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We explore the possibility of detecting entangled photon pairs from cosmic microwave background or
other cosmological sources coming from two patches of the sky. The measurements use two detectors with
different photon polarizer directions. When two photon sources are separated by a large angle relative to the
earth, such that each detector has only one photon source in its field of view, a null test of unentangled
photons can be performed. The deviation from this unentangled background is, in principle, the signature of
photon entanglement. To confirm whether the deviation is consistent with entangled photons, we derive a
photon polarization correlation to compare with, similar to that in a Bell inequality measurement. However,

since photon coincidence measurement cannot be used to discriminate unentangled cosmic photons, it is
unlikely that the correlation expectation value alone can violate Bell inequality to provide the signature for

entanglement.

DOI: 10.1103/PhysRevD.99.023507

I. INTRODUCTION

The cosmological microwave background and the other
sources of the comic photon can reveal much information
of the early universe. Especially in an inflationary scenario,
quantum fluctuations, which are usually of atomic scales,
can be amplified to cosmological scales(see e.g., [1,2]), and
their traces can be seen from the cosmological microwave
background (CMB) [3,4]. Some alternatives to inflationary
cosmology can also produce similar fluctuations that are
classical in nature. In one class of studies [5—13], entan-
glement, which can be demonstrated by the violation of
Bell inequality, is used to show that whether the CMB
fluctuations come from classical theories.

In the standard “inflationary cosmology,” the density
fluctuations that we observe in the universe today are
thought to come from primordial quantum fluctuations.
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However, it is still a question that how to detect any of those
early universe quantum information directly, due to the
facts that those part of the information may have already
been washed away today [14]. It is difficult to discuss how
quantum entanglement can survive during the inflation or
other types of cosmic expansion, such that two particles
from two patches of the sky can still be entangled. This
involves how the quantum entanglement is produced,
transferred and how part of the entanglement is destroyed
by decoherence during the evolution of the universe, where
the possibility indeed exists in principle [14—16]. On the
other hand, there are also some alternative models, such as
the “wormhole cosmology” in [17] which may provide
more entanglement in the universe with a new mechanism.

Besides from this type of entanglement of CMB photons,
it is known that a parent particle decays into two or more
particles which forms an entangled quantum state as a
consequence of conservation laws in the decay process. For
example, the decay product of unknown matter, e.g., dark
matter, or even the primordial black holes. The final
diphoton decay products is a likely source of entangled
cosmological photons [18,19].

In this paper, we ask ourselves a rather elementary and
model independent question: If there are entangled photon

© 2019 American Physical Society
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pairs coming from two different patches of the CMB sky,
how do we tell that they are entangled? And if we do not
know how large the signal and background are a priori,
how do we isolate the signal from the background?

Our starting point is the condition that if the two photons
are unentangled, then the two-photon density matrix 7z can
be written as a direct product of two one-photon density
matrix elements:

r=r ® m,, (1)

where 7;(i =1,2) is the one-photon density matrix
element from source i and is computable. Therefore, one
can perform a null test to see whether the two photons from
the two sources are consistent with unentangled photons.
The deviation from this unentangled background is, in
principle, the signature of photon entanglement. However,
to further check whether the deviation is consistent with
entangled photons, we need to study its characteristics.
We consider two scenarios. The first scenario is shown in
Fig. 1 with the two photons, which might be causally
connected in the far past, coming from two very close
patches of the sky, such that both sources are in the fields of
view of both detectors. The second scenario is shown in
Fig. 2 with two sources in a relatively large angle to the
earth such that each detector has one source in its field of
view. The main difference is that the interference between
different photon paths only happens in the first scenario but
not in the second one. It turns out that the second scenario
allows simpler isolation of the unentangled photon back-
ground from the possible entangled photon signal by
adjusting the orientation of the polarizers. We have not
attempted to estimate the size of the signal, which depends
on the particular model. We will leave it for future studies.

Entangled fluctuations

l time evolution

spatially separated

I V*—>V 2
Alice .><' Bob

FIG. 1. Assuming a pair of entangled photons were sent to two
regions 1 & 2 in the sky after inflation, then the two photons are
detected by two detectors Alice and Bob. Since both 1 & 2 are in
the fields of view for the two detectors, the photons can be
detected by going through the black or red paths. Correlations of
photon polarizations are measured to detect entanglement.
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FIG. 2. This is similar to the set up of Fig. 1, except 1 is in the
field of view of Alice only and 2 is only in the field of view of
Bob. The photons can only be detected after going via one path.
Hence there is no interference terms.

In the following Sec. II, we review the lesson we learn
from the Bell inequality for two photon systems and
explain why it cannot be directly applied in CMB photons.
In Sec. III, we explore the possibility of detecting entangled
photon pairs from small angle and large angle, respectively,
in two scenarios. We present the summary and conclusion
in Sec. IV.

II. LESSONS FROM BELL INEQUALITY
FOR TWO PHOTON SYSTEMS

In the helicity basis, a photon state with &7 helicity can be
denoted as |ey) o |e)) £ iley), with & and &, the two
orthogonal linear polarizations perpendicular to the direction
of propagation. Then there are four independent two photons
spin eigen wave functions: e, ) ® |e, ), |e_) ® |e_), |e;) ®
le-) +le-) ® les) and |e) @ |e-) — |e-) ® |e.). The lat-
ter two are entangled states which can be rewritten in linear
polarization basis as

1
|l//1>_\/§

1
|l//2>:\/§

Suppose the measurement of photons takes place at two
spatially separated locations labelled by Alice (abbreviated
by A) and Bob (abbreviated by B). I1, and II, are
projections applied at detector A, while ITz and Ilp at
detector B. Consider the combination spin-spin operators
proposed by CHSH [20]

[ler) ® &) + le2) ® [ea)],

[le) ® [e2) — le2) @ len)]. (2)

C — HAHB + HA/HB + HAHB/ - HA/HB/v

0y ={n)(ngl = |ng, Yng, | (I=A.B,A"B'). (3)
In which the projection operator I1, gives a value +1 when
a photon with polarization in the 71, direction is detected,
and —1 when a photon with polarization perpendicular to
fiy (denoted as 7, ) is measured. In other words, each
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photon registers a +1 or —1 at the detector with polarizer
I, (I=A,B,A",B’). Therefore, if {Il,,I1,} register
{+1,4+1} or {—1,—1}, then the last two terms in
Eq. (3) cancel. If {Il4,TI,} register {+1,—1} or
{-1,+1}, then the first two terms in Eq. (3) cancel.
This leads to the Bell inequality |[(C)| <2 appropriate
for a local classical hidden variable theory.

On the other hand, in quantum mechanics, the Bell
inequality can be violated [21,22], and the expectation
value of C can be bigger, satisfying |(C)| < 2v/2 [23], as
C?2=41- [HA’ HAI][HB,HBI] = 4(1 + sin ZHAA’ sin 2033!)]1,
with 0,5 the angle between 74 and 7ig.

Since

(| Tg y;) = (—1>i+1 €08 204, (4)

for i =1, 2, then for both |y ) and |y>,), the quantum
mechanical bound can be saturated by choosing
Oap = Oap = Oy = 1/8, Opp =3n/8.  (5)
For unentangled pure states, (y;|[ILI1z|w;) = 0.
Therefore, if an observation can be performed that pre-
excludes unentangled states and show that the expectation
value 2 < |(C)| <2v/2 is achieved, then entanglement
between two photons can be established. To exclude the
unentangled states, one can control the photon source to
make sure most of the photon pairs produced are entangled
photons, and then set up coincidence measurement to make
sure the detected photons are produced from the source at
the same time. Although this condition can be met for
controlled experiments in laboratories, it is not the case for
CMB photons because coincidence measurement can not
guarantee that two photons detected were produced at the
same time. Therefore, for CMB photons, there will be lots
of unentangled photon background that can be hardly
removed. These unentangled photons give the dominant
contribution to (C) and lead to |(C)| < 2. This renders it
unpractical to perform a Bell inequality type experiment for
CMB photons. However, after we perform the null test
using Eq. (1), we can still use the angular dependence for
entangled photon pairs in Eq. (4) to check whether the
deviation from the null result is consistent with entangled
photon pairs.

III. DETECTION OF CMB PHOTONS

In this section, we follow the procedure to first study the
null test of unentangled photons using Eq. (1), then we
study if any deviation from the unentangled result is found,
then what kind of signature is consistent with entangled
photon pairs.

A. Scenario I: Sources from small angles—interference

The first scenario is when the two photons, which might
be causally connected in the far past, are coming from two

patches of the sky (called sources 1 and 2) that are close
enough to each others, such that sources 1 and 2 are both in
the fields of view of the detectors Alice (A) and Bob (B).
This is a Hanbury-Brown-Twiss (HBT) intensity interfer-
ometer [24-26] as shown in Fig. 1.

In HBT, we consider the process with two photons
emitted from source 1 and 2 in the initial state and those
two photons are detected by detectors A and B in the final
state. The propagation of photons is described by
Feynman’s path integral. The amplitude can be written as

A = DsDyp + DypDp, (6)

where D4 denotes the propagator from source 1 to detector
A, and so on. The two different terms correspond to two
different paths shown in Fig. 1, and higher order loop
diagrams are neglected. Then the transition probability is
proportional to

|A]> = |D14|*|Dag|? + [Daa|*|Dy5 |
+ 2ReDlAD23D§AD>1kB' (7)

Since the photon from each source appears both in a
propagator and a conjugate one, the random phases
associated with each of the sources 1 and 2 cancel in
the interference term. Therefore, the coherent source is not
required. For simplicity, we assume the two photons are
produced and emitted at the same time, thus the interfer-
ence term depends only on the relative phase factor arising
from the geometry of the setup. The longer the baseline
(i.e., the distance between the two detectors), the better the
resolution for the interferometry. One can generalize the
analysis to cases with the two sources coming from an
extended object such as a star or the CMB sky.

1. The null test for unentangled photons

The possible source of unentangled photon background
includes: Type (a), two uncorrelated photons coming from
two different sources; Type (b), two uncorrelated photons
coming from the same source. Type (b) background can be
considered as a special case of Type (a). Hence we will
consider Type (a) first.

Consider the two unentangled photons are coming from
sources 1 and 2 with one photon density matrix z; and 7,
satisfying Eq. (1). z; at source i with net polarization «; in
the 7; direction can be written by

m = 5 (0 2a) ) s ). (8)

where 7; is perpendicular to 7; and i = 1, 2.
For null test of unentangled background, the total

probability for detectors A and B each detects one photon
is [27]

023507-3



CHEN, DAI, MAITY, SUN, and ZHANG

PHYS. REV. D 99, 023507 (2019)

Tr(Iym, ) Tr(Mp7;) |Dyal* | Do
+ Tr(Iy 7)) Tr(Mp7, ) | Daa|* D15/
+ Tr(Ily 7 gy ) D14 Dap D5, Dip
+ Tr(Ily 7, Mg, ) D, D5 Dya D1 . (9)

Then, by using Egs. (3) and (8), we have the formula of the
first line in the total background (9)

a1Q, €08 20, cos20p,,
(I+a)(1+a)

Tr(y7,) Tr(Mgry) = . (10)

where 6,, is the angle between the orientation of the
polarizer at detector A and 7,. The part of 7;, has been
converted into 7; by using trigonometry formulas.
Tr(I147,)Tr(Izz,) in the background (9) can be obtained
analogously by interchanging 1 and 2. The geometrical
phase dependent interference terms in the background (9)
yield

Tr(HAﬂIHBﬂz) = Tr(HAﬂ2H3ﬂ1> X COS 29AB? (11)

up to O(a;) corrections. When we consider the Type
(b) background, we can just set (1, 2) to (1, 1) or (2, 2).
However, their relative weights are in general different.

2. Consistency check for entanglement
Suppose the two photons emitted from the sources 1 and
2 are entangled to form the |y) state of Eq. (2), then after
propagating to the detectors, the photon state becomes
1
V2
+ Daaler) @ Digler) + Daales) ® Diples))
= [w1)(D1aD2p + D2aD13), (12)

|P) (Dialer) ® Dogler) + Diyler) ® Dagler)

where the spin wave function is not changed during
the propagation and the propagation is not changed by
the spin. The same factorization happens for |¥,) as well.
As a result, the expectation value of the CHSH quantity
reads

(W, [, T1g ;)
= (y,;|MaMg|y,) |D1aDap + DyaDigl*,  (13)

with the spin-spin correlation (w;|II4IIgz|y;) and the
geometric phase contribution |D;,Dyp + D2y D;g|* com-
pletely factorized in the measurement. Therefore, entan-
glement between two CMB photons emitted from two
sources 1 and 2 (from two patches of the sky) yields the
cos20,p dependence of the polarization -correlation
between two detectors A and B [see Eq. (4)]:

(Wi, Mp[W;) o cos 20,4, (14)

with i = 1, 2. This can be achieved by changing 6,5. Note
that this conclusion also applies to the special case where
the two photons are coming from the same source.

From the above discussion, we see the geometrical phase
dependent background of Eq. (11) has the same angular
dependence as the entanglement “signal” of Eq. (14). This
means unless one can compute the background to very high
accuracy, one cannot isolate the signal from the background
using this geometrical phase dependent term. The geomet-
rical phase independent terms, e.g., Eq. (10), seem to have
different angular dependence to “signal” of Eq. (14).

However, if we consider another background from two
photons coming from the same source, which can be
computed by replacing the (1, 2) indices of Eq. (9) by
(1, 1) and (2, 2), then all the background terms do not
depend on the geometrical phase, and the same angular
dependence as the signal can appear through Eq. (11).
Therefore, separating the signal from the background is
challenging. Fortunately, the situation is simpler when we
consider another scenario in the next section.

The set up discussed in this section is also discussed in
Ref. [27], where it was pointed out that deviation from the
unentangled photons with density matrix in Eq. (1) can be
used as a signal for entanglement.

B. Scenario II: Sources from large
angle—no interference

When sources 1 and 2 are far away such that 1 is only in
the field of view of A and 2 is only in the field of view of B,
then there is no interference between different paths, as
shown in Fig. 2. We can simply remove one of the paths in
Scenario I by setting D,, = Dz = 0 for the null test of
unentangled background from Eq. (9) and double check the
entangled signal from Eq. (13).

1. The null test for unentangled photons

For null test of unentangled background in Scenario II,
we only need to consider the first line in Eq. (9) with the
same prefactor Tr(I14 7z ) Tr(I1z7, ), whose angular depend-
ence is computed in Eq. (10) already:

Tr(Ty 7, ) Tr(TIlg7z,) o cos 26y, cos26g, .  (15)

The background has different angular dependence to the
signal, cos26,5. For example, one could have chosen
the direction of polarizer A such that cos26,, =0 and
the background vanishes, then one can subsequently
change 6,5 to look for the cos26,p signal. This set up
does not have the complication of scenario I where the
background is a combination of several terms in (10) and
(11), which makes the isolation of signal from background
complicated.
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2. Consistency check for entanglement

To double check the entangled signal in Scenario II, we
have

(W, [T, T1g|Y;)
= (y|MaHg|y,) |D1aDap|* x cos20,5.  (16)

The entanglement signal still has the cos 26, dependence.
By adjusting the detector angles and observing the angular
dependence functions, we can distinguish signal in (16)
from the background in (15).

The setting of this large angle scenario is similar to a set
up in Refs. [28,29] where lights from two distant sources
separated by a large angle are used to determine the
polarization directions of the two detectors. This allows
pushing back the time for the possible “freedom of choice”
loophole to happen all the way to the time when the two
distant light sources were in contact.

IV. SUMMARY AND DISCUSSION

We have explored the possibility of detecting entangled
photon pairs from CMB or other cosmological sources
coming from two patches of the sky. The measurement uses
two detectors with photon polarizers in different directions.
When two photon sources are separated by a large angle
relative to the earth, such that each detector has only one
photon source in its field of view, then the signal for
entanglement can be separated from the background by
changing the polarizer directions. In some special choice of
the polarizer directions, the leading uncorrelated photon
background can be completely blocked. When the angle
between two photon sources is small enough such that both
sources are in the fields of view of both detectors, then the
background becomes more complicated with several terms,
with different angular dependence and different weights. In
all, the large angle scenario is preferred.

One question we do not discuss here in this paper is
the different sources for this type of entanglement. Some
of the possibilities are: two entangled particles in the
casually disconnected regions are connected by a
wormhole [17,30-32], or they are the decay products of
dark matter candidates or some extensive cosmic objects.
The particle production towards the end of inflation or later
by the inflaton may also be a source for these entangled
pairs. Previous studies for particle productions only showed
the possible signatures in CMB scalar or tensor mode

correlations [33,34]. In fact, those particles produced are
diluted away by cosmic expansion and chances to detect
them are small. This entanglement between the CMB
photon polarizations is different yet related to the old
question that whether the origin of cosmic fluctuations is
quantum or classical [11-13], although exact connections
require further studies.

Our work is only a first step towards the detection of
entangled photons in the sky, and the result of our initial
study is encouraging. A critical question is how large the
estimated signal is compared with the current detector
sensitivity and what would be possible sources of entangled
photons. More recent studies of the intensity-intensity
correlations provide the similar method to investigate the
nonclassical nature of photons, see e.g., [35-37]. We also
hope this proposal can be implemented in the current
observations like BICEP/Keck Array in [4].

Notice that in [16], it was pointed out that even if the
quantum entanglement in early universe is hard to be
observed through the CMB photons, such signals in the
cosmic neutrino background (CNB) are also suggested.
Although the CNB is still too weak to be detected now, our
proposal in this work can also be generalized to the
entangled neutrinos and it is interesting to leave it for a
future study.

ACKNOWLEDGMENTS

This work is inspired by a lecture of Frank Wilczek on
Entanglement Enabled Intensity Interferometry. We also
thank Dave Kaiser for interesting discussions. This work is
partially supported by the Ministry of Science and
Technology (MOST) of Taiwan (No. 105-2811- M-002-
130), Center for Theoretical Sciences at the National
Taiwan University (NTU-CTS) and the Center for
Advanced Study in Theoretical Sciences (CASTS) at
NTU. J.-W.C. is partially supported by Massachusetts
Institute of Technology-International ~ Science and
Technology Initiatives (MIT-MISTI) program and the
Kenda Foundation. Y.-L.Z. is partially supported by
Asia-Pacific Center for Theoretical Physics (APCTP)
and Grant-in-Aid for international research fellow
(No. 18F18315) of Japan Society for the Promotion of
Science (JSPS). S.S. thanks MIUR (Italy) for partial
support under Contract No. PRIN 2015P5SBHT and partial
support from ERC Ideas Advanced Grant No. 267985
“DaMeSyFla”.

023507-5



CHEN, DAI, MAITY, SUN, and ZHANG

PHYS. REV. D 99, 023507 (2019)

[1] A.H. Guth, The inflationary Universe: A possible solution
to the horizon and flatness problems, Phys. Rev. D 23, 347
(1981).

[2] A.D. Linde, Particle physics and inflationary cosmology,
Contemp. Concepts Phys. 5, 1 (2005).

[3] P.A.R. Ade et al. (Planck Collaboration), Cosmological
parameters, Astron. Astrophys. 594, A13 (2016).

[4] P. A.R. Ade et al. (BICEP2 and Keck Array Collaborations),
Improved Constraints on Cosmology and Foregrounds from
BICEP2 and Keck Array Cosmic Microwave Background
Data with Inclusion of 95 GHz Band, Phys. Rev. Lett. 116,
031302 (2016).

[5] J. Maldacena, A model with cosmological Bell inequalities,
Fortschr. Phys. 64, 10 (2016).

[6] J. B. Hartle, Space-time quantum mechanics and the quan-
tum mechanics of space-time, arXiv:gr-qc/9304006.

[7] S. Choudhury, S. Panda, and R. Singh, Bell violation in the
Sky, Eur. Phys. J. C 77, 60 (2017).

[8] D. Polarski and A.A. Starobinsky, Semiclassicality and
decoherence of cosmological perturbations, Classical Quan-
tum Gravity 13, 377 (1996).

[9] C. Kiefer, D. Polarski, and A. A. Starobinsky, Entropy of
gravitons produced in the early Universe, Phys. Rev. D 62,
043518 (2000).

[10] C. Kiefer and D. Polarski, Why do cosmological perturba-
tions look classical to us? Adv. Sci. Lett. 2, 164 (2009).

[11] J. Martin, Inflationary perturbations: The cosmological
Schwinger effect, Lect. Notes Phys. 738, 193 (2008).

[12] J. Martin and V. Vennin, Quantum discord of cosmic inflation:
Can we show that CMB anisotropies are of quantum-
mechanical origin?, Phys. Rev. D 93, 023505 (2016).

[13] J. Martin and V. Vennin, Bell inequalities for continuous-
variable systems in generic squeezed states, Phys. Rev. A
93, 062117 (2016).

[14] Y. Nambu, Entanglement structure in expanding Universes,
Entropy 15, 1847 (2013).

[15] H. Collins and T. Vardanyan, Entangled scalar and tensor
fluctuations during inflation, J. Cosmol. Astropart. Phys. 11
(2016) 059.

[16] E. Martin-Martinez and N.C. Menicucci, Cosmological
quantum entanglement, Classical Quantum Gravity 29,
224003 (2012).

[17] D. Hochberg and T. W. Kephart, Wormhole Cosmology and
the Horizon Problem, Phys. Rev. Lett. 70, 2665 (1993).

[18] L. Lello, D. Boyanovsky, and R. Holman, Entanglement
entropy in particle decay, J. High Energy Phys. 11 (2013)
116.

[19] A. Valentini, Astrophysical and cosmological tests of
quantum theory, J. Phys. A 40, 3285 (2007).

[20] J.F. Clauser, M. A. Horne, A. Shimony, and R. A. Holt,
Proposed Experiment to Test Local Hidden-Variable
Theories, Phys. Rev. Lett. 23, 880 (1969).

[21] J. S. Bell, On the Einstein-Podolsky-Rosen paradox, Phys-
ics 1, 195 (1964).

[22] Y. Aharonov and D. Rohrlich, Quantum Paradoxes: Quan-
tum Theory for the Perplexed (Wiley-VCH, Weinheim,
2005).

[23] B. S. Cirelson, Quantum generalizations of Bell’s inequality,
Lett. Math. Phys. 4, 93 (1980).

[24] R. Hanbury Brown and R. Q. Twiss, A test of a new type of
stellar interferometer on Sirius, Nature (London) 178, 1046
(1956).

[25] R. Hanbury Brown and R. Q. Twiss, Correlation between
photons in two coherent beams of light, Nature (London)
177, 27 (1956).

[26] G. Baym, The physics of Hanbury Brown-Twiss intensity
interferometry: From stars to nuclear collisions, Acta Phys.
Pol. B 29, 1839 (1998).

[27] J. Cotler and F. Wilczek, Entanglement enabled intensity
interferometry, arXiv:1502.02477.

[28] J. Gallicchio, A.S. Friedman, and D.I. Kaiser, Testing
Bell’s Inequality with Cosmic Photons: Closing the Setting-
Independence Loophole, Phys. Rev. Lett. 112, 110405
(2014).

[29] J. Handsteiner et al., A Cosmic Bell Test with Measurement
Settings from Astronomical Sources, Phys. Rev. Lett. 118,
060401 (2017).

[30] J. Maldacena and L. Susskind, Cool horizons for entangled
black holes, Fortschr. Phys. 61, 781 (2013).

[31] K. Jensen and A. Karch, Holographic Dual of an Einstein-
Podolsky-Rosen Pair has a Wormhole, Phys. Rev. Lett. 111,
211602 (2013).

[32] J.W. Chen, S. Sun, and Y.L. Zhang, Holographic Bell
inequality, arXiv:1612.09513.

[33] J. L. Cook and L. Sorbo, Particle production during inflation
and gravitational waves detectable by ground-based inter-
ferometers, Phys. Rev. D 85, 023534 (2012); Erattum, Phys.
Rev. D 86, 069901(E) (2012).

[34] N. Barnaby and Z. Huang, Particle production during
inflation: Observational constraints and signatures, Phys.
Rev. D 80, 126018 (2009).

[35] J. Martin and V. Vennin, Obstructions to Bell CMB experi-
ments, Phys. Rev. D 96, 063501 (2017).

[36] S. Kanno and J. Soda, Infinite violation of Bell inequalities
in inflation, Phys. Rev. D 96, 083501 (2017).

[37] S. Kanno and J. Soda, Possible detection of nonclassical
primordial gravitational waves with Hanbury Brown-Twiss
interferometry, arXiv:1810.07604.

023507-6


https://doi.org/10.1103/PhysRevD.23.347
https://doi.org/10.1103/PhysRevD.23.347
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1103/PhysRevLett.116.031302
https://doi.org/10.1103/PhysRevLett.116.031302
https://doi.org/10.1002/prop.201500097
http://arXiv.org/abs/gr-qc/9304006
https://doi.org/10.1140/epjc/s10052-016-4553-3
https://doi.org/10.1088/0264-9381/13/3/006
https://doi.org/10.1088/0264-9381/13/3/006
https://doi.org/10.1103/PhysRevD.62.043518
https://doi.org/10.1103/PhysRevD.62.043518
https://doi.org/10.1166/asl.2009.1023
https://doi.org/10.1007/978-3-540-74353-8
https://doi.org/10.1103/PhysRevD.93.023505
https://doi.org/10.1103/PhysRevA.93.062117
https://doi.org/10.1103/PhysRevA.93.062117
https://doi.org/10.3390/e15051847
https://doi.org/10.1088/1475-7516/2016/11/059
https://doi.org/10.1088/1475-7516/2016/11/059
https://doi.org/10.1088/0264-9381/29/22/224003
https://doi.org/10.1088/0264-9381/29/22/224003
https://doi.org/10.1103/PhysRevLett.70.2665
https://doi.org/10.1007/JHEP11(2013)116
https://doi.org/10.1007/JHEP11(2013)116
https://doi.org/10.1088/1751-8113/40/12/S24
https://doi.org/10.1103/PhysRevLett.23.880
https://doi.org/10.1103/PhysicsPhysiqueFizika.1.195
https://doi.org/10.1103/PhysicsPhysiqueFizika.1.195
https://doi.org/10.1007/BF00417500
https://doi.org/10.1038/1781046a0
https://doi.org/10.1038/1781046a0
https://doi.org/10.1038/177027a0
https://doi.org/10.1038/177027a0
http://arXiv.org/abs/1502.02477
https://doi.org/10.1103/PhysRevLett.112.110405
https://doi.org/10.1103/PhysRevLett.112.110405
https://doi.org/10.1103/PhysRevLett.118.060401
https://doi.org/10.1103/PhysRevLett.118.060401
https://doi.org/10.1002/prop.201300020
https://doi.org/10.1103/PhysRevLett.111.211602
https://doi.org/10.1103/PhysRevLett.111.211602
http://arXiv.org/abs/1612.09513
https://doi.org/10.1103/PhysRevD.85.023534
https://doi.org/10.1103/PhysRevD.86.069901
https://doi.org/10.1103/PhysRevD.86.069901
https://doi.org/10.1103/PhysRevD.80.126018
https://doi.org/10.1103/PhysRevD.80.126018
https://doi.org/10.1103/PhysRevD.96.063501
https://doi.org/10.1103/PhysRevD.96.083501
http://arXiv.org/abs/1810.07604

