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Abstract

With the detection of the Higgs boson, the standard model is an almost complete theory.
Missing from the model is a massless spin-two boson, the graviton. We might reason-
ably expect that detection of gravitational radiation would include the observation of the
graviton as the quanta of the radiation. However, the connection between gravitational
radiation observations and the theoretical graviton has yet to be realized due to the physical
limitations on single-graviton detections. A more promising approach to the demonstration
of the non-classical nature of gravitational radiation is to look at quantum entanglement in
bipartite detections.
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1. Introduction
Conspicuously absent from the standard model of particle physics is the spin-2 mass-

less boson acting as the mediator particle for the gravitational force. The graviton has yet to
be observed, either directly or indirectly, in any physical process that is in any way distin-
guishable from classical general relativity. The overwhelming majority of the efforts, both
theoretical and experimental, to demonstrate the existence of this hypothetical graviton
are concentrated in finding an elusive projective measurement for a single-graviton event.
Any experimental validation of the existence of the graviton will require a meaningful
theoretical framework for interpretation of the observations. Here the theoretical work
has been consistent [1–3], repeatedly reaching the conclusion that no physically realizable
experiment could ever identify the collapse of the graviton state-function in a projective
measurement. The physical limitations on detections of the graviton can be understood by
considering the exceedingly weak interaction of gravitons with the standard model fields.
Indeed, as far back as 1975, Skoblev calculated the tree-level diagrams for graviton–photon
interactions [4], with an astonishing cross-section of σ∼10−110 cm2 that was so extraordi-
nary as to put this among the smallest physically meaningful quantities, much smaller than
even the square Planck length, L2

p∼10−66 cm2.
More recent and more promising theoretical work has accepted the unlikely or even

physically impossible projective measurement of single gravitons. Instead this work con-
siders measures of non-classicality associated with quantum entanglement [5–8]. The
fortuitous separation distance of current gravitational wave detectors, e.g., ∼3000 km for
Hanford–Livingston, is comparable to the wavelength of the hypothetical gravitons de-
tected, e.g., 3000 km for a graviton frequency of 100 Hz, which makes experiments to
identify entanglement measures in bipartite gravitational wave detections a reasonable
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possibility. This hope is bolstered by the low effective graviton number for current detec-
tor sensitivities and the prospect of effective single-graviton detections per cycle for the
next-generation detectors.

2. Bipartite Quantum Signatures
A fixed number representation of bipartite gravitational wave detections [6] has

already been shown to produce a meaningful measure of non-classicality through
measurement-induced entanglement, as shown in Figure 1. This is in stark contrast with
efforts to develop measures of non-classicality based on coherent state representations [3]
and single-point detections. A coherent state is defined as an eigenstate of the annihilation
operator, â |α⟩ = α |α⟩, as opposed to the “lowering” of the number state for a finite num-
ber state, â |n⟩ =

√
n |n − 1⟩. Unlike the fixed number state representation, any quantum

measure or signature based on coherent states would be ambiguous due to the optical equiv-
alence theorem and the formal equivalence of classical and non-classical representations of
the correlation functions [9,10].
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Figure 1. Entanglement entropy per mean number of gravitons SA/n̄. Equation (2) is plotted
against the detected gravitational wave strain amplitude h and the mean graviton number per cycle
n̄ =

(
2 × 1045)h2.

To develop a meaningful bipartite measure of non-classicality, we focus our attention
on fixed number states and measurement-induced entanglement of gravitational wave
(GW) detections [6]. Assuming equivalent detector subsystems A and B, the density
operator ρ̂ = |φn⟩ ⟨φn| for a bipartite pure state can be written as

ρ̂ =
n

∑
j=0

n

∑
k=0

c(n, k)c∗(n, j) |k⟩A |n − k⟩B ⟨n − j|B ⟨j|A . (1)

The entanglement entropy for subsystem A is then calculated taking the partial trace
ρ̂A = trB(ρ̂):

SA = −tr(ρ̂Aln ρ̂A) = −
n

∑
k=0

λ(k)ln(λ(k)), (2)
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with spectral decomposition, λ(k) = c(n, k)c∗(n, k). A symmetric probability distribution
can be constructed [6] using Gaussian amplitudes,

|φn⟩ = N (n, n̄)
n

∑
k=0

e−
(k−n̄)2

4σ2 eiϕk |k⟩A |n − k⟩B , (3)

and following [6], we take σ2 = n̄. After normalization, the elements of the spectral
decomposition are found to be

λ(k) =

(
n

∑
j=0

e−
(j−n̄)2

2n̄

)−1

e−
(k−n̄)2

2n̄ , (4)

and by substituting into Equation (2), the entanglement entropy is plotted in Figure 1
as a fraction of mean graviton number. Figure 1 is similar to [6], since both plots are
based on (2); however, the range for strain is lower and we include the effective graviton
number n̄ to better represent the entanglement for low n̄. The effective mean graviton
number is calculated by taking the average energy for an interferometer gravitational
wave detector arm, characterized [5,6,11,12] by the mirror deviation ξ from equilibrium
E = 1

2 Mξ̇2 = 1
8 ML2ω2h2, which we double for two detector arms. The mean graviton

number per cycle is then

n̄ =
1
4 ML2ω2h2

h̄ω
=

1
4h̄

ML2ωh2. (5)

Taking the mirror mass M = 50 kg, arm length L = 4000 m, and angular frequency
ω = 103 rad

s , the mean detector graviton number is n̄ =
(
2 × 1045)h2, which can be inverted

to calculate the strain amplitude for n̄ = 1 associated with a single effective graviton
detection per cycle, h∼10−23. Our calculation of the effective graviton number follows the
literature [5,6,11] in assuming one mirror per arm of the interferometers. Including the
input mirrors, as well as the end mirrors, would double the graviton number calculations
and should be considered in future work. With increasing detector sensitivity and the
effective graviton number approaching one, we would anticipate highly non-classical
anti-correlations comparable to single photon interference [13] in future detectors, e.g., the
Einstein Telescope [14].

3. Two Are Better than One
The growth in the creative landscape of schema to identify signatures of non-

classicality in single-point detections of gravitons shows little sign of abating. However
imaginative these efforts might be, any scheme for detection of single gravitons must di-
rectly address the simple and compelling arguments by Dyson [1] challenging the feasibility
of detecting single gravitons. Dyson examines three types of detectors and concludes that
these detectors would fail to detect gravitons. Notably, LIGO-type detectors are shown
to fail based on the fundamental laws of physics. Gravito-optical or gravito-electric de-
tectors would fail due to unavoidable background neutrino noise in the real Universe.
Additionally, any method based on graviton-conversion would not be possible due to the
size limitations for physically possible detectors. Dyson also considers a fourth type of
detector proposed by Guth [15] to identify single-graviton processes in the early Universe;
however, the plausibility of this scheme over the other three has not yet been demonstrated.
We should also bring attention to another detector scheme [16,17] that proposes the use
of resonance detectors for signal amplification. While these detector proposals were not
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directly addressed by Dyson, the new schemes have not fully addressed the restrictions of
operating in the real Universe.

Recognizing the pessimistic results for the development of single-point graviton
detections, we turn our attention to bipartite detections. One of the most promising
bipartite methods for the demonstration of the existence of the graviton or non-classicality
in gravitational waves is intensity correlations associated with Hanbury Brown and Twiss
intensity (HBT) interferometry. While this approach to searching for the graviton has
received some attention [18], HBT interferometry does not always make a clear distinction
between classical and non-classical correlations. The optical equivalence theorem [9,10]
can be extended to a gravito-optical equivalence by assuming a single polarization for the
gravitational radiation, making it challenging to distinguish between classical and non-
classical correlations. The theorem introduces a formal equality between the classical and
non-classical correlation functions for GW detections, which can be expressed succinctly [5]
as G(2)

c (x1, x2) = G (2)(x1, x2), where the classical and non-classical unweighted second-
order correlation functions for GW detections are equivalent. This formal equality is based
on the representation of the detected signal as coherent states, which are an “overcomplete
set of eigenstates of the destruction operator” [9].

A meaningful measure of non-classicality for GW detections has already been realized
through measurement-induced entanglement [6], as illustrated in Figure 1, which is similar
to measurement-induced entanglement realized in other systems [19,20]. The measurement-
induced entanglement is calculated from fixed number states and avoids the ambiguity
associated with coherent states and the optical equivalence theorem. Figure 1 evinces the
potential of bipartite detections in demonstrating non-classicality in GW detections. A clear
distinction needs to be made here between a measure as a theoretical calculation and a
measurement as a resolved detector response. While several theoretical signatures of non-
classicality have been developed for bipartite detections, e.g., entanglement entropy [6] and
sub-Poissonian correlations from squeezed states [18], no scheme has been developed to
connect the entanglement entropy as a measure to a concrete measurement of the detector
response. It does illustrate the value of exploring measurement schemes for the GW
detectors operating as HBT interferometers. Progress [5] has been made in developing
a meaningful measure through the calculation of intensity correlations for existing GW
detections. Bipartite detections are an encouraging approach to the demonstration of
non-classicality in GW detections, and deserve much greater attention from the theoretical
physics community.

There are a great many possibilities for GW detection measurements based on the
characterization of the two-point GW detections as HBT interferometers [5]. One such
possibility is to develop measurement schemes which measure detector coincidence rates
and identify increased detection coincidence due to bosonic bunching. The measurement
of coincidence rates has been shown to be a useful measure of non-classicality [21] by
comparing bunching and anti-bunching for bosonic and fermionic helium falling onto a
detector plate. The freedom in this measurement scheme to compare bosonic and fermionic
detector responses illuminates perhaps one of the most interesting challenges in the hunt for
the graviton. Detectable gravitational radiation is not created in the laboratory and we must
be very clever in both the construction of meaningful measurements of non-classicality and
in the interpretation of those measurements.

In quantum optics, sub-Poissonian correlations have been established as an unam-
biguous measure of non-classicality and sub-Poissonian correlations are produced by
measurement of squeezed states. Squeezed states for gravitational radiation [18] should
produce the same unambiguous measure of non-classicality in bipartite GW detections.
This does establish a potential bipartite measure of non-classicality that would also be
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measurable, demonstrating, at least in principle, that resolvable bipartite measures of
non-classicality are possible. However, there is no established source for production of
squeezed states in GWs. The best path to the identification of non-classicality in GW
detections is to focus on GW signals that current and near-future detectors can observe.
The effective graviton number n̄ is proportional to the detector response and for resolvable
gravitational wave detections, we can see in Figure 1 that non-classical contributions to
bipartite correlations, e.g., from HBT interferometry, for gravitational wave detections
should be appreciable when approaching n̄∼10. While bipartite detection schemes do not
yet offer both practical measures and measurements of non-classicality, they are arguably
the most promising approach to finding the graviton.

4. A Few Final Remarks
Considering the pessimistic prospects for measures of non-classicality involving single-

point detections, it is prudent to redirect our efforts to bipartite detection schemes. Here the
projective measurement of single gravitons and the associated physical restrictions on the
detectors is replaced by non-classical detection interactions. Several promising measures
of non-classicality for GW detections have already been proposed, and future prospects
appear limited only by the imagination of the theoretical physics community.

We should also point out that the development of bipartite measures of non-classicality
for GW detections is an interesting problem in the foundations of quantum physics. The
non-classicality of the standard model fields can generally be demonstrated by measure-
ment of single quantum events. This measure of non-classicality is conceptually simple
and the detector response is unambiguous. The gravitational field, on the other hand, is
not known a priori to be quantized and the existence of the graviton is not certain. Other
measures of non-classicality are needed in the search for the graviton which must be under-
stood at the most fundamental level of quantum physics. There has been only a handful
of papers on bipartite measures of non-classicality in gravitational wave detections and a
great many papers on single-point detections. One of our goals in this paper is to encourage
greater interest in the promise of searching for the graviton through the development of
bipartite measures of non-classicality.

As we close, we note that the problem of finding the graviton through bipartite detections
is a very large problem in the increasingly important field of quantum information theory.
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