIGO topology [38, 43].

The Physics of the Postmerger Solution – Fig. 6C
shows the optical layout and performance of the solu-
tion optimized for postmerger signal of a binary neutron
star coalescence. This setup is the most unintuitive of
the three presented here. It is different from the other
two examples presented in this paper in that, instead of
pumping the IFO directly through the arm cavity, one
of the lasers pumps it from the end recycling mirror.
Similarly to the supernova solution, this solution uses
an external short 10 g cavity and a 100m filter cavity for
resonantly enhancing the signal at the target frequency
band. To achieve a simpler setup, there was a deliberate
trade-off, leading to a reduction in sensitivity by a factor
of 2 compared with the original UIFO whose sensitivity.
The postmerger panel in Fig. 5 shows the sensitivity of
the original UIFO.

Gravitational Wave Detector Zoo – We collect all
50 solutions that outperform the baseline in a publicly
available repository called Gravitational Wave Detector
Zoo 2. Each of the solutions, by construction, has a supe-
rior topology compared to the next-generation detector

2 GitHub: Gravitational Wave Detector Zoo

FIG. 7. Gravitational Wave Detector Zoo: We collect 59
experimental setups with improved sensitivity over the base-
line, which is the parameter-optimized LIGO Voyager setup.
Therefore, each solution not only has better parameters but
also has a superior topology compared to LIGO Voyager. The
complexity stands for the number of free parameters that
remain non-trivial after simplification. The right, blue axis
shows the average sensitivity improvement over the baseline.
The left, red axis stands for the expected improved obser-
vational volume, based on the 3rd power of the sensitivity.
The balls stand for fully automated discovered and simplified
setups, the three stars are manually simplified and conceptu-
alized setups described in Fig. 6. Each of these setups has
a superior topology compared to LIGO Voyager. All setups,
with more information, are publicly available.

LIGO Voyager. Three of the 50 solutions are presented
in Fig. 6. The examples contain five different frequency
ranges, different UIFO initial conditions, variations of
the UIFO detector placements, different noise contribu-
tions (such as with and without thermal and seismic noise
sources), and different levels of path-length constraints.
The collection of detectors might allow the community to
identify new configurations, and experimental tricks and
ideas that have not been discovered yet by experienced
human researchers and thereby advance fundamental re-
search of gravitational wave detectors and application of
high-sensitivity (quantum) measurements in general.

Conclusions and Outlook

We demonstrate how to use large-scale digital explo-
ration to discover new superior quantum-enhanced hard-
ware for fundamental physics research. Interperetable
representations and pruning techniques allow us to con-
ceptualize their working principles, connect them to
known physical phenomena and identify new ideas or gen-
eralizations never explored by human researchers before.
This was made possible by translating a primarily dis-

crete optimization task into a tractable continuous op-
timization problem. Using this approach, we were able
to find novel large-scale interferometers that significantly
outperform current 4 km baseline GW designs at given
frequency ranges without breaking near-future technolog-
ical barriers. The improvements in the quantum limited

https://github.com/artificial-scientist-lab/GWDetectorZoo
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sensitivity to GW signal is improved by a factor of 3-5 in
the target frequency ranges compared with the Voyager
design. We hope that the publication of all 50 superior
GW detector topologies in the Gravitational Wave De-
tector Zoo can inspire the community to uncover more
exciting ways how to exploit the current available hard-
ware.

Remarkably, these solutions achieve their sensitivities
by utilizing single-mode, linear, time-invariant optics,
free masses, Gaussian input state and homodyne de-
tection alone. Going beyond any of these limitations
might lead to more non-intuitive improvements, for ex-
ample, by adding more advanced ideas from quantum
technologies [11, 44, 45], e.g. via the application of
Gottesman-Kitaev-Preskill (GKP) states [46, 47] or non-
Hermitian systems [48]. While our solutions satisfy im-
portant experimental constraints, detailed investigations
about controllability, thermal noise contributions, toler-
ance to noise and optical loss (including mode matching
between different optical cavities will be critical. In the
future, additional physical effects could be directly em-
bedded into the optimization objectives, such as higher-
order optical modes, mechanics, and thermal distortions
as well as additional noise sources. Further extensions
could include the co-design of cryo-systems and mechan-
ical suspensions of mirrors.

The computational cost of more than 1million CPU
hours stems from the expensive physical simulator. An
interesting future research project could develop a auto-
differentiable simulator, as commonly used for the com-
putation of neural networks. Alternatively, an neural-
network-based surrogate models could approximate the
physical simulator by fast neural networks.

We want to close by remarking that our approach
is not limited to GW detectors. A large-scale AI-
based discovery framework can be successful in all cases
where three criteria are met: Existence of (1) an enor-
mously large search space, (2) a reliable and reason-
ably fast physical simulator, (3) a well-defined objec-
tive function. These reasonable criteria might be met for
hardware discovery in many other fields of fundamental
physics, for instance for dark matter [15, 16] or dark en-
ergy detectors[49] or quantum gravity probes[17, 18, 50].
Therefore, computer-design of fundamental physics ex-
periments might open new ways to observe the universe.
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APPENDIX

The enormous search space

We estimate the size of the combinatorial search space,
for experiments with one laser, and Ntotal optical ele-
ments that are either beam splitters or mirrors. For sim-
plicity, we consider our setup as a tree graph with the root
node being the laser. In this simplification, we neglect se-
tups with ring cavities or Mach-Zehnder interferometers
(or combinations).

We start by computing the combinations that arise
from a setup of n beam splitters and m = Ntotal − n
mirrors. We will get three combinatorial factors that
contribute. First, each beam splitter can have one out
of two orientation, which leads to b1 = 2n combinations.
The second factor is about the location of the beam split-
ter. For the first beam splitter, we have only one choice
(placing it inside of the laser beam). This leads to 3 paths
(straight, and up and down), from which for now only two
will receive light from the laser. However, any partially
reflective mirror later will lead to light in this path, so we
count it. Therefore, to place the second beam splitter,
we have now three possible places, and create two new
paths, so the next beam splitter has five choices. In total,
we can place the beam splitters in b2 = (2n− 1)!!, which
is the product of all odd numbers up to (2n− 1).
Finally, we place the remaining m mirrors. The n

beam splitters created (3n+1) possible locations for the
m mirrors. This problem is directly related to the fa-
mous combinatorial Stars and Bars problem, for which
the solution is b3 =

(
3n+m
3n

)
. Therefore in total for a spe-

cific number n of beam splitters, we get the number of
cn = 2n(2n − 1)!!

(
3n+m
3m

)
. To get the total combination

of setups with Ntotal elements, we sum over all values of
n, and get

cNtotal

Total =

Ntotal∑
n=0

2n(2n− 1)!!

(
3n+m

3m

)
(1)

This number increases even further if we consider two

experimental blueprint
with exceptional &

useful property

experimental areas &
ideas explored by

human researchers

experimental areas &
ideas explored by

computers

FIG. 8. Abstract space of all experimental configurations.
This space contains all possible experimental setups, including
all configurations with the exceptional property that they can
detect gravitational waves (indicated by stars). In this space,
creative and experienced human researchers have found nu-
merous exciting designs (orange), such as the aLIGO design
and all next-generation detector proposals. However, other
useful but unorthodox designs might never be detected in this
way. Here, AI-based design might help (violett).

detectors at the end of the setup to compute the signal.
In this case, the estimation changes to

dNtotal

Total =

Ntotal∑
n=0

2n(2n− 1)!!

(
3n+m

3m

)(
3n+ 1

2

)
. (2)

For Ntotal = 3, we find c3Total = 225 and d3Total = 3420,
for Ntotal = 5, we find c5Total = 59, 759 and d5Total =
2, 598, 330 and for Ntotal = 8 we have already more than
1 billion possible configurations. In addition, each of
these discrete topologies has a large continuous space
that stems from the parameters of the optical compo-
nents (e.g. laser power, reflectivity, phase change). Ar-
guably, many of these setups will have the same per-
formance, and might not be useful gravitational wave
topologies.But hidden inside this enormous space, there
are rare remarkable configurations, which our AI-assisted
approach aims to find.

Details on Loss Function

The loss function Losstarget for discovering the tar-
gets consists of a component the strain sensitivity, and
penalty for transmitting laser power through optical el-
ements (to prevent power-induced thermal distortions),
and a penalty for laser power at final detectors (to pre-
vent bleaching of the photodetector). Formally,

Losstotal = −LossStrain+α·Penaltydamage+β·Penaltybleach,
with

LossStrain ≈
∫ f1

f0

log (S(f)) df, (3)

where f0 and f1 define the frequency interval, and S(f)
is the strain sensitivity (computed via Finesse [30]) at
frequency f , which consists of all quantum noises, inten-
sity, and frequency noise of the lasers. In addition, in the
Gravitational Wave Detector Zoo, we demonstrate exam-
ples that outperform the LIGO Voyager baseline taking
seismic and thermal noise into account, which are the
main contributions at low frequencies. The effect of seis-
mic noise is negligible for higher frequency ranges and
does therefore not affect the supernovae and post-merger
solutions. For the numerical computation, we discretize
the interval into 100 discrete frequency steps. If we would
use less, the Urania finds pathological solutions which
place very narrow resonances precisely at the evaluated
frequency.
Furthermore, the power damage penalty for transmit-

ting objects (TO, mirrors and beamsplitters) and for pho-
ton bleaching are quasi-discrete functions (a cumulative
logistic function CDF),

Penaltydamage =
∑
TO

CDF (c1 (p(TO)− cop)) , (4)

Penaltybleach =
∑
Det

CDF (c2 (p(Det)− cob)) (5)
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A) Broadband B) Supernova C) Postmerger D) Voyager

FIG. 9. Transfer functions between phase ϕ and amplitude A modulations at the dark port where most the vacuum fluctuations
enter, to the detector port in the nominal (r.0.) and out-of-phase (q) homodyne angles.

where p() stands for the power of a transmitting object
or a detector, the power cutoffs cop = 5kW and cob =
10mW , and α, β, c1, c2 are hyperparameters which are
set empirically.

Simplification

The UIFO model enables the discovery of a vast num-
ber of interferometers. However, it is far from being a
practical detector due to its complexity. To bridge the
gap between UIFO and real-world detectors we set out
to simplify the most promising UIFO solutions.

To simplify the UIFO, our initial step involves the re-
moval of unnecessary optics and spaces. We accomplish
this by adjusting the transmission of every optic under
test to its maximum or minimum value. If this modifi-
cation has a small impact on the interferometer’s sensi-
tivity, we retain the new transmission setting. Similarly,
we evaluate the impact of removing spaces between op-
tics on the interferometer’s sensitivity. Spaces that have
negligible effects are subsequently eliminated. This auto-
mated simplification step typically removes the majority
of lasers and squeezers, leaving only a few.

Furthermore, we eliminate spaces that carry little to no
signal sidebands relative to the arm cavities. We do so
by replacing those spaces with laser sources having the
same intensity and phase as the carrier fields in those
spaces. Next, we attempt to simplify further the solu-
tions by shortening long cavities while increasing their fi-
nesse to preserve their linewidth. Moreover, since only a
handful of optics have an optimizable phase we often find
solutions that contain short, low-finesse cavities that act
as phase shifters. In these cases, we replace these cav-
ities with single mirrors that possess the desired phase
shift. Finally, once the majority of parameters have been
eliminated, we subject the solution to another round of
optimization.

Finally, after we realized our simplified solutions have
unacceptably high thermal noise, we re-optimized them
while raising the bound on the minimal cavity length
from 10 cm to 5meter. Details can be found in the ther-
mal noise section.

Input-Output relations

The input-output relations of the solutions showcased in
this paper were calculated. The transfer function be-
tween the two field quadratures at the input and output
is represented by a frequency-dependant 2x2 matrix. By
transforming the input quantum noise using this matrix
the readout quantum noise can be calculated [52].
The computation of this matrix is done in the follow-

ing way: a weak laser at carrier frequency is injected into
the dark port of the interferometer. Then, using Finesse,
the transfer functions from the laser amplitude and phase
modulations to the readout are calculated. The transfer
functions are determined at both the nominal homodyne
angle and 90 out-of-phase. Finally, The matrix is normal-
ized such that it becomes unitary at the high-frequency
limit where radiation pressure effects are absent. Figure 9
summarizes the results.

Thermal noise

The coating Brownian noise, the dominant thermal noise
in cryogenic Silicon interferometers, was calculated for
the simplified UIFO solutions. The thermal noise for the
solutions containing short optomechanical cavities was
found to be unacceptably high. To show the possibility
of minimizing the thermal noise while retaining superior
quantum limited sensitivity we re-optimize the simplified
solutions with minimal optical path of 5m. The reason
is that longer cavities allow for larger beam spot on the
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A)  Broadband B)  Supernova C)  Postmerger

FIG. 10. Calculated Brownian coating thermal noise contribution of the different simplified UIFO solutions plotted together
with their quantum noise. The Bragg stack of all mirrors was not optimized and was assumed to be the same as that of the
end test mass of Voyager. The stability g-factor for the arm and filter cavities was assumed to be 0.9, 0.99 for the 100m filter
cavity in the postmerger solution, and 0.999 for the short optomechanical cavities (well within the experimental records of
g = −0.999962 [51].). All other g-values are g = 0.9. Advanced in amorphous silicon-based Optical Mirror Coatings could
further dramatically improve the thermal noise budgets [40, 41]. Introduction of tradeoffs between stability and thermal noise
(by adapting the g-value) will be an interesting future direction for the large scale digital discovery.
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FIG. 11. Brownian noise computation for the broadband solution – Calculated Brownian coating thermal noise for
different g-values, which is a tradeoff between sensitivity and stability.

mirrors which in turn lower the mirror thermal noise.
Figure 10 shows the results with conservative stability
criteria. The strain thermal noises from the important
cavities are shown alongside the quantum noise. It was
verified that the mirrors comprising those cavities con-
tribute most of the thermal noise. The Bragg stack of
the coatings was assumed to be the same as that of Voy-
ager’s end test mass [8].

The thermal noise of the broadband solution and the
supernova solution is dominated by the thermal noise in
the arm cavities (assuming the stability factor g=0.9).
In order to take full advantage of the low-frequency im-
provement of the broadband solution, improvements in
the coating Brownian noise are necessary. Impressive
improvements in this field were already experimentally
demonstrated [40, 41].

For the post-merger solution, the stability factor g in
the arm cavities, and long filter cavities, was assumed to
be 0.9, and 0.99 for the 100m filter cavity in the post-
merger solution. The g factor in the short optomechani-
cal cavities was assumed to be 0.999. Recent experiment
demonstrated stable operation of a short cavity with g =
−0.999962 [51]. Another work shows how near-unstable
cavities can be experimentally demonstrated[53].

In the future, a more detailed covering of thermal con-
tributions could lead to better solutions. In that case, a
tradeoff between thermal noise and cavity stability needs
to be introduced. We demonstrate different stability val-
ues for the supernova and postmerger solution in Fig.11
and Fig.12.

Observational redshift of solutions

We compute the distances at which binary blackhole
mergers with equal masses can be observed, see Fig.13.
We plot the distance (in terms of the redshift) as a func-
tion of the black hole masses (in units of solar masses) for
the Broadband solution and Cosmology solution of Fig.5.
In the upper row, we compute the distances taking into
account thermal noise, which dominates at low frequen-
cies, in the lower row, we compute the distance without
thermal noise, demonstrating the potential advantage for
improved thermal noise reduction. The Broadband solu-
tion outperforms LIGO Voyager mainly below 70 solar
mass blackholes, while the Cosmology solution increases
the distance for heavy black holes. For the computation,
we use the gwinc inspiral-range package, which com-
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FIG. 12. Brownian noise computation for Supernova solution – Calculated Brownian coating thermal noise for different
g-values, which is a tradeoff between sensitivity and stability.

putes several binary inspiral range measures based on the
strain sensitivity of a detector [54, 55].

Analysing non-perfect parameter settings

The parameters in the solutions are very sensitive with
respect to modifications. However, in many cases the
modifications of a parameter can be re-calibrated by ad-
justable parameters (such as laser and squeezing param-
eters and phases). This raises the question of how pre-
cise the parameters of the optical components need to
be produced, in particular those that are not (easily)

100 101 102 103

Mass

100

101

Re
ds

hi
ft

Redshift vs Mass (with thermal noise)
Voyager
Broadband (20Hz-5KHz)
Cosmology (10Hz-30Hz)

100 101 102 103

Mass

100

101

Re
ds

hi
ft

Redshift vs Mass (without thermal noise)
Voyager
Broadband (20Hz-5KHz)
Cosmology (10Hz-30Hz)

Observation Redshift vs Mass

FIG. 13. Redshift for observing equimassive blackhole
mergers. Masses are in units of solar masses.

adjusted, such as the transmissivity and optical losses
of beam splitters and mirrors, the masses of optical ele-
ments, and the distances between elements.

In Fig.14, we analyze the sensitivity change for one pa-
rameter at a time, for each of the three setups in Fig.6
In the first two rows, we change the parameters rela-
tively by +10−2 and −10−2, respectively. In the third
and fourth rows, we change them by ±10−3. After chang-
ing the parameter, we use all adjustable parameters to
re-calibrate the interferometer’s sensitivity. A positive
value means that the sensitivity increased compared to
the unperturbed solution, while a negative value means
that the sensitivity decreased. In the plot, we use the av-
erage sensitivity over the frequency region of interest for
the specific solution (such as 30Hz-5KHz for the broad-
band solution). Specifically, we use the average of the log-
strain sensitivity. That means, if a solution went from an
average sensitivity of 10−24 to 10−23.8, the log-sensitivity
change would be −0.2.

This analysis clearly shows that most of the parameter
modifications can be re-calibrated with the adjustable
parameters. It also demonstrated which parameters are
highly sensitive and need to be produced carefully.

In a second experiment, we analyze the sensitivity of
the setup to random perturbations of all parameters, fol-
lowed by recalibrations using the adjustable parameters
(as before, laser and squeezing powers, and phases). The
results are shown in Fig.15, for relative perturbations on
the order of 10−3, 10−4, 10−5. In a future project, the
robustness of parameters towards perturbation could be-
come a part of the loss function for the whole optimiza-
tion procedure.

Details on the double-pumped L-shape transducer

Unlike LIGO Voyager and the Voyager-like baseline,
Fig. 6 shows that the quantum noise does not diverge
as frequency tends to zero which is reminiscent of the
characteristics of a speed meter [37]. However, when the
readout optics are removed, the solutions’ responses be-
come that of a Michelson interferometer, similar to the
LIGO design. Indeed, when we replaced our transducer
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FIG. 14. Change of Strain Sensitivity after Parameter Perturbation and Recalibration. For the three UIFO in
Fig. 6, we compute the sensitivity of the parameters under a small perturbation. In the upper two rows, the interferometer
parameters are shifted by a relative value of 10−2, in the lower two rows by 10−3. In the first and third rows, the parameters
are increased by the relative value, while in the other two, they are decreased. In each case, after the perturbation, we use
parameters that can be used for calibrations (such as laser and squeezing power and phases) to regain the original sensitivity.
The results expressed in logs of the strain sensitivity averaged over the region of interest of the specific solution. Values larger
than zero mean that the recalibration got slightly larger sensitivity than the original solution, while values smaller than zero
mean that the sensitivity could not be regained perfectly after the perturbation.

of the broadband solution with Voyager’s we observed
the same optical response as expected. This configu-
ration is similar to the one employed by the so-called
synchronous recycling interferometers, first proposed by

Ronald Drever[56] and was recently proposed as a way
to overcome the high-frequency loss limit of Michelson
interferometers[27].
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FIG. 15. Change of Strain Sensitivity after random Perturbation and Recalibration of all parameters. For the
three UIFO in Fig.6, we compute the sensitivity of parameters under a small perturbation. While Fig. 14 shows the sensitivity
for individual parameters, here we randomly perturbed all parameters. The perturbation strength is a relative value of 10−3

(first row), 10−4 (second row) and 10−5 (last row). For each of the three setups, we perform 100 random perturbations and
find the best recalibration with adjustable parameters (in the same way as in Fig. 14). While the setups clearly decrease strain
sensitivity, they are not unreasonably sensitive to parameter changes.
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A. Jinich, A. Nigam, et al., On scientific understanding
with artificial intelligence, Nature Reviews Physics 4, 761
(2022).

https://doi.org/https://doi.org/10.1038/s41550-018-0658-y
https://doi.org/https://doi.org/10.1038/s41550-018-0658-y
https://doi.org/10.1103/PhysRevD.102.062003
https://doi.org/10.1103/PhysRevD.102.062003
https://dcc.ligo.org/LIGO-T1800042/public
https://dcc.ligo.org/LIGO-T1800042/public
https://doi.org/10.1088/1361-6382/ab9143
https://doi.org/10.1088/1361-6382/ab9143
https://doi.org/10.1088/0264-9381/32/7/074001
https://doi.org/10.1088/0264-9381/32/7/074001
https://doi.org/10.1103/PhysRevD.99.102004
https://doi.org/10.1088/0264-9381/31/16/165010
https://doi.org/10.1088/0264-9381/31/16/165010
https://doi.org/10.1103/PhysRevLett.116.090405
https://doi.org/10.1038/s42254-020-0230-4
https://doi.org/10.1038/s42254-020-0230-4
https://doi.org/10.1103/PhysRevX.11.031044
https://doi.org/10.1103/PhysRevX.11.031044
https://doi.org/10.1038/s41586-021-04031-y
https://doi.org/10.1038/s41586-021-04031-y
https://arxiv.org/abs/2210.17487
https://doi.org/10.1088/1361-6382/aa5e5c
https://doi.org/10.1088/1361-6382/aa5e5c
https://doi.org/10.1103/PhysRevD.107.024002
https://doi.org/10.1103/PhysRevD.107.024002
https://doi.org/10.1093/mnrasl/slw074
https://doi.org/10.1093/mnrasl/slw074
https://doi.org/10.3847/2041-8213/ab14f1
https://doi.org/10.3847/2041-8213/ab14f1
https://doi.org/10.1103/PhysRevD.107.103015
https://doi.org/10.1103/PhysRevD.107.103015
https://doi.org/10.1093/mnras/stz990
https://doi.org/10.1093/mnras/stz990
https://doi.org/10.3847/1538-4357/abf4c5
https://doi.org/10.3847/1538-4357/abf4c5
https://doi.org/10.1103/PhysRevD.107.103015
https://doi.org/10.1103/PhysRevD.107.103015
https://doi.org/10.1103/PhysRevResearch.4.013046
https://doi.org/10.1103/PhysRevResearch.4.013046
https://doi.org/10.1103/PhysRevLett.115.091101
https://doi.org/10.1103/PhysRevX.13.021019
https://doi.org/10.1103/PhysRevX.13.021019
https://doi.org/10.1103/PhysRevD.92.023012
https://doi.org/https://doi.org/10.1016/j.softx.2020.100613
https://doi.org/https://doi.org/10.1016/j.softx.2020.100613
https://doi.org/10.5281/zenodo.821363
http://www.gwoptics.org/finesse
http://www.gwoptics.org/finesse
https://doi.org/10.1093/imamat/6.1.76
https://doi.org/10.1093/imamat/6.1.76
https://doi.org/10.1093/comjnl/13.3.317
https://www.ams.org/journals/mcom/1970-24-109/S0025-5718-1970-0258249-6/
https://www.ams.org/journals/mcom/1970-24-109/S0025-5718-1970-0258249-6/
https://www.ams.org/journals/mcom/1970-24-111/S0025-5718-1970-0274029-X/home.html
https://www.ams.org/journals/mcom/1970-24-111/S0025-5718-1970-0274029-X/home.html
https://doi.org/https://doi.org/10.1038/s42254-022-00518-3
https://doi.org/https://doi.org/10.1038/s42254-022-00518-3


16

[37] J.-Y. Vinet, B. Meers, C. N. Man, and A. Brillet, Op-
timization of long-baseline optical interferometers for
gravitational-wave detection, Phys. Rev. D 38, 433
(1988).

[38] A. Buonanno and Y. Chen, Signal recycled laser-
interferometer gravitational-wave detectors as optical
springs, Phys. Rev. D 65, 042001 (2002).

[39] S. Schulz, Y. Drori, C. Wipf, and R. X. Adhikari,
Optical refrigeration for an optomechanical amplifier,
arXiv:2212.01442 (2022).

[40] J. Steinlechner, I. W. Martin, A. S. Bell, J. Hough,
M. Fletcher, P. G. Murray, R. Robie, S. Rowan, and
R. Schnabel, Silicon-based optical mirror coatings for ul-
trahigh precision metrology and sensing, Phys. Rev. Lett.
120, 263602 (2018).

[41] S. C. Tait, J. Steinlechner, M. M. Kinley-Hanlon, P. G.
Murray, J. Hough, G. McGhee, F. Pein, S. Rowan,
R. Schnabel, C. Smith, L. Terkowski, and I. W. Mar-
tin, Demonstration of the multimaterial coating concept
to reduce thermal noise in gravitational-wave detectors,
Phys. Rev. Lett. 125, 011102 (2020).

[42] H. J. Kimble, Y. Levin, A. B. Matsko, K. S. Thorne,
and S. P. Vyatchanin, Conversion of conventional
gravitational-wave interferometers into quantum nonde-
molition interferometers by modifying their input and/or
output optics, Phys. Rev. D 65, 022002 (2001).

[43] V. Braginsky and F. Khalili, Low noise rigidity in quan-
tum measurements, Physics Letters A 257, 241 (1999).

[44] R. Schnabel, N. Mavalvala, D. E. McClelland, and P. K.
Lam, Quantum metrology for gravitational wave astron-
omy, Nature communications 1, 121 (2010).

[45] Q. Zhuang, J. Preskill, and L. Jiang, Distributed quan-
tum sensing enhanced by continuous-variable error cor-
rection, New Journal of Physics 22, 022001 (2020).

[46] A. L. Grimsmo and S. Puri, Quantum error correction
with the Gottesman-Kitaev-Preskill code, PRX Quan-

tum 2, 020101 (2021).
[47] J. Hastrup and U. L. Andersen, Protocol for generat-

ing optical Gottesman-Kitaev-Preskill states with Cavity
QED, Physical Review Letters 128, 170503 (2022).

[48] H.-K. Lau and A. A. Clerk, Fundamental limits and non-
reciprocal approaches in non-hermitian quantum sensing,
Nature Communications 9, 4320 (2018).

[49] P. Hamilton, M. Jaffe, P. Haslinger, Q. Simmons,
H. Müller, and J. Khoury, Atom-interferometry con-
straints on dark energy, Science 349, 849 (2015).

[50] S. M. Vermeulen, L. Aiello, A. Ejlli, W. L. Griffiths, A. L.
James, K. L. Dooley, and H. Grote, An experiment for
observing quantum gravity phenomena using twin table-
top 3d interferometers, Classical and Quantum Gravity
38, 085008 (2021).

[51] C. H. Nguyen, A. N. Utama, N. Lewty, and C. Kurtsiefer,
Operating a near-concentric cavity at the last stable res-
onance, Phys. Rev. A 98, 063833 (2018).

[52] T. Corbitt, Y. Chen, and N. Mavalvala, Mathematical
framework for simulation of quantum fields in complex
interferometers using the two-photon formalism, Phys.
Rev. A 72, 013818 (2005).
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