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Abstract
Theories of quantum gravity based on the holographic principle predict the exis-
tence of quantum fluctuations of distance measurements that accumulate and
exhibit correlations over macroscopic distances. This paper models an expected
signal due to this phenomenology, and details the design and estimated sensi-
tivity of co-located twin table-top 3D interferometers being built to measure
or constrain it. The experiment is estimated to be sensitive to displacements
∼10−19 m/

√
Hz in a frequency band between 1 and 250 MHz, surpassing pre-

vious experiments and enabling the possible observation of quantum gravity
phenomena. The experiment will also be sensitive to MHz gravitational waves
and various dark matter candidates.

Keywords: experimental quantum gravity, quantum space-time, holographic
principle, interferometry,quantum gravity phenomenology,gravitational waves,
dark matter

(Some figures may appear in colour only in the online journal)

1. Introduction

A physical description of nature including gravity at the Planck scale has not yet been found.
Two otherwise successful theories, general relativity and quantum mechanics, provide descrip-
tions that are irreconcilable at these small length and high energy scales [1–3]. Theoretical
efforts are ongoing to quantise gravity and address the incompatibilities, and include theories
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such as string theory and loop quantum gravity [4–6]. These theories usually predict that new
physics appears only at scales on the order of the square of the Planck length lP, making them
untestable in current experiments [7].

However, it has been widely established that a general property of theories of quantised
space-time is that measurements of distance are subject to an uncertainty principle beyond
that of Heisenberg; i.e. space-time exhibits quantum fluctuations. Repeated measurements of
a distance will therefore show fluctuations with an irreducible variance [8–13]. Moreover, the
magnitude of these fluctuations of distance measurements δL are theorised to scale with the
distance L that is measured, i.e.

δL ∝ (lP)α(L)1−α, (1)

where α is a constant specific to each model of quantised space-time [14–17].
Additionally, the holographic principle [18–20] and the covariant entropy bound [21] that

follows from it imply that these distance fluctuations are correlated in a given volume of
space-time. Furthermore, work by Verlinde and Zurek [22, 23] and ’t Hooft [24, 25] suggests
that these correlations might extend over macroscopic distances transverse to light-sheets (or
equivalently, along boundaries of causal diamonds [26]).

These theoretical approaches evaluate quantum fluctuations and their correlations at hori-
zons, and by identifying boundaries of causal diamonds as horizons (specifically Rindler hori-
zons), the transverse correlations of quantum space-time fluctuations may be described. In
particular, Verlinde and Zurek postulate that energy fluctuations prescribed by the thermody-
namic properties of horizons might give rise to metric fluctuations at the horizon with transverse
correlations through a Newtonian potential [22]. ’t Hooft proposes that black holes can obey
unitarity if the quantum fluctuations at the horizon (e.g. Hawking radiation) are antipodally
entangled [27]. These theories provide concrete and almost identical predictions for the angu-
lar two-point correlation function of the fluctuations as an expansion in spherical harmonics
[22, 24, 28]. The decomposition of the correlations into spherical harmonics Ym

l derived in this
way has most of its power in low l modes, which motivates the prediction that the transverse
correlations extend over macroscopic angular separations, as mentioned above. Moreover, it
has been suggested that the angular power spectrum of the temperature fluctuations in the
CMB is a manifestation of this fundamental decomposition in spherical harmonics of quantum
fluctuations on an inflationary horizon [29].

Importantly, macroscopic transverse correlations imply that fluctuations are coherent over
the typical diameter of a laser beam or telescope aperture. If this is the case, astrophysical
constraints set on quantum space-time fluctuations by evaluating the blurring or degrading of
images of distant objects [16, 30] might not apply.

Given that quantum space-time fluctuations of distance scale with and exhibit correlations
over macroscopic distances, laser interferometers are uniquely sensitive to them. The most
stringent constraints on these fluctuations are therefore set by existing interferometry experi-
ments. The design of the gravitational wave (GW) interferometers used by the LIGO, VIRGO,
and KAGRA collaborations [31] reduces their potential sensitivity to quantum space-time fluc-
tuations. This is because they employ Fabry–Pérot cavities in the arms (or have folded arms,
as in GEO 600), which means individual photons traverse the same distance multiple times. In
addition, the output of these instruments is sampled at a frequency that is lower than the light
crossing frequency. This causes the random but detectable signal from fluctuations accumu-
lated in a single light crossing to be averaged with the signal of subsequent crossings, negating
the effect [17].

An interferometry experiment designed to detect quantum space-time fluctuations is the
Fermilab Holometer, which consists of two identical co-located and power-recycled 40 m
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Michelson interferometers [32]. This experiment constrained the magnitude of possible quan-
tum space-time fluctuations in the cross-spectrum of the interferometers to a strain power
spectral density less than the Planck time (tP) [33].

However, given the theoretical evidence that quantum space-time fluctuations are different
for distances transverse to and along light-sheets and exhibit certain angular correlations (see
above), the geometry of the Holometer might greatly reduce its sensitivity to these phenomena,
as the interferometer arms are orthogonal to each other and employ only light paths along the
light-sheet.

In general, the prediction that quantum space-time fluctuations are described by a non-
constant angular two-point correlation function implies that the signal due to these fluctuations
in interferometers depends on the angle between the arms, as an interferometer produces a sig-
nal only for anti-correlated changes in the length of its arms. This warrants a reconfigurable
interferometer design in which the angle between the arms can be varied between measure-
ments. Moreover, the general prediction that the fluctuations are correlated between different
points within the same causally connected volume of space-time implies that separate mea-
surements within that volume are correlated, which means co-located instruments will exhibit
cross-correlations in their signals.

This paper details a new experiment that will be set up at Cardiff University which will con-
sist of twin table-top power-recycled interferometers with reconfigurable three-dimensional
arms that define light paths with components along and transverse to boundaries of causal dia-
monds. The interferometers will be cross-correlated on timescales much shorter than the light
crossing time, and can ultimately be sensitive to displacements ∼10−19 m/

√
Hz at high fre-

quencies (∼MHz), surpassing previous interferometry experiments. The instrument can thus
be used to make observations with unprecedented sensitivity to confirm or constrain various
theories of quantised space-time. This experiment will also be sensitive to high-frequency
GWs, which may be emitted by primordial black hole mergers and other potential compo-
nents of a stochastic GW background [34]. In addition, data from the interferometers can also
be used to constrain parameters of some dark matter (DM) candidates through various coupling
mechanisms [35–38].

This paper is structured as follows. In section 2, a simple model is formulated and then used
to derive a frequency-domain signal due to quantum space-time fluctuations in a 3D interfer-
ometer. Auxiliary science goals, which include the detection of GWs and DM, are discussed
in section 3. In section 4, the detection statistic that quantifies the sensitivity of the experiment
is given. The experimental design and improvements over previous experiments are outlined
in section 5, and relevant sources of noise and strategies for their mitigation are expanded on
in section 6. An estimate of the experiment’s sensitivity is provided in section 7, and the paper
is summarised in section 8.

2. Model of signals due to quantum space-time fluctuations in a 3D
interferometer

The statistical phenomenological prediction for variations in length measurements due to the
quantum nature of gravity as summarised in equation (1) is not readily translated to a quantita-
tive prediction for the signals expected in interferometers. Below, a simple model in which
the quantum space-time fluctuations affect photon geodesics through perturbations of the
Minkowski metric according to this particular statistical phenomenological prediction is used
to derive a frequency-domain signal.
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Figure 1. (a) Schematic of the geometry of a single interferometer in 3 spatial dimen-
sions. Arms (red) consist of an inner radial and outer non-radial segment with lengths
LI and LO, respectively. The angle between the inner segments of the two arms is γ,
and the angle between the inner and outer segments in both arms is β. Light is injected
and split into the arms at the beamsplitter (BS), reflected into the outer arm segments
by mirrors (MMA,B), and returned along the same path by reflection off the end mir-
rors (EMA,B), after which it interferes at the beamsplitter. The outer solid sphere is a
2D space-like boundary of a (3 + 1)D causal diamond defined by the experiment. This
boundary is called the holographic screen of the causal diamond. (b) Space-time diagram
of two photons traversing both interferometer arms from beamsplitter to end mirror and
back. The photon paths are projected onto the radial spatial direction, and the two trans-
verse spatial directions are suppressed. The top and bottom vertices of the solid square
correspond to the photons leaving and returning to the beamsplitter and define a causal
diamond. The boundary of this causal diamond is the space-like circle around the origin,
which represents the same surface as the solid sphere in (a).

2.1. Model of fluctuations of measured length

Consider an interferometer as in figure 1 where the two arms A and B, intersecting at the
beamsplitter BS, are at an angle γ with respect to each other. The inner, radial, section of both
arms has a length LI. Mirrors MMA,B are placed at the end of the first section to reflect the
beams of either arm at an angle β into an outer, non-radial arm section with length LO. The
light in both arms is returned along the same path by end mirrors EMA,B.

Let a photon traverse an arm from beamsplitter to end mirror once. The arm length that is
measured at a time t by comparing the phase of such a photon to a stable reference is given
by the proper distance between beamsplitter and end mirror, where only the spatial part of the
metric is considered [22, 39, 40]:

L(t) =
∫ L

0

√
gi j λi′λ j′ ds, (2)

where gi j is the metric, λi(s) is a parameterisation of the photon’s path in the parameter
s ∈ [0, L], λi′(s) is the tangent vector, roman indices denote spatial components, repeated
indices are to be summed over, and L is the full optical path length of the arm at any time.
Natural units are used unless specified otherwise.
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To model the signal due to quantum space-time fluctuations that might be detected in such
an experiment, it is assumed the experiment is done in flat (Minkowski) space-time ηi j, where
quantum geometrical fluctuations manifest as small perturbations hi j of the metric;

gi j = ηi j + hi j. (3)

The theoretical origin and magnitude of the quantum space-time fluctuations is not considered
here. Using equation (3) in a Taylor expansion of equation (2), the measured length change
due to quantum space-time fluctuations to first order can be written as

δL(t) =
1
2

∫ L

0
hi j

√
λi′λ j′ ds. (4)

Note that this expression entails an integral of the fluctuations over a trajectory in the space-
time volume of a causal diamond. In a holographic scenario, an integral of such a geodesic
would require bulk reconstruction [23, 41]. Equation (4) is to be seen as a simplified model of
how a length change due to quantum space-time fluctuations might arise.

2.2. Model of statistics of fluctuations

To be able to model the frequency domain signal that would be obtained if the phase of many
photons successively traversing the arm once is measured, some assumptions about the statis-
tics of the fluctuations hi j(s) need to be made. In the case that the fluctuations behave like
homogeneous and isotropic white noise with a variance on the order of the Planck length, i.e.
[22]

〈hi j(s1)hlk(s2)〉 = A2lPδ(s1 − s2), (5)

the two-time correlation function of length measurements of any photon path is:

〈δL(t1)δL(t2)〉 = 1
4

〈∫ L

0

∫ L

0
hi j(s1)hkl(s2) ds1 ds2

〉
= A2lPLΛ(τ ), (6)

where angular brackets denote expectation values, A is some constant of order one,
τ = t1 − t2 = s1 − s2, and Λ(τ ) is a triangle function defined as [42]

Λ(τ ) =

{
1 − |τ |/L 0 < τ < L

0 otherwise.
(7)

Equation (6) does not allow all the phenomenologies of fluctuations of measured distance
proposed in theory to be modelled. Specifically, it can be seen that the case that the space-time
fluctuations behave like uncorrelated white noise with Planckian variance as in equation (5)
leads to a scaling of length fluctuations as in equation (1) with α = 1/2. Models that predict
α = 1/2 are often categorised as ‘random walk models’ [14, 16], and this value for α has also
been predicted more recently in theoretical work that invokes the holographic principle [22,
43]. Other, older theories inspired by holography predict α = 1/3 [11, 44, 45]. Finally, more
conservative approaches to quantum gravity such as string theory and loop quantum gravity
predict no accumulation of fluctuations over distance, which implies α = 1 [6, 10, 46].

To reproduce these different phenomenological predictions for the scaling of measured
length changes summarised in equation (1), to account for homogeneous but anisotropic quan-
tum space-time fluctuations [47], and to allow the modelling of different arm geometries, it
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might be assumed that in general

〈δL(t1)δL(t2)〉 = 1
4

〈∫ L

0

∫ L

0
hi j(s1)

√
λi′λ j′ hkl(s2)

√
λk′λl′ ds1 ds2

〉
(8)

= 〈λm′λn′〉A2
mn(lP)2α(L)2(1−α)Λ(τ ), (9)

where Amn ≡ 〈|hmn|〉. The expectation value of the magnitude of the length fluctuations,

〈|δL(t)|〉 ≈
√
〈δL(t)δL(t)〉, (10)

thus scales according to the phenomenological predictions in equation (1) as desired:

〈|δL(t)|〉 = 1
2

〈∣∣∣∣
∫ L

0
hi j

√
λi′λ j′ ds

∣∣∣∣
〉

≈
(〈
λi′λ j′〉A2

i j

) 1
2 (lP)α(L)1−α. (11)

Setting α = 1/2 and Ai j = Aδi j in this expression corresponds to the case of homogeneous
isotropic white noise. Note that for α �= 1/2, equation (9) implicitly assumes a two-point
correlation function for quantum space-time fluctuations different from equation (5).

Equation (11) can now be evaluated for an interferometer arm geometry as in figure 1 in a
spherical basis (i ∈ {r, θ,φ}):

〈|δL(t)|〉 = 1
2

〈∫ LI

0
λ′

rI
hrr dsI +

∫ LO

0
hi j

√
λi′

Oλ
j′
O dsO

〉
(12)

= Arr(lP)α(LI)1−α +
(〈

λi′
Oλ

j′
O

〉
A2

i j

) 1
2
(lP)α(LO)1−α, (13)

where the subscripts I, O refer to the inner and outer arm segments respectively. It can be seen
from this expression that the inner arm segment is only sensitive to radial fluctuations (hrr),
which are those along light-sheets (transverse to boundaries of causal diamonds). The outer
arm segment is in general sensitive to fluctuations in any direction, including those transverse
to light-sheets (hθθ and hφφ, along boundaries of causal diamonds).

2.3. Frequency domain signal

The frequency domain signal produced by the quantum space-time fluctuations, specifically the
power spectral density of the length fluctuations, can be found by taking the Fourier transform
of the two-time correlation function in equation (8):

Pxx( f ) =
∫ ∞

−∞
〈δL(t1)δL(t2)〉 e−2πi f τ dτ , (14)

which gives,

Pxx( f ) =
l2αP

c

(
Arr(LI)

(
3
2−α

)
sinc

(
πLI f

c

)

+
(〈

λi′
Oλ

j′
O

〉
A2

i j

) 1
2
(LO)

(
3
2−α

)
sinc

(
πLO f

c

))2

, (15)

in SI units (m2 Hz−1), and the amplitude spectral density is the square root of Pxx( f ). When
evaluated forα = 1/2, equation (15) has the same form as previous results for quantised space-
time signals in interferometers that consider the case α = 1/2 [22, 42, 47]. This expression
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Figure 2. (a) Schematic of the two identical co-located interferometers with 3D arms
of total optical path length L. The interferometers are separated by a distance d. The
spheres are the boundaries of causal diamonds defined by the experiment. (b) Space-time
diagram of four photons traversing both arms in both interferometers from beamsplitter
to end mirror and back. The photon paths are projected onto the radial spatial direction,
and the two transverse spatial directions are suppressed. The solid and dashed squares
are the causal diamonds defined by the departure and return of the photons from the
beamsplitters in either interferometer. The boundaries of these causal diamonds are the
solid and dashed space-like circles, which represent the same surfaces as the solid and
dashed spheres in (a). The blue rectangle is the overlap of these two causal diamonds,
which is also a causal diamond of size 2L − d.

does not take into account the second traversal of the arm from end mirror to beamsplitter, and
the interference with light from the second arm. Moreover, this model does not yet incorporate
the correlations or entanglement of the fluctuations implied by theory.

2.4. Cross-spectral density signal in Co-Located interferometers

In theory, the signal described by equation (15) is detectable in a single instrument. However,
there is strong theoretical evidence, founded on the holographic principle, that measurements
within the same causally connected volume of space-time are correlated. Therefore, the sig-
nal due to quantum space-time fluctuations in a single instrument should be coherent to some
degree with the signal in an identical interferometer in the same volume of space-time. As
dominant sources of noise are expected to have limited coherence between the interferom-
eters, the attainable signal-to-noise ratio for quantum space-time fluctuations is expected to
be much greater in the time-integrated cross-spectral density of such co-located instruments
than in the auto-spectrum of a single interferometer. In a simple holographic scenario, it may be
expected that the strength of the correlations of these measurements is proportional to the over-
lapping volume of the causal diamonds defined by the respective measurements (see figure 2)
[26, 42]. In the unrealistic approximation that the interferometers are truly co-located, the
causal diamonds defined by the two interferometers overlap fully, and the cross-spectral sig-
nal is equal to the auto-spectral signal (equation (15)). The overlap of the individual causal
diamond is itself a causal diamond of size 2L − d, where d is the separation between the
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interferometers and 2L is the size of causal diamonds defined by a single interferometer [48].
Imperfections of the identicality of the twin interferometers, specifically in the lengths and
angles, may also decrease the overlap of the causal diamonds, but these geometrical imperfec-
tions can easily be limited such that their effect is much smaller than the effect of the separation
between the interferometers. The signal in the cross-spectrum is thus expected to decrease as
∼−2d/L to first order for inter-instrument separations that are small compared to the spatial
radii of the individual causal diamonds.

3. Auxiliary science goals

The co-located 3D interferometers described in this paper will have unprecedented sensitivity
to high-frequency differential fluctuations in the length of the arms, especially if these changes
are coherent across the two instruments. Therefore, in addition to the above, any phenomenon
that couples to the apparatus such that it induces coherent length fluctuations at these fre-
quencies can be detected or constrained. This makes the experiment well-suited to probe a
wide, previously unexplored, range of physical theories. Phenomena of particular interest and
potential, which the experiment may detect or constrain beyond current limits, are GWs and
DM.

3.1. Gravitational waves

GWs are predicted to exist at virtually all frequencies, although to date only GWs emitted by
the coalescence of black holes and neutron stars with frequencies ranging roughly between
several Hz and one kHz have been detected [49]. The co-located 3D interferometers will be
uniquely sensitive to high-frequency (∼MHz, see section 7) GWs, as predicted to be emitted
by various astrophysical sources.

Specifically, high-frequency GWs are likely present in an unresolved stochastic background
[50], as they may be produced by e.g. primordial black holes [51, 52], cosmic strings [53],
anisotropic inflation [54], and other sources in the early Universe [55]. The merging of binary
primordial black holes that exist to this day may also produce high-frequency GWs [34, 56].
In addition, it has been theorised that superradiant instabilities of rotating black holes due to
undiscovered low-mass fields (DM) can be a source of monochromatic GWs [57, 58], and the
experiment would be senstitive to these GWs for certain parameter ranges.

While detections are not very likely [59], it seems worthwhile to explore this frequency
range and develop the interferometer technology to unprecedented sensitivity.

3.2. Dark matter

Various coupling mechanisms between interferometers and a range of microscopic DM can-
didates, proposed within the framework of quantum field theory as extensions of the stan-
dard model of particle physics, have been quantitatively described in the literature. These
approaches generally describe undiscovered weakly interacting, low-mass (sub-eV) fields,
known as WISPs or VULFs [60–62]. One class of theories postulates non-gravitational cou-
plings of light scalar or pseudo-scalar fields to the electromagnetic field and fermions, whereby
fundamental constants oscillate [63–66]. This causes the size of interferometer components to
oscillate, producing a signal at a frequency set by the mass of the field [35, 67]. Others hypoth-
esise how new vector bosons could exert an oscillatory force on interferometer components,
producing a similar oscillatory signal at a frequency determined by the boson’s mass [38]. In
addition, undiscovered low-mass fields could form topological defects, which could produce a
transient signal through the interaction between the interferometer and a passing defect [68].
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As mentioned above, low-mass fields, specifically axion-like particles, which are also weakly
interacting massive DM candidates, can be indirectly detected from GWs emitted through black
hole superradiance.

All these signatures of microscopic DM are expected to have macroscopic spatial coher-
ence, and therefore the co-located interferometers will be uniquely sensitive to such signatures
at high frequencies. This will allow the exploration of previously unconstrained areas of the
parameter space of these DM candidates [62].

Macroscopic DM candidates that couple with interferometers gravitationally, non-
gravitationally, or both, have also been considered in the literature. One category of such
scenarios entails detectable local stochastic interactions between ‘clumpy’ DM and interfer-
ometer components [36, 69, 70]. Primordial black holes are also macroscopic DM candidates,
and their existence can be probed through GW emission as described above.

3.3. Entangled squeezing

As a further auxiliary topic of interest, it has been proposed that the sensitivity to signals
that are correlated between two interferometers may be greatly improved by injecting a sin-
gle entangled squeezed (or ‘twin-beam-like’) state of light into both interferometers [71]. This
approach theoretically increases the sensitivity in the cross-spectrum of the two interferometers
beyond the photon shot noise limit as encountered using two independent squeezed states [72].
Recently, entangled squeezing was successfully demonstrated in two isolated Michelson inter-
ferometers [73]. Although in this research the use of a single entangled squeezed state did not
provide an improvement over independent squeezed states, this result shows the advantages of
using various non-classical states of light in measuring correlated signals in interferometers.
Therefore, different non-classical states of light can be tested in the co-located 3D interfer-
ometers in Cardiff to explore their potential further and enhance the sensitivity to quantum
space-time fluctuations.

4. Detection statistic

As discussed in section 2, the sensitivity of the experiment in Cardiff to quantum space-time
fluctuations will be achieved through the time integration of the cross-spectral density of the
co-located interferometers.

The primary concern in achieving high sensitivity will be the reduction of noise that is
correlated between the interferometers. Unlike uncorrelated noise, correlated noise will lead
to an irreducible limit on the experiment’s sensitivity. The elimination of such noise comes
down to perfecting the isolation between the instruments and removing external noise sources
that are coherent on scales greater than the separation between the instruments.

In the absence of inter-interferometer correlated noise, the detection statistic of the signal
will be determined by the magnitude of the signal in the cross spectrum, the uncorrelated noise
power spectral densities of both interferometers, the integration time, and the correlation band-
width of the cross power spectral density. Specifically, theχ2 detection statistic is given by [74]

χ2 =

nbin∑
i=1

(
Cxy( f i) − Nxy( f i)

)2

σ2
Nxy

, (16)

where the null hypothesis is that the cross spectral density Cxy( f ) contains only known noise
with noise cross power spectral density Nxy( f ) (i.e. H0 : 〈Cxy( f )〉 = 〈Nxy( f )〉). Here,σ2

Nxy
is the

variance of Nxy, the sum is over the frequency bins of the spectrum f i with i ∈ {1, 2, . . . , nbin},

9



Class. Quantum Grav. 38 (2021) 085008 S M Vermeulen et al

where the total number of bins nbin is determined by the correlation bandwidth BCxy and the
length of individual spectra TDFT. The noise cross power spectral density is the geometric mean
of the noise auto power spectral densities in the individual interferometers (Nxx , Nyy), and
decreases over time with the square root of the number of measured spectra nspec = T int/TDFT

[34, 73], i.e.

Nxy( f ) =
√(

Nxx( f ) Nyy( f )
)
/nspec. (17)

It is expected that the noise spectral densities in the frequency range of interest will be dom-
inated by photon shot noise, which is Gaussian white noise (see section 6.1), and hence
σ2

Nxy
= 〈Nxy〉2. Under the assumption that there is a signal from homogeneous and isotropic

quantum space-time fluctuations, and that the separation of the twin interferometers is small
compared to the arm length (d � L), the cross-spectral signal is approximately equal to the
auto-spectral signal, Cxy ≈ Pxx (equation (15)). Moreover, it can then be shown that to first
order, χ2 scales as:

χ2 ∝
∼

Tint BCxy

(
L

3
2−α

)4

Nxx Nyy
. (18)

The experimental design can be understood as an effort to maximise this statistic. An estimate
of the time needed to detect or constrain a signal due to quantum space-time fluctuations at a
certain confidence level is given in section 7 by evaluating equation (16) explicitly using the
parameters of the experimental design expounded in sections 5 and 6.

5. Experimental design

5.1. Overview

An overview of the optical layout of a single interferometer is shown in figure 3. The inter-
ferometer arms will each have an optical path length of around 3 m. The co-located interfer-
ometers are designed to operate with circulating optical powers of roughly 10 kW by using a
power-recycling configuration [75].

The input light for each interferometer will be provided by a tunable continuous-wave laser
(Coherent Mephisto), with a maximum optical output power of 0.5 W at a wavelength of
1064 nm. A total input power of 10 W will be achieved through the use of optical amplification
stages (neoLASE). The optical mode of the laser beam will be matched to the power-recycling
cavity of the interferometer with a dedicated mode matching telescope and frequency locked
to the common mode interferometer arm length using the Pound–Drever–Hall technique [76].
The addition of an input mode cleaner to suppress non-resonant optical modes and provide
temporal filtering of the input beam is being considered. The power-recycling cavity of each
interferometer will be compounded by the 3D interferometer arms, delimited by two concave
end mirrors and a single flat power-recycling mirror (PRM). Flat mirrors are located along the
optical path of each arm and link the inner and outer arm segments. A beamsplitter with one
reflective and one anti-reflective surface will split and recombine the light into and from the
arms with a 50:50 ratio.

The interference pattern produced by light from the two arms will be imaged on a pho-
todetector in the output channel. Signals will be obtained using DC-readout [77, 78], and the
photodetector outputs will be sampled at 500 MHz using high-frequency digitizers. Between
the beamsplitter and the photodetector, an optical mode cleaner (OMC) will be installed to
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Figure 3. Simplified optical layout of a single power-recycled interferometer. 10 W of
input power will be provided by a 1064 nm laser and optical amplifiers, and the laser
beam will be matched to the power-recycling cavity using a mode matching telescope.
The power-recycling cavity is delimited by the flat PRM and the concave end mirrors
(EMA,B). A 50:50 low-absorption beamsplitter will split and recombine the light in the
two arms. The angle between the arms γ will depend on the adopted geometry (see
section 2). At the output of the interferometer, an optical squeezer will be used to inject
squeezed vacuum states of light into the interferometer through a Faraday rotator (FI)
to reduce quantum noise. An output mode cleaner (OMC) will suppress higher-order
optical modes in the output channel. Shaded areas represent vacuum chambers. Most
of the arms and their geometry, including the mirrors that link the inner and outer arm
segments (see figure 1), are omitted for simplicity, as indicated by the break symbols.

suppress higher-order spatial modes of light in the output channel. In addition, squeezed vac-
uum states of light, produced using a dedicated setup [79, 80], will be injected into the optical
paths of the interferometers through a Faraday rotator, which will allow quantum noise to be
reduced (see section 6.1).

The twin interferometers will each be built in independent but identical vacuum systems
that will contain the optics from the power-recycling mirrors to the end mirrors. The rest of
the optics, such as the output (and input) mode cleaners, injection optics, and squeezers, will
be built in air, to allow for easier manipulation. Each of the twin vacuum systems will consist
of five cylindrical vacuum chambers. A single, larger chamber will house the PRM and beam-
splitter, and the four slightly smaller chambers will accommodate the mirrors between the
arm segments and the end mirrors. To connect the vacuum chambers and allow for alignment,
stainless steel vacuum tubes with short bellows at the ends will be used, which connect with
adjoining vacuum chambers through manual gate valves. To maximise the options for inter-
vention and adjustment, each vacuum chamber will have its own mechanical (turbo-molecular)
pumps, pressure gauges, and valves for vacuum isolation. This feature will contribute to the
fast reconfigurability of the 3D geometry of the interferometers.
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5.2. Improvements over previous experiments

The use of co-located interferometers to search for signatures of quantum gravity is not new;
the same concept has been employed in the Fermilab Holometer. The Holometer programme,
which started in 2012, uses two co-located Michelson interferometers with a 40 m arm length
to search for signatures of quantum space-time [32]. The individual interferometers of the
Holometer have reached a sensitivity to displacements of the order of 10−18 m/

√
Hz at fre-

quencies between 1 and 25 MHz, limited by photon shot noise. The cross-spectrum of the
two interferometers was averaged over time and examined for the presence of correlated noise
due to quantum space-time fluctuations. The experiment did not detect any unexplained corre-
lated signals, and thus constrained the possible magnitude of longitudinal quantum space-time
fluctuations [33]1.

The main improvements to the design that will allow the experiment in Cardiff to surpass
the displacement sensitivity of the Holometer are the inclusion of optical mode cleaners, higher
optical input power, and the injection of squeezed states of light, which all will allow for the
mitigation of photon shot noise (see section 6.1).

The smaller scale interferometry experiment at Cardiff University will have a reconfigurable
arm geometry as considered in section 2, with interferometer arms that include a radial and a
non-radial segment to introduce a sensitivity to transverse quantum space-time fluctuations. To
resolve the signal described by equation (15), the output needs to be sampled with a frequency
higher than the inverse light crossing time c/L, such that the signal of single photon traversals
of the interferometer arms is not averaged with that of subsequent ones [17]. Therefore, a high-
frequency data acquisition and analysis system will be built, both to sample the photodetector
output at up to 500 MHz, and to Fourier transform and correlate the data.

The shorter optical path length compared to the Fermilab Holometer, which would theo-
retically produce a weaker signal, is compensated by an increased correlation bandwidth of
250 MHz compared to the Holometer’s 25 MHz. As can be seen from equation (18), this is
possible because the numerator of the detection statistic depends on the product of the optical
path length and the bandwidth.

The compact table-top design allows the experiment to be built on a single vibration-
isolated optical bench in a laboratory under stable environmental conditions. Moreover, the
small scale of the instruments allows, at least in principle, for a more rapid reconfiguration
of the geometry. This makes it possible to perform measurements using different arm geome-
tries (see figure 1), which provides the possibility to probe the angular correlations of quantum
space-time fluctuations.

As detailed below, the noise spectral densities NSD1,2 will be reduced below the levels
observed in the Fermilab Holometer, and it is thus expected that the experiment in Cardiff
will yield a sensitivity to longitudinal and transverse quantum space-time fluctuations that
exceeds that of the Fermilab Holometer. For comparison, the main experimental parameters
for both the Holometer and the twin interferometers to be built in Cardiff are summarised in
table 1.

1 In its original configuration, the Holometer used a classical Michelson arm geometry (corresponding to γ = 90◦,
β = 180◦, ω = 0◦ in figure 1). Therefore, this result specifically set an upper limit on potential longitudinal quantum
space-time fluctuations that are anti-correlated at an angle of 90◦ and fully coherent between identical instruments
separated by ≈1 m. This is because the Holometers’s interferometer arms are orthogonal, and a signal would only
have been detected in the cross-spectrum for length changes that are anti-correlated between the two arms of each
interferometer, and coherent between the two interferometers.
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Table 1. The main experimental parameters for both the Fermilab Holometer and the
twin interferometers to be built in Cardiff are summarised. Here, ‘Effective CD’ is the
effective contrast defect, defined as the ratio of the power as measured on the photode-
tector and the circulating power at the beamsplitter on a minimum of the interference
pattern. This is different from the more conventional definition of the CD in section 6,
which would not allow for a direct comparison of the CD due to the absence of an OMC
in the Fermilab Holometer. Detected SQZ is the level of light squeezing as detected at
the output; squeezing is not employed in the Fermilab Holometer.

Parameter Fermilab Cardiff (planned)

Optical path length 40 m 3 m
Input power 2 W 10 W
Circulating power 2 kW 10 kW
Bandwidth 25 MHz 250 MHz
Effective CD 2 × 10−5 <10−6

Detected SQZ (initial/final target) — 6/10 dB

Table 2. Relevant sources of noise and strategies for their mitigation.

Noise Source Mitigation Strategy

Shot noise High input power, power recycling, squeezed states of light
Additional shot noise due to High-performance optics and alignment, output mode cleaner
contrast defect
Seismic and acoustic noise Vibration-isolated optical bench, quiet cleanroom environment
Residual gas noise Ultra-high-vacuum system
Noise from stray light Baffles in vacuum tubes (optional)
Thermal noise No mitigation needed

6. Mitigation of noise

Decreasing the level of uncorrelated stochastic noise, which amounts to minimising the denom-
inator in Equation (18), is a primary strategy towards increasing the sensitivity. In this section,
the sources of different kinds of noise and the strategies for their mitigation are discussed, as
summarised in table 2.

6.1. Shot noise

It is evident in similar state-of-the-art interferometry experiments, specifically GW interfer-
ometers and the Fermilab Holometer, that the maximum experimentally attainable sensitivity
in the MHz range is currently limited by photon shot noise.

The origin of this type of noise is the Heisenberg uncertainty relation for the particle number
and phase observables of a photon state

ΔNγ Δφ � 1, (19)

where ΔNγ and Δφ are the root mean square (RMS) uncertainty of the number of photons Nγ

and their phase φ with respect to a coherent state. The RMS uncertainty of the number of pho-
tons is described by Poisson statistics as ΔNγ =

√
Nγ ≡

√
(Pτ )/(�ω), where P is the expec-

tation value of the optical power of the measured state, τ is the total measurement time, and ω
the angular frequency of the light. The uncertainty of the measured phase is Δφ ≡ (2π/λ)ΔL.
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Thus, there is a lower limit on the uncertainty of measured length ΔL � λ/(2πΔNγ). This
leads to a displacement noise amplitude spectral density in the output of [81, 82]

SSN
ΔL( f ) =

√
c�λ

4πPBS
, (20)

which is constant over all frequencies, and can be seen to depend inversely on the circulating
power at the beamsplitter PBS.

Power recycling will be employed in the interferometers to reach high circulating optical
powers, which allows the effective mitigation of shot noise [83]. The power-recycling cavities
will be linear plano-concave, with a common flat PRM as the input optic and end mirrors with
a radius of curvature (RoC) of 6 m.

The steady-state circulating optical power at the beamsplitter of a power-recycled interfer-
ometer as in figure 3 is

PBS =
4 PIN TPR[

2 − (
√

1 − TPR − APR)
(√

REMA RMMA +
√

REMBRMMB

)
(1 − ABS)

]2 , (21)

where PIN is the input power at the PRM, APR and TPR are respectively the absorption and
transmittance of the PRM, ABS parameterises the absorption and losses from the beam splitter,
RMMA,B are the reflectances of the mirrors between the inner and outer segment, and REMA,B are
the reflectances of the end mirrors of the arms. Losses due to scattered light are accounted for
in ABS for simplicity.

As is clear from equation (21), the power at the beamsplitter depends linearly on the incident
power, which motivates the use of injected optical power of up to 10 W. Limiting factors in
achieving a high circulating power are absorption in the optics and the generation of higher-
order optical modes (HOMs 2), which will be discussed below. To attain the desired circulating
power on the beamsplitter of PBS = 10 kW with an input power of PIN = 10 W, REMA,B , RMMA,B

will need to be �0.9997, assuming equal reflectance for all arm mirrors. This value applies for
a design with an ultra-low absorption (�0.5 ppm cm−1) beamsplitter, and using a PRM for
which APR = 10−5, and TPR = 5 × 10−4.

In order to improve the detector sensitivity beyond the shot noise level of equation (20),
squeezed states of light will be used to mitigate the shot noise by decreasing the uncertainty
in the phase Δφ at the detector [80]. Independent or entangled squeezed vacuum states will be
injected into the anti-symmetric ports of the interferometers [73]. The initial target is to reach
a level of detected squeezing of around 6 dB (this level has recently been reached in GEO 600
[85], and is double that currently used in Advanced LIGO [86]). A goal for a future stage will
be to achieve 10 dB of detected squeezing.

6.1.1. Additional shot noise due to contrast defect. In a realistic interferometer operated at the
dark fringe, the expectation value of the measured power at the anti-symmetric port is not zero
due to differential imperfections in the arms. These conditions lead to additional shot noise
on top of the level given by equation (20). Therefore, the signal-to-shot-noise ratio (SNR)

2 The fundamental Gaussian optical mode (TEM00) is the lowest order solution of the paraxial wave equation. An
infinite number of higher-order solutions exist which are referred to as higher-order modes [84].
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decreases with this non-signal-carrying power at the anti-symmetric port PAS as

SNR ∝ Psig√
PBS + PAS + Psig

=
asig

√
PBS√

1 + CD + asig
, (22)

where Psig = asigPBS is the signal power at the anti-symmetric port, asig is the dimensionless
signal amplitude, and CD is the contrast defect, which is defined here as CD ≡ PAS/PBS as
measured at a minimum of the interference pattern. The CD can be expanded in its dominant
contributions as

CD ≈ cΔR(ΔR)2 + cΔA(ΔA)2 + cΔαΔα+ GHOM + · · · (23)

Here, ΔR and ΔA are the differences in reflectance and absorption between the two arms,
respectively, Δα is the difference in birefringence between the two arms, cx are numerical
coefficients of order 1, and GHOM parameterises the CD due to HOMs. The former terms are
due to imperfect destructive interference of light in the fundamental Gaussian mode (TEM00),
whereas GHOM is due to imperfect destructive interference of HOM light. The experiment will
be designed with a target of attaining a CD due to TEM00 light <10−6, and a CD due to HOM
light < 10−5. The latter requirement is less stringent, as the contribution of HOM light will
be reduced by at least an order of magnitude at the output using an optical mode cleaner (as
detailed below). As a reference, the lowest CD reported in the Fermilab Holometer was about
2 × 10−5 [32]. Computer simulations using FINESSE [87] have been carried out to quantify
the expected CD due to differential optical properties of the arms, some of which result in the
generation of HOMs.

Reflectance differences between the arms were simulated, showing that the optical compo-
nents that will be used have to be within a reflectance tolerance of 0.2% to achieve a CD due to
TEM00 light <10−6. Differential absorption losses in the coatings of the end mirrors, as well
as losses on the anti-reflective surface of the BS (light from only one of the arms interacts with
this surface) will create a negligible contribution to the overall CD. Simulations demonstrate
that as long as losses on any one surface are kept to below 100 ppm, the resulting CD will be
∼10−9.

Inter-arm differences in the RoC of the end mirrors generate a mode mismatch between the
arms of the interferometer, resulting in the transfer of power from the fundamental mode to
second order HOMs at the output. It was inferred from simulations that discrepancies in RoC
should be limited to 0.3% to attain a CD due to HOM light <10−5.

Slowly deteriorating misalignment of the interferometer mirrors due to experimental condi-
tions, called drift, is another source of HOMs at the anti-symmetric port. A FINESSE simula-
tion found that misalignment of all arm mirrors in opposite directions, which is the worst-case
scenario, by as little as 0.2 μrad each results in a contrast defect exceeding 10−5 (misalign-
ments of single arm mirrors or misalignments of multiple arm mirrors in the same direction
produce a much smaller CD). Therefore, to achieve the target CD due to HOMs of <10−5, the
arms have to be kept in alignment to well within 0.2 μrad. To realise this, it is expected that a
feedback control system is required.

Thermal lensing [88] also produces a CD through HOM generation, with the dominant
effect expected from the beamsplitter. Due to power absorption within the beamsplitter there
is a temperature gradient generated within the medium that generates a corresponding gradient
in the refractive index, which causes lensing. Since the effective thermal lens is proportional
to the absorption within the substrate [89], it is desirable to select a relatively thin beamsplitter
to minimise the power absorption. For the beam sizes planned in this experiment (which are
small compared to those in e.g. GW detectors) a very thin beamsplitter can be used. For fused
silica with ultra-low absorption (0.5 ppm cm−1) and a beamsplitter thickness of 6 mm, the
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HOM power at the anti-symmetric port due to thermal lensing is calculated to be only 0.2 mW,
which corresponds to a CD of 6 × 10−83.

Differential birefringence entails a difference of the optical path length of the two orthog-
onal polarisation states that is not balanced between the two arms. As the photo-detector is
insensitive to the polarisation of light at the output, the detected interference pattern results
from a superposition of interference patterns of both polarisation states and will therefore have
imperfect contrast. If necessary, the differential birefringence could be minimised by rotating
the birefringence axes along the direction of the light polarisation [90]. In principle, the vari-
able birefringence as produced in the Cotton-Mouton effect or the Faraday effect could be used
to calibrate the apparatus.

6.1.2. Suppression of HOM light at the output using an OMC. The measures described above
should ensure a consistent reduction of the HOM power. However, the finite manufacturing
tolerances of the optics, their degradation over time, and thermal effects, will still lead to non-
negligible HOM generation.

HOM light at the anti-symmetric port is a significant part of the CD in state-of-the-
art interferometry experiments, such as GW detectors and the Fermilab Holometer. These
interferometers use DC-readout, and as such operate at a small offset from the dark fringe
[77, 78]. Ideally, the magnitude of the offset is chosen such that the CD represents an insignif-
icant fraction of the power incident on the photodetector compared to the TEM00 light due to
this intentional dark fringe offset. If there is a significant amount of HOM light at the output,
this would require operating at a large offset, which has the disadvantage that noise from other
sources is more strongly coupled to the output [77, 78]. In addition, a large offset to domi-
nate significant amounts of HOM light would entail high power incident on the photodetector,
which is undesirable, as high-bandwidth photodetectors are subject to technical limitations at
high incident power. This effectively constrains the circulating power that can be used in the
interferometers, which in turn limits the shot-noise mitigation that can be achieved.

To address these issues, an output mode cleaner (OMC) will be included in the output chan-
nel of each interferometer (see figure 3), with the target of suppressing HOM power by at least
an order of magnitude (OMCs are also employed in GW detectors, but not in the Fermilab
Holometer). The addition of the OMCs will reduce the amount of HOM light incident on the
photodetectors, thereby facilitating the use of a smaller dark fringe offset. The OMCs will thus
not only improve the shot-noise-limited sensitivity directly by suppressing the HOM power,
but also by allowing higher circulating power within the interferometers.

Preliminary modelling indicates a cavity finesse (F ) of >11 is required to achieve a sup-
pression of the HOM power at the output of an order of magnitude. A large cavity bandwidth
(Bc) of ≈200 MHz is required to maintain a high output signal bandwidth (see section 4). This
large bandwidth coupled with the finesse requirement leads to an upper limit on the cavity
round trip length lrt of around 13.5 cm, as lrt = c/(FBc). Stronger suppression of HOM light
can be achieved, but requires a higher finesse and thus a shorter round trip length (for example,
a finesse of 30 gives suppression by a factor >60 with a lrt of ≈5 cm). As such, a triangular
cavity geometry is preferable to a bow-tie alternative, to keep physical size as large as possible
while maintaining a short optical path. The relevant parameters for the suppression of HOM
light using an OMC are summarised in table 3.

3 For reference, if a 9 cm thick beamsplitter (such as the one employed at GEO 600 [88]) is considered in the same
setup, it is estimated that roughly 1 W of HOM light will be present at the anti-symmetric port, which would require
the addition of compensation plates in the experiment.
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Table 3. Experimental parameters concerning the suppression of shot noise due to con-
trast defect from higher order optical modes using an optical mode cleaner. The CD is
the ratio of the circulating power and the power at the ant-symmetric port as measured on
a dark fringe, before the OMC. The OMC will suppress HOM light by at least an order
of magnitude to yield an effective CD at the output of <10−6 such that the experiment
will be limited by shot noise due to vacuum fluctuations.

Parameter Value

CD target (TEM00/HOM light) <10−6/<10−5

OMC HOM power suppression factor �10
OMC finesse >11
OMC bandwidth 200 MHz
OMC round-trip length <13.5 cm

6.2. Seismic and acoustic noise

Seismic vibrations, air turbulence, and acoustic noise cause the most problematic low-
frequency noise in interferometry, as these sources produce phase noise through various
coupling mechanisms. The RMS displacement due to environmental noise of the vibration-
isolated optical bench on which the experiment will be built was measured, and is less than
10−11 m/

√
Hz at 100 Hz.

Since seismic noise is filtered at higher frequencies by the vibration-isolated optical bench,
the effect of seismic noise on the displacement amplitude spectral density of the interferometer
at frequencies above 1 MHz is expected to be below that of the shot noise by more than an
order of magnitude. This extrapolation, supported by reported seismic noise levels at high
frequencies in other interferometry experiments, suggests that no further mitigation of seismic
noise will be required in the experiment. Environmental noise on the input beam due to air
turbulence and dust will be mitigated by placing the whole apparatus in a quiet Class 10 000
cleanroom with an air circulation and filtration system.

6.3. Noise from residual gas

The jitter in the column density of the residual gas in the vacuum system causes fluctuations of
the absolute phase of the light which will manifest as phase noise in the fundamental optical
output mode. To quantify this issue the approach taken by the LIGO Collaboration was fol-
lowed [91]. In that work it was found that the magnitude of optical path length fluctuations
due to residual gas molecules passing through the beam scales with the square root of the pres-
sure. Moreover, it was found that this type of noise has a roughly flat frequency spectrum for
frequencies up to the inverse duration of the average transition of a gas molecule through the
beam diameter (≈0.1 MHz for the planned beam size and ambient temperature), and drops off
exponentially for higher frequencies. The residual gas displacement noise as estimated using
the results in [91] for a vacuum pressure <10−6 mbar will be less than the displacement shot
noise by more than one order of magnitude at all frequencies.

Another mechanism through which residual gas degrades the sensitivity is the absorption
of light by hydrocarbons deposited onto optical surfaces. The deposition rate depends linearly
on the residual gas pressure, as detailed in [32]. To increase the time needed to deposit a single
hydrocarbon monolayer on an optical surface to six months, which corresponds to an increment
of the coating absorption of 20 ppm, a vacuum with a pressure of �10−7 mbar will be used
[32]. Furthermore, the contamination of the internal surfaces of the vacuum system will be
kept sufficiently low before baking.
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6.4. Noise from stray light

Another non-negligible source of noise is stray light produced by specular and diffuse reflec-
tions of light by dust or imperfections on the optical components. The noise due to stray light
has been thoroughly studied for the LIGO interferometers. In particular, it was found that the
coupling of seismic noise to vibrational excitations of interferometer components leading to
phase modulation of stray light was a significant source of noise [92]. The table-top interferom-
eters in Cardiff will be sensitive at much higher frequencies than ground-based GW detectors
such as LIGO. Therefore, we expect the contribution of noise due to stray light modulated by
seismic noise (which falls off at higher frequencies, see above) to be negligible.

However, stray light may still reach the detector through multiple grazing reflections from
the internal surface of the vacuum chambers, and thus produce a contrast defect. In the LIGO
interferometers, the installation of baffles inside the vacuum tubes was used to attenuate stray
light. This solution works by blocking the scattered path rays reaching the internal surface of
the tube at a grazing angle. The baffles are positioned in such a way that stray light produced on
the mirrors will never reach the internal surface of the vacuum tube. Specifically, the position
of the nth baffle ln is given by the geometric series ln = l0β

n, where β > 1 is given by the
radius of the vacuum tube relative to the height of the baffles [92].

The installation of baffles in this arrangement to suppress stray light is being considered for
the experiment in Cardiff. In addition, the baffles may also attenuate back-scattered light in very
high order optical modes from the OMC, which would contribute to the overall suppression of
HOM light in the interferometer.

6.5. Thermal noise

The thermal excitation of atoms, or Brownian motion, excites the mechanical vibration modes
of optical elements and as a consequence generates displacement fluctuations of the reflective
surfaces. Given the dimensions and material properties of the optical elements, it is expected
that the fundamental vibration mode and its harmonics lie at ≈477 kHz and multiples thereof.
As the thermal noise spectrum is expected to consist of a number of narrow resonance peaks, it
need not be mitigated. These peaks can be excluded in the data analysis with a small reduction
in useful signal bandwidth.

7. Projected sensitivity

The sensitivity of the experiment in Cardiff is designed to be limited by shot noise due to vac-
uum fluctuations. All other sources of noise, except for thermal noise peaks from the optics,
will be mitigated to below this shot noise floor as detailed in section 6. Based on equation (20)
and using the target circulating power PBS = 10 kW, the estimated shot-noise-limited displace-
ment amplitude spectral density (or shot noise level, SNL for short) for a single interferometer
is 5.17 × 10−19 m/

√
Hz without squeezing. The estimated shot-noise-limited displacement

noise amplitude spectral density is plotted in figure 4 for different levels of squeezing.
In addition, a curve generated using FINESSE [87] is plotted in figure 4 that shows the

inverse shot-noise-limited sensitivity to phenomena that harmonically modulate the distance
between the cavity mirrors, such as GWs. It can be seen that the sensitivity decreases at every
multiple of the free spectral range of the cavity. This is because the measured length change
will be zero if an oscillatory signal changes phase by kπ (k ∈ Z) within a single light crossing
time L/c.

By taking the SNL to equal the total expected noise amplitude spectral density
√

Nxy,
equation (16) can be evaluated explicitly for the experimental design, assuming a specific

18



Class. Quantum Grav. 38 (2021) 085008 S M Vermeulen et al

Figure 4. Comparision of the shot-noise-limited displacement noise amplitude spectral
densities (SNL) of a single Fermilab Holometer interferometer and the projected SNL
of a single Cardiff interferometer using different levels of squeezing. Curves plotted
are the reported final single interferometer SNL of the Fermilab Holometer (solid red
line), projected single interferometer SNL for the experiment in Cardiff using 10 kW
of circulating power with no squeezing (solid blue line), 6 dB of squeezing (dashed
blue line), and 10 dB of squeezing (dotted blue line). In addition, the projected inverse
sensitivity to harmonic cavity length changes without squeezing is shown (dash-dotted
cyan curve).

scaling and magnitude of quantum space-time fluctuations. An estimate for the integration
time required to detect or constrain a quantum gravity signal of the form of equation (15) at a
certain confidence level can then be made.

For the current estimate, the quantum space-time fluctuations are assumed to behave as
homogeneous and isotropic white noise with a variance equal to the Planck length (i.e.
α = 1/2, Ai j = δi j). The power spectral density of the signal is then Pxy ∼ 10−43 m2 Hz−1

(equation (15)), which is further assumed to be fully coherent between the twin interferome-
ters, i.e. Cxy = Pxy. Note that such a signal is currently constrained to roughly this magnitude
for an inter-arm angle of γ = 90◦ by the results of the Fermilab Holometer [33]), and that con-
straint thus only applies under the additional assumption that the fluctuations are anti-correlated
at 90◦ (see section 5).

The experimental parameters factor in to the estimate through the noise level and correlation
bandwidth. The correlation bandwidth is determined by the output sampling frequency, which
is 500 MHz for the current design. The noise auto power spectral densities in both interferom-
eters are assumed to be equal to the shot noise power spectral density for 10 kW of circulating
power and 6 dB of squeezing, thus 〈Nxx〉 = 〈Nyy〉 = 〈Nxy〉 = (SSN

ΔL)2 ≈ 7 · 10−38 m2/Hz.
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Consequently, the estimated integration time to detect or constrain such a quantum gravity
signal at a confidence level of 5σ is ≈5 × 105 s. For a duty cycle of 80%, this would require
roughly a week of operating the experiment.

8. Summary

Holographic theories of quantum gravity predict that measurements of distance will exhibit
fluctuations with macroscopic correlations. This phenomenological hypothesis has been trans-
lated into a quantitative prediction for the power spectral density of a signal due to these fluc-
tuations in a 3D interferometer, as a function of the scaling and anisotropy of the fluctuations
and the geometry of the arms.

Co-located table-top 3D interferometers will be built at Cardiff University to detect or set
upper limits on such signatures of quantum gravity. Time integration of the cross-spectrum
of the twin instruments is expected to allow for increasing signal-to-noise ratios, as the quan-
tum geometrical fluctuations are expected to be correlated between the instruments, whereas
dominant sources of noise are not.

In addition, this experiment will be sensitive to high-frequency GWs and various DM
candidates.

To reach a displacement sensitivity limited by photon shot noise, environmental and internal
noise will be strongly mitigated. High power lasers and power recycling will be employed to
reach circulating optical powers of 10 kW, and an optical output mode cleaner will be used
to suppress photon shot noise from higher order optical modes. To go beyond the shot noise
level, independent or entangled squeezed states of light will be used in the interferometers.

The projected sensitivity of the experiment was estimated using simulations and models
validated by observations in other precision interferometers, such as GW detectors. The inter-
ferometers being built will be sensitive to displacements on the order of 10−19 m/

√
Hz in a

frequency band between around 1 and 250 MHz, thus surpassing the sensitivity of previous
interferometry experiments in this frequency band. Using this displacement sensitivity, it was
estimated that the integration time required for the experiment to detect or constrain a signal
from isotropic and homogeneous quantum-space time fluctuations with a variance on the order
of the Planck length at a confidence level of 5σ is ≈5 × 105 s.

Acknowledgments

We thank the Leverhulme Trust for support of this work under grant RPG-2019-022, and we
thank the Science and Technology Facilities Council (STFC) for support of this work. The
authors thank Ohkyung Kwon and Craig Hogan for suggestions and discussions on the design
of the experiment. SMV would like to thank Kathryn Zurek for discussion on the theory of
quantum space-time fluctuations. LA would like to thank Anna Green for her support and
availability in fixing some minor FINESSE bugs. This material is based in part upon work
supported by the National Science Foundation under Grant No. PHY-1608922.

ORCID iDs

S M Vermeulen https://orcid.org/0000-0003-4227-8214
L Aiello https://orcid.org/0000-0003-2771-8816
A Ejlli https://orcid.org/0000-0002-4149-4532

20

https://orcid.org/0000-0003-4227-8214
https://orcid.org/0000-0003-4227-8214
https://orcid.org/0000-0003-2771-8816
https://orcid.org/0000-0003-2771-8816
https://orcid.org/0000-0002-4149-4532
https://orcid.org/0000-0002-4149-4532


Class. Quantum Grav. 38 (2021) 085008 S M Vermeulen et al

W L Griffiths https://orcid.org/0000-0001-8366-0108
A L James https://orcid.org/0000-0001-9165-0807
K L Dooley https://orcid.org/0000-0002-1636-0233
H Grote https://orcid.org/0000-0002-0797-3943

References

[1] Deser S and van Nieuwenhuizen P 1974 Nonrenormalizability of the quantized Dirac-Einstein
system Phys. Rev. D 10 411–20

[2] Han T and Willenbrock S 2005 Scale of quantum gravity Phys. Lett. B 616 215–20
[3] Burgess C P 2004 Quantum gravity in everyday life: general relativity as an effective field theory

Living Rev. Relativ. 7 5
[4] Ashtekar A 2013 Introduction to Loop Quantum Gravity and Cosmology (Lecture Notes in Physics)

eds G Calcagni, L Papantonopoulos, G Siopsis, N Tsamis vol 863 (Berlin: Springer) pp 31–56
[5] Kiritsis E 1998 Introduction to superstring theory (arXiv:hep-th/9709062)
[6] Hossenfelder S 2013 Minimal length scale scenarios for quantum gravity Living Rev. Relativ. 16 2
[7] Zurek K M and Verlinde E 2019 Does spacetime fluctuate? KITP: Origin of the Vacuum Energy

and Electroweak Scales (UC Santa Barbara) https://online.kitp.ucsb.edu/online/enervac19/zurek/
rm/jwvideo.html

[8] Hawking S 1978 Spacetime foam Nucl. Phys. B 144 349–62
[9] Amelino-Camelia G 2001 A phenomenological description of quantum-gravity-induced space-time

noise Nature 410 1065–7
[10] Amelino-Camelia G 2013 Quantum spacetime phenomenology Living Rev. Relativ. 16 5
[11] Jack Ng Y and van Dam H 2000 Measuring the foaminess of space-time with gravity-wave

interferometers Found. Phys. 30 795–805
[12] Jack Ng Y and Van Dam H 1994 Limit to space-time measurement Mod. Phys. Lett. A 09 335–40
[13] Hogan C J 2008 Measurement of quantum fluctuations in geometry Phys. Rev. D 77 104031
[14] Amelino-Camelia G 1999 Gravity-wave interferometers as quantum-gravity detectors Nature 398

216–8
[15] Jack Ng Y 2003 Selected topics in Planck-scale physics Mod. Phys. Lett. A 18 1073–97
[16] Christiansen W A, Floyd D J E, Jack Ng Y and Perlman E S 2011 Limits on spacetime foam Phys.

Rev. D 83 084003
[17] Kwon O and Hogan C J 2016 Interferometric tests of Planckian quantum geometry models Class.

Quantum Grav. 33 105004
[18] ’t Hooft G 2009 Dimensional reduction in quantum gravity (arXiv:gr-qc/9310026)
[19] Susskind L 1995 The world as a hologram J. Math. Phys. 36 6377–96
[20] Bousso R 2002 The holographic principle Rev. Mod. Phys. 74 825–74
[21] Bousso R 1999 A covariant entropy conjecture J. High Energy Phys. JHEP07(1999)004
[22] Verlinde E P and Zurek K M 2019 Observational signatures of quantum gravity in interferometers

(arXiv:1902.08207[gr-qc, physics:hep-ph])
[23] Verlinde E and Zurek K M 2019 Spacetime fluctuations in AdS/CFT (arXiv:1911.02018[gr-qc,

physics:hep-ph])
[24] ’t Hooft G 2016 The quantum black hole as a hydrogen atom: microstates without strings attached

(arXiv:1605.05119[gr-qc, physics:hep-th])
[25] ’t Hooft G 2018 Discreteness of black hole microstates (arXiv:1809.05367[gr-qc])
[26] Banks T 2011 Holographic space-time: the takeaway (arXiv:1109.2435[hep-th])
[27] ’t Hooft G 2016 Black hole unitarity and antipodal entanglement Found. Phys. 46 1185–98
[28] Hogan C 2019 Nonlocal entanglement and directional correlations of primordial perturbations on

the inflationary horizon Phys. Rev. D 99 063531
[29] Hogan C 2019 Pattern of perturbations from a coherent quantum inflationary horizon

(arXiv:1908.07033[astro-ph, physics:gr-qc])
[30] Perlman E S, Rappaport S A, Christensen W A, Jack Ng Y, DeVore J and Pooley D 2015 New

constraints on quantum gravity from x-ray and gamma-ray observations Astrophys. J. 805 10
[31] Pitkin M, Reid S, Rowan S and Hough J 2011 Gravitational Wave Detection by Interferometry

(Ground and Space) Living Rev. Relativ. 14 5–75
[32] Chou A et al 2017 The holometer: an instrument to probe planckian quantum geometry Class.

Quantum Grav. 34 065005

21

https://orcid.org/0000-0001-8366-0108
https://orcid.org/0000-0001-8366-0108
https://orcid.org/0000-0001-9165-0807
https://orcid.org/0000-0001-9165-0807
https://orcid.org/0000-0002-1636-0233
https://orcid.org/0000-0002-1636-0233
https://orcid.org/0000-0002-0797-3943
https://orcid.org/0000-0002-0797-3943
https://doi.org/10.1103/PhysRevD.10.411
https://doi.org/10.1103/PhysRevD.10.411
https://doi.org/10.1103/PhysRevD.10.411
https://doi.org/10.1103/PhysRevD.10.411
https://doi.org/10.1016/j.physletb.2005.04.040
https://doi.org/10.1016/j.physletb.2005.04.040
https://doi.org/10.1016/j.physletb.2005.04.040
https://doi.org/10.1016/j.physletb.2005.04.040
https://doi.org/10.12942/lrr-2004-5
https://doi.org/10.12942/lrr-2004-5
https://arxiv.org/abs/hep-th/9709062
https://doi.org/10.12942/lrr-2013-2
https://doi.org/10.12942/lrr-2013-2
https://online.kitp.ucsb.edu/online/enervac19/zurek/rm/jwvideo.html
https://online.kitp.ucsb.edu/online/enervac19/zurek/rm/jwvideo.html
https://doi.org/10.1016/0550-3213(78)90375-9
https://doi.org/10.1016/0550-3213(78)90375-9
https://doi.org/10.1016/0550-3213(78)90375-9
https://doi.org/10.1016/0550-3213(78)90375-9
https://doi.org/10.1038/35074035
https://doi.org/10.1038/35074035
https://doi.org/10.1038/35074035
https://doi.org/10.1038/35074035
https://doi.org/10.12942/lrr-2013-5
https://doi.org/10.12942/lrr-2013-5
https://doi.org/10.1023/A:1003745212871
https://doi.org/10.1023/A:1003745212871
https://doi.org/10.1023/A:1003745212871
https://doi.org/10.1023/A:1003745212871
https://doi.org/10.1142/S0217732394000356
https://doi.org/10.1142/S0217732394000356
https://doi.org/10.1142/S0217732394000356
https://doi.org/10.1142/S0217732394000356
https://doi.org/10.1103/PhysRevD.77.104031
https://doi.org/10.1103/PhysRevD.77.104031
https://doi.org/10.1038/18377
https://doi.org/10.1038/18377
https://doi.org/10.1038/18377
https://doi.org/10.1038/18377
https://doi.org/10.1142/S0217732303010934
https://doi.org/10.1142/S0217732303010934
https://doi.org/10.1142/S0217732303010934
https://doi.org/10.1142/S0217732303010934
https://doi.org/10.1103/PhysRevD.83.084003
https://doi.org/10.1103/PhysRevD.83.084003
https://doi.org/10.1088/0264-9381/33/10/105004
https://doi.org/10.1088/0264-9381/33/10/105004
https://arxiv.org/abs/gr-qc/9310026
https://doi.org/10.1063/1.531249
https://doi.org/10.1063/1.531249
https://doi.org/10.1063/1.531249
https://doi.org/10.1063/1.531249
https://doi.org/10.1103/RevModPhys.74.825
https://doi.org/10.1103/RevModPhys.74.825
https://doi.org/10.1103/RevModPhys.74.825
https://doi.org/10.1103/RevModPhys.74.825
https://doi.org/10.1088/1126-6708/1999/07/004
https://arxiv.org/abs/1902.08207
https://arxiv.org/abs/1911.02018
https://arxiv.org/abs/1605.05119
https://arxiv.org/abs/1809.05367
https://arxiv.org/abs/1109.2435
https://doi.org/10.1007/s10701-016-0014-y
https://doi.org/10.1007/s10701-016-0014-y
https://doi.org/10.1007/s10701-016-0014-y
https://doi.org/10.1007/s10701-016-0014-y
https://doi.org/10.1103/PhysRevD.99.063531
https://doi.org/10.1103/PhysRevD.99.063531
https://arxiv.org/abs/1908.07033
https://doi.org/10.1088/0004-637X/805/1/10
https://doi.org/10.1088/0004-637X/805/1/10
https://doi.org/10.12942/lrr-2011-5
https://doi.org/10.12942/lrr-2011-5
https://doi.org/10.12942/lrr-2011-5
https://doi.org/10.12942/lrr-2011-5
https://doi.org/10.1088/1361-6382/aa5e5c
https://doi.org/10.1088/1361-6382/aa5e5c


Class. Quantum Grav. 38 (2021) 085008 S M Vermeulen et al

[33] Chou A et al 2017 Interferometric constraints on quantum geometrical shear noise correlations
Class. Quantum Grav. 34 165005

[34] Chou A S et al 2017 MHz gravitational wave constraints with decameter Michelson interferometers
Phys. Rev. D 95 063002

[35] Grote H and Stadnik Y V 2019 Novel signatures of dark matter in laser-interferometric gravitational-
wave detectors Phys. Rev. Research 1 033187

[36] Hall E D, Frolov T C V V, Müller H, Pospelov M and Adhikari R X 2018 Laser interferometers as
dark matter detectors Phys. Rev. D 98 083019

[37] Brito R, Ghosh S, Barausse E, Berti E, Cardoso V, Dvorkin I, Klein A and Pani P 2017 Gravitational
wave searches for ultralight bosons with LIGO and LISA Phys. Rev. D 96 064050

[38] Pierce A, Riles K and Zhao Y 2018 Searching for dark photon dark matter with gravitational wave
detectors Phys. Rev. Lett. 121 061102

[39] Rakhmanov M 2005 Response of LIGO to gravitational waves at high frequencies and in the vicinity
of the FSR (37.5 kHz) (LIGO document t060237-x0) https://dcc.ligo.org/T060237-x0/public

[40] Schutz B F 1985 A First Course in General Relativity (Cambridge: Cambridge University Press)
[41] Czech B, Lamprou L, McCandlish S and Sully J 2015 Integral geometry and holography

(arXiv:1505.05515[hep-th])
[42] Hogan C J and Kwon O 2017 Statistical measures of Planck scale signal correlations in interferom-

eters (arXiv:1506.06808[gr-qc, physics:physica])
[43] Hogan C J 2012 Interferometers as probes of Planckian quantum geometry Phys. Rev. D 85 064007
[44] Karolyhazy F 1966 Gravitation and quantum mechanics of macroscopic objects Il Nuovo Cim. A

42 390–402
[45] Singh T P 2020 Quantum gravity, minimum length, and holography (arXiv:1910.06350[gr-qc,

physics:hep-th])
[46] Garay L J 1995 Quantum gravity and minimum length Int. J. Mod. Phys. A 10 145–65
[47] Hogan C, Kwon O and Richardson J 2017 Statistical model of exotic rotational correlations in

emergent space-time Class. Quantum Grav. 34 135006
[48] Gibbons G W and Solodukhin S N 2007 The geometry of small causal diamonds Phys. Lett. B 649

317–24
[49] LIGO Scientific Collaboration Virgo Collaboration et al 2019 GWTC-1: a gravitational-wave tran-

sient catalog of compact binary mergers observed by LIGO and virgo during the first and second
observing runs Phys. Rev. X 9 031040

[50] Cruise A M 2012 The potential for very high-frequency gravitational wave detection Class.
Quantum Grav. 29 095003

[51] Wang S, Wang Y-F, Huang Q-G and Li T G F 2018 Constraints on the primordial black hole
abundance from the first advanced LIGO observation run using the stochastic gravitational-wave
background Phys. Rev. Lett. 120 191102

[52] Carr B J and Hawking S W 1974 Black holes in the early Universe Mon. Not. R. Astron. Soc. 168
399–416

[53] Siemens X, Mandic V and Creighton J 2007 Gravitational-wave stochastic background from cosmic
strings Phys. Rev. Lett. 98 111101

[54] Ito A and Soda J 2016 MHz gravitational waves from short-term anisotropic inflation J. Cosmol.
Astropart. Phys. JCAP04(2016)035

[55] Bisnovatyi-Kogan G S and Rudenko V N 2004 Very high frequency gravitational wave background
in the universe Class. Quantum Grav. 21 3347–59
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