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The deflection of light in the gravitational field of the Sun is one of the most fundamental consequences
for general relativity as well as one of its classical tests first performed by Eddington a century ago.
However, despite its center stage role in modern physics, no experiment has tested it in an ostensibly
quantum regime where both matter and light exhibit nonclassical features. This paper shows that the
interaction which gives rise to the light-bending also induces photon-matter entanglement as long as gravity
and matter are treated at par with quantum mechanics. The quantum light-bending interaction within the
framework of perturbative quantum gravity highlights this point by showing that the entangled states can be
generated already with coherent states of light and matter exploiting the nonlinear coupling induced by
graviton exchange. Furthermore, the quantum light-bending interaction is capable of discerning between
the spin-2 and spin-0 gravitons thus also providing a test for alternative theories of gravity at short distances
and at the quantum level. We will conclude by estimating the order of magnitude of the entanglement
generated by employing the linear entropy. In particular, we find that a half-ring cavity of radius 0.25 m
placed around a 10 kg mechanical oscillator operating at 150 Hz, could be used to generate linear entropy
of order unity using a petawatt laser source at optical wavelengths. While the proposed scheme is beyond
the current experimental realities it nonetheless initiates the discussion about testing the spin of the

gravitational interaction at the quantum level.

DOI: 10.1103/PhysRevD.108.064023

I. INTRODUCTION

Among the most pivotal moments in the history of
general relativity was the observation of light deflection
during the solar eclipse in 1919 [1]. The predictions of
Newtonian gravity differed from the predictions of general
relativity for the angle of light deflection, thus providing a
possibility for a definitive test between the two theories.
Since then, general relativity has passed numerous tests [2],
from laboratory experiments of gravitational redshift [3] to
the detection of gravitational waves [4].

Nevertheless, a key question remains; whether gravity is
classical or quantum and how would it couple to any
quantum matter? The theory of quantum gravity [5] is
expected to reveal how to combine quantum mechanics
with general relativity and various consequences for
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understanding problems ranging from black hole physics
to the early Universe [6,7]. However, devising a decisive
test of quantum gravity, capable of falsifying the classical
notion of spacetime remains a daunting task and requires
ingenious methods.'

Nevertheless, in 2017 it was shown that a quantum gravity
effect can be tested using a simple matter-wave interferom-
eter exploiting quantum entanglement [10] (see also [11]
for a related work). The basic idea is that quantum gravity
will induce entanglement of masses (QGEM), which can be
explained as follows; the two electrically neutral massive
objects each placed in their spatial superposition via Stern
Gerlach interferometry [10,12—14] are located close enough
that the mutual quantum gravitational interaction can gen-
erate entanglement (a nonclassical correlation), but still far
enough apart that all other interactions (e.g., electromagnetic
such as Casimir) are suppressed. The first such feasibility

"It is extremely challenging to extract any quantum feature of
gravity from the cosmological perturbations [8], and also it holds
true for the primordial gravitational waves, if it were at all
detectable in future [9].
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study was performed in [10] and in [15-25]. As the
two masses cannot entangle through a local-operation-
classical-communication (LOCC) [26], as is the case for
a classical gravitational field, one must conclude that to
generate entanglement the gravitational field must be a
bonafide quantum entity [27,28]. The proposed scheme can
hence provide a model-independent test about the quantum
nature of spacetime, and by detecting entanglement one
can rule out classical models of the gravitational field
[10,27-32].

One of the key phenomenological advantages is that the
interpretation of a graviton as a quanta which mediates the
gravitational force can be probed experimentally (e.g., a
massive graviton will have different degrees of freedom and
will modify the potential/force), including the properties of
the spin-2 and spin-0 components of the graviton which
are responsible for mediating the force. The underlying
mechanism has been analyzed in detail within perturbative
canonical quantum gravity [27,28], in the framework of the
Arnowitt-Desse-Meissner (ADM) approach [33], as well as
the path integral approach [34]. The QGEM protocol can
also probe the quantum weak equivalence principle where
both matter and gravity are treated at par [35], unlike any
other existing experimental protocols where gravity is
always treated classically. It can be used for quantum
sensing [16] with foreseeable applications for probing new
physics such as axions or fifth force, and other physics
beyond the Standard Model [36].

At the very core of this simple, but powerful result, is the
idea to test whether spacetime can mediate entanglement
between the two quantum systems. However, instead of
considering two matter-waves one could in principle also
consider two massless particles such as photon pairs. While
conceptually simple, photon-photon scattering via the
gravitational interaction poses a formidable experimental
challenge for a laboratory experiment [37,38]. Another
option is to consider hybrid matter-photon setups, with a
photonic system gravitationally coupled to a heavy quan-
tum system [39], generalizing the situation of quantum
field theory in a curved spacetime. Indeed, single-photon
sources have in recent years enabled the experimental
exploration of multimode interference and entanglement
[40-43] within the context of quantum field theory in
curved spacetime [44,45], aregime which can be thought of
as a stepping stone toward a quantum theory of gravity.

In this work we will investigate the quantum counter-part
of the classical light-deflection effect with a matter-wave and
a photonic system, and show that it leads to matter-photon
entanglement as long as we assume that the gravitational field
is a quantum entity. We will find that the gravitationally
induced quantum mechanical Hamiltonian for the photon-
matter system is a cubic interaction reminiscent of the
familiar coupling found in cavity optomechanics. We will
consider the initial state of a mechanical oscillator to be its
(coherent) ground state |0) and the initial state of the photon

to be a coherent state |a), and estimate the gravitationally
induced matter-photon entanglement using linear entropy.

A fundamental importance of the proposed protocol,
based on the quantum light-bending effect, is that it can
differentiate between spin-2 and spin-0 gravitons, thus
providing a method to distinguish between effective the-
ories of gravity at short distances, where no classical or
quantum test has been performed. It can test perturbative
quantum gravity [46—48], Brans-Dicke theory [49], modi-
fied gravity theories [50], as well as a number of massive
gravity models [51]. Discerning the spin of the mediator at
a quantum level will be a crucial milestone.

The aim will be to pin down the parameter space which
will lead to O(1) position-momentum entanglement of this
gravitational optomehanical system. We will show that a
half-ring cavity of radius ~0.25 m placed around a 10 kg
system harmonically trapped at 150 Hz (0.1 Hz) could be
used to generate linear entropy of order unity by using the
intensities already available using petawatt (megawatt)
laser sources.

II. QUANTUM INTERACTION

We consider a particle of mass m placed at the origin and
a circular path of radius r for the optical field as shown in
Fig. 1(a). The gravitational interaction between the matter
system and the optical field in a classical theory is given
by [52]:

2Gmw
r

V= gz/,y’ “Ekws (1)
where m is the mass, w (g,) denotes the frequency
(polarization vector) of the optical field, k is the three-
momentum, and v denotes the polarization. In particular,
the potential in Eq. (1) can be computed in general relativity
and gives rise to the light-bending effect [1] (in the
Appendix A we show how to obtain this potential in an
effective field theory approach to quantum gravity).

(a) (b)
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FIG. 1. (a) Blueprint of the experimental scheme. The mass m
is harmonically trapped and prepared in the (coherent) ground
state |0). We will assume that the optical field is confined to a
half-ring of radius r (i.e., in the geometric approximation) and
that the photon state is initially prepared in a coherent state |a).
(b) Tree-level photon-matter scattering via exchange of a grav-
iton. Straight external lines denote the massive particle and
squiggly lines denote photons.
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However, note that the observables are actually quantum
operators [27]:

r— 7, (2)

€k,y - ek,y&k,w (3)

where 7 is the position operator for the relative distance
degree of freedom, and &, , is the mode operator for the
optical field. From Egs. (1)-(3) we then find [46,47,53]:

N 2Gmw |

V= _ng"”' eyl gy, (4)
which can be seen as the quantum counterpart of the light-
bending interaction.

It is important to note that Eq. (4) is a nontrivial
consequence of perturbative quantum gravity. The six
off-shell degrees of freedom of the graviton, encoded in
the spin-2 and spin-0 components [28,54], combine to
give the prefactor 2 on the right-hand side, while, for
example, in an effective scalar theory of gravity (such as in
Nordstrom gravity [55-57]) the coupling would vanish
altogether [58]. A quantitative test of the quantum light-
bending interaction thus provides a conclusive test for a
number of alternative theories of gravity [46-51].

Moreover, the quantum nature of the graviton gives rise
to a quantum-interaction, with operator-valued observables,
in stark contrast to the classical interaction in Eq. (1),
arising from the classical theory of general relativity [46].
Although the steps in Egs. (2) and (3) seem innocuous, as it
is the familiar quantization procedure commonly per-
formed, it has nontrivial consequences for the underlying
gravitational field from which the interaction arises. Indeed,
the procedure of promoting the classical observables of the
matter-photon system to operators, changes the nature of
the gravitational interaction from classical to quantum, as
we now discuss.

One can make a simple argument following [27] as to why
Eq. (4) can no longer arise from a (real-valued) classical
gravitational field. We recall that the usual interpretation
of Eq. (1) is that of the energy of the gravitational field;
if the right-hand side is real-valued then the energy of the
gravitational field is real-valued and the gravitational field
can have a classical description. However, as soon as we
promote the classical observables to operators in Egs. (2)
and (3) we transform the energy of the gravitational field to
an operator valued quantity in Eq. (4), hence requiring also
an operator-valued description for the gravitational field. In
particular, the right-hand side of Eq. (4) contains cross-
coupling terms between 7 and &Z/,,/&k,w which can generate
matter-photon entanglement. Since no classical entity is
capable of mediating entanglement, as formalized by the
LOCC theorem, we must conclude that Eq. (4) originates
from bonafide quantum properties of the gravitational
interaction with matter and light.

ITII. GRAVITON INDUCED
OPTOMECHANICAL COUPLING

For concreteness we consider the experimental configu-
ration shown in Fig. 1(a). We assume the photon beam at an
impact parameter of r with respect to the oscillator, and
write

7 =1(6%,0,0) — (rcos®, rsin,0)

; (5)

where 6% contains the quantum fluctuations of the matter,
and @ parametrizes the circular geometry of the cavity.
We then expand 1/7 to linear order in dx (i.e., assuming
0x < r) and we integrate over the half-ring (i.e. over the
angle 0 € [-r/2, x/2]) to find 26%/r*. From Eq. (4) we thus
immediately find the leading order interaction between the
harmonic oscillator and the half-ring cavity:

1 26%

Va—2Gmow |-+ + 0(65?)| @ &*(K') - &(k). (6)
r

P
The first term in Eq. (6) does not couple matter and photon
degrees of freedom. Omitting also, the higher order con-

tributions O(8632), we are left with the lowest order
optomechanical interaction:

4Gmw

72

A
‘/N_
~

538* (K') - &(k). (7)

To obtain the optomechanical coupling we now introduce
the mode operators by writing:

8% = 6x,pp(b + b), (8)
and

8k) = e, iy, E(K)=e, ah . (9)

where 6x,,r = +/1/(2mw,,) denotes the zero-point fluctu-
ations of the harmonic oscillator, w,, is the frequency of the
mechanical oscillator, and b'(b) and af(a) denote the
creation (annihilation) operators of the mechanical oscil-
lator and the photon, respectively. Here, k, K/, and v,v/
denote the momentum and polarization of the photon, but
to simplify the analysis we will now consider the situation
where v ~ v/ and k ~ k' and will suppress the momentum-
polarization indices to ease the notation, i.e., a will denote
the mode of a given polarization following the circular path
shown in Fig. 1(a).

Hence by combining Egs. (7)-(9) we find that the
interaction potential at the lowest order reduces to:

V=—go(b+b")aa. (10)
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where the gravitationally induced (single-photon) optome-
chanical coupling is given by

4Gmw

r2(2ma) )1/2' (11)

9o =

We note that Eq. (10) is formally of the same form as the
well-known cavity optomechanical interaction Hamiltonian
[59,60], and hence we can directly adapt well-established
protocols to explore the coupling in Eq. (10), i.e., gravi-
tational optomechanics.

IV. LINEAR ENTANGLEMENT ENTROPY

To show the entanglement between the photon-matter
subsystems, we will calculate the linear entropy S of the
mechanical oscillator, given by

§=1-Tr(ph), (12)

where, p,, is the reduced density matrix of the oscillator
subsystem, obtained by tracing out the photon degrees of
freedom.

We will assume the initial state to be of the form

¥(0)) = [0}

where, |0),, and |a),, denote coherent states of the oscillator
and the photon respectively. The separable state in Eq. (13)
can be prepared by placing the photon source sufficiently
far from the mechanical oscillator, where the weak gravi-
tationally induced optomechanical coupling or~? in
Eq. (11) does not have enough time to generate a
measurable preexisting entanglement. As can be estimated
from Eq. (30) below, such a condition can be readily met as
the photon flight-time outside the cavity will be signifi-
cantly shorter than the time spent inside the cavity.
In the following we will use the following parameters

® [a1),. (13)

g=2,
w

m

t=w,7, (14)

where ¢ denotes the experimental time 7 multiplied by w,,.
The time-evolved state using the quantum Hamiltonian in
Eq. (10) is given by [60],

W) = ey
n=0
Here, |n) is in the number basis of the photon space and

|u(1)) =

For computing the linear entanglement entropy of the
system at a time ¢ using Eq. (12), we first obtain the
reduced density matrix p,, of the oscillator,

\j—;eigzn2(1—sinr)|¢n(l‘)> ® |n). (15)

|Gn(1 — e7')). (16)

Pm = —\a\22|a| |¢n ¢n

(17)

|2 n+m)

—wzz |
n'm!

Using the number basis representation of coherent states,

|#n)(Dulpm) (Dl (18)

|p (1)) = e71Pnlt I/ZZ‘” ¢”’ \p) we have,
= ¢2laf’ Z Z a2 Y P+bal?)
nlm!
b
(Z )Ifﬁn - (19)
p=0

Taking the trace of Eq. (19), we obtain,
dlaf jaf?
Trlpi) = €3 Z e
<z ¢m n > (Z ¢n¢*a> ) (20)
p=0

Finally, using Eq. (16) in Eq. (20), we write down the linear
entropy of the oscillator subsystem as,

=l +1epal)

|a|2 n+m)

1o 5oy

n=0 m=0

x exp (2G*(m — n)*(cos t — 1))} (21)

To find an approximation of Eq. (21) we first note that the
summand is significant only for m ~ n ~ o2, for arbitrary
t,G > 0. Therefore, if we extend the summation domain to

m, n € Z, the result does not change significantly. One can
write Eq. (21) as,

s=1-3 % (S )omn (S5F). @2

neZmeZz

where,
= |af? (23)
is the mean photon number, and,

g(m,n) = exp(2G*(m —n)*(cost —1)).  (24)
Further, assuming that A is large, we can write the Poisson
distributions in Eq. (22) as continuous Gaussian distribu-
tions, and convert the summation into a double integral
over continuous variables (m,n) — (x,y) (formally, we
use the Euler-Maclaurin formula and discard the Bernoulli
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terms, since all derivatives of the summand vanish for large
x, ¥). Then, we have,

Sel- / ” / " drdy p(AD)glx.y)p(Ay).  (25)

exp[(x—A)?/2A]
V27N
of Eq. (24) from Z x Z to all of R?. Equation (25) can be

analytically computed to be,

where, p(A,x) = and g(x,y) is an extension

1
S~1- . 26
V/1+8G*A(1 —cos ) (26)

Furthermore, assuming the value of G*A — 0 is small we
obtain a simple expression for the normalized entanglement
entropy:

S = Spax(1 —cost). (27)

Using the definitions in Egs. (14) and (23) we find that the
normalization has a simple expression

4g5|al*

b
op,

Smax = 4G*A = (28)

where we recall that g, is the gravitationally induced single-
photon optomechanical coupling, |a|? is the initial mean
photon number of the coherent state, and w,, is the
frequency of the mechanical oscillator.

To enhance the generated entanglement, we will consider
large values |a| > 1 for the coherent state of the optical field,
resulting in the light-enhanced optomechanical coupling

9= golal. (29)

In practical experimental situations we will however still be
limited to the regime g < w,, such that G>A remains small
and the above approximations remain valid. We will thus
use Eq. (27), which reaches its maximum value 28,
when t = w7 = 7.

We note that S,,,, « 1/w;, (since from Eq. (11) we have
9o < 1//®y), which suggests to use low-frequency har-
monic oscillators to increase the maximum attainable
entanglement entropy. In addition, we want the experimen-
tal time to remain small in order to avoid the deleterious
effect of environmental noises and decoherence. We are
hence led to the short-time regime ¢ = w,,7 < 1 such that
we can use the approximation cos(f) ~ 1 —#2/2. Using
Egs. (11), (28), and (29) we then find that Eq. (27) reduces
to the following simple formula for the entanglement
entropy:

AG*ma?|a|*c?

oy,

V. PARAMETER REGION

To quantify the generated entanglement we consider
the currently available state-of-the-art from two hitherto
disparate fields; a high intensity light source, such as the
CoReLS petawatt (PW) laser [61], and a heavy, low-
frequency, mechanical oscillator, such as the 10 kg
LIGO mirror [39]. The optomechanical coupling, between
these two systems, is induced by gravity. We now quantify
the resulting entanglement entropy.

We recall that the light intensity 7 is related to the
amplitude via the formula

21
€0Ec2: ,

P=

(31)

|

where E_ is the electric field amplitude, and ¢, is the vacuum
permittivity. We further suppose that the optical field is
confined in a half-ring cavity of radius r [see Fig. 1(a)] with
the electric field amplitude given by

w
E.= |7 32
¢ 2€0VC ( )

where V, = (zr)(zW?) is the cavity volume, and W is the
cavity waist. Combining Eqs. (31) and (32) we then find that
the amplitude is given by:

41V
= = 33

Let us estimate the order of magnitude of the generated
entanglement for an optical field of intensity /=10'> Wem ™2
atthe optical wavelength A = 1 pm (@ = 27/1), while for the
half-ring cavity we set the radius to » = 25 cm and the waist
to W = 6 cm such that the total power circulating in the cavity
is ~1 PW; using these numbers we find from Eq. (33) the
value |a| ~ 10'3. For the mechanical oscillator we consider
the mass m = 10 kg and the trap frequency w,, ~ 27 X
150 Hz (such a system has been recently cooled by LIGO
to 11 phonons [39]). In our case we will assume the trapped
system to be sphere of radius R ~ 6 cm corresponding to a
material of density p ~ 10* kgm~3. From Egs. (11) and (29)
we then find that the single-photon and light-enhanced
optomechanical couplings are given by gy~2zx 1072 Hz
and g ~ 27 x 107'° Hz, respectively.

To further enhance the coupling wee can envisage an
experimental protocol with squeezed states. Since the
gravitational light-bending interaction in Eq. (10) depends
linearly on the position operator 6% « b +b' we can
enhance the interaction by delocalizing the mechanical
oscillator in position using a squeezing protocol [62-64].
The resulting linear entanglement entropy in Eq. (30),
which is a second order effect in the interaction (and hence
xd&3?), will thus be enhanced by a factor %, where ¢ is the
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squeezing parameter. In particular, we consider Eq. (30)
with the left-hand side amplified by the squeezing con-
tribution e?* with & ~ 41, corresponding to the center-of-
mass delocalization Ax = xzpfef ~6 cm matching the
radius of the mass, i.e., Ax/R ~ 1. To summarize, the
experimental values form a simple hierarchy of values, i.e.,
w~ Ax ~ R and r = 4R. Using these values we find that
the generated entanglement grows to unity in a time
7~ 1 ms.

The proposed scheme can be also suitably modified
without lowering the generated entanglement. Depending
on experimental and technical considerations we can
change simultaneously two or more parameters appearing
in Eq. (30). For example, we can lower the laser power to
~1 GW by lowering the frequency to w,, = 2z x 0.1 Hz
as well as increasing the experimental time to 7 = 2.5 s, at
the cost of making the experiment more prone to low-
frequency noises [16,17]. Alternatively, we could change
the photon frequency to gamma-rays, i.e., A = 0.1 nm [65],
obtaining a comparable entanglement entropy at w, =
27 x 150 Hz using the laser power ~100 GW. Another
option would be also to consider lighter masses, e.g., m =
100 g corresponding to the radius R = 1 cm, by decreasing
the mechanical frequency down to w, =2z x 0.1 Hz
and increasing the experimental time to ¢ = 2.5 s, while
reducing the total power in the cavity to ~10 TW. In this
paragraph we have used the same geometric ratios,
Ax/R~1,Ww/R ~1, and r/R = 4, as used in the previous
paragraph, to ease the comparison of the parameters. For
further discussions about the available parameter space see
Appendix B.

VI. SUMMARY

To summarize, this is a simple illustration of how a
photon will get entangled with a quantum matter solely via
quantum gravitational interaction. We have quantified the
entanglement in an effective field theory approach to
quantum gravity, and we have found that the linear entropy
is given by the simple expression, S = 2¢%7%, where g is the
(light-enhanced) gravitationally induced optomechanical
coupling defined in Eq. (29), and 7 is the experimental time.

In a typical experimental setting, with low intensity light,
the linear entanglement is extremely tiny. Nonetheless, our
estimate suggests that there might be a way of probing the
quantum light-bending interaction by combining heavy,
low-frequency mechanical oscillators [39] and intense light
sources [66].

There will be many outstanding experimental issues we
will need to understand. We will need to study the sources
of decoherence (see Appendix C [67-70]), devise cooling
and squeezing protocols [39], find a way for suppressing
phonon vibrations [71], as well as extending the duration of
petawatt laser pulses, to name a few. Last but not least, we
will need to construct a witness to read out the entangle-
ment (see Appendix D [72,73]).

Although it will be highly challenging to achieve all of
the required experimental parameters, at the least, the
current result highlights the parameter space to pursue
the goal of testing the true quantum nature of gravity via
graviton exchange via quantum entanglement. The pro-
posed scheme can discern between the spin-2 and spin-0
character of the gravitational interaction by adapting
well-established optomechanical protocols from cavity-
optomechanics [59,60], in the regime of short distances
which remains unexplored even by classical experiments.
The gravitational optomechanics is one of the critical
outstanding tests which needs to be performed to under-
stand quantum gravity’s low energy frontier fully.
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APPENDIX A: QUANTUM PHOTON-MATTER
INTERACTION VIA GRAVITON

In this appendix we for completeness provide the
derivation of the quantum-light bending interaction
following the book [46]. We first obtain the graviton
propagator (Appendix A 1) and the vertex contributions
(Appendices A 2 and A 3), which we then use to obtain the
scattering amplitude and by taking the Fourier transform
the quantum light-bending potential (Appendix A 4).

1. Graviton propagator
Consider the following metric perturbation given by,
g;w = 77/41/ + huw (Al)
where, 1, is the Minkowski metric of flat spacetime, u,

v=0, 1, 2, 3, and we take (—,+,+,+) signature. The
Lagrangian is given by,

VgL = \/—_g<—l<227?, + L, + ﬁGF>’ (A2)

where, R denotes the Ricci scalar, £, is the matter
Lagrangian and Lgp is the gauge-fixing term. Expanding

up to the second order in h,w, we have,
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2 2
—\/—g—zR = ——2(0”01,/’1’”’ - Dh)
K K
1
5 (0uhy, 0 = 20%,,0pe).  (A3)

where, h = Tr(h,,) and e, = h,, —3n,,h. We also have,

Hv

Lor = é’aﬂ e, (A4)

where, { =1 denotes the Harmonic gauge. Using this
gauge, we can simplify the Lagrangian in (A2) and perform
an integration by parts to obtain,

1 1 K

where, 7w =1 (pn’ + nPp**). The equation of
motion for A, is then,

1 v
(o) 109

We can invert and solve (A6) for the Feynman propagator
D13 after taking the Fourier transform as,

l'Daﬁyé(x) _ /(i i rpaﬁ}’é’

27)* ¢* + ie

= P = % (10 + o =y Pyr®). (A7)
(A7) gives the spin-2 and spin-0 components of the graviton

propagator in the momentum space, see [28,46,54], which
we shall use to compute the scattering amplitude.

2. Spin-0 particle-graviton vertex contribution

The classical point particle stress tensor is given by,
(A8)

where, the index n runs over all the point particle legs in the
diagram (n = 1, 2 in our case), E" and x,(t) denotes the
denotes the energy and the trajectory of the nth particle.
Then, going to the momentum basis, for a 1-particle system
we have,

(P'|T5(k)|P) = Psps+ PsPs—15s(P' - p—m?),  (A9)
where, p> = p'> = m? is the particle mass. We have also
chosen the standard Lorentz covariant normalization of the
states |p), |p’), which absorbs a factor of (2E)~'/? from
Eq. (A8), each. The Feynman rule for this type of vertex is
therefore,

1
f <p£spa + pPops— 3 qzmsa) , (A10)

where, 1¢* = (m* — p'- p) and f* = 8zG is a coupling
constant.

3. Photon-graviton vertex contribution

We start with the classical EM stress tensor as,

Tﬁzn(Q) = 8*ﬁ(k/)Tﬂl/;ﬁa(q7 klv k)€a<k)7

where, ¢ =k — k' [see Fig. 1(b)] and &*,¢ denote the
polarization tensors. Then, the contribution of the photon-
graviton vertex in the momentum basis is given by,

(A1)

(K. BT (q)k, a)
1
= 5 [k;z(k/t’//ﬂu + kv”]ﬁﬂ) + kﬂ(k/;r]au + kl’?ay)
- naﬁ(k//tku + kﬂk:/) + nyu(k/ : kna/} - kﬁkix)

— k- k(nyany/} + 77;4/1’71/(1)]' (Alz)

The Feynman rule corresponding to this interaction is just,

ITysa(a. K k) (A13)

Henceforth, we shall also make the small grazing angle
approximation, wherein ¢> = (k—k)?>~0= k-k ~0.
Therefore, the vertex contributions in (A10) and (A13)
simplify to,

f(Psps + Popf): (A14)
and,
I / /
5 Ka(kutp, + keongy) + Ky (Ko + Kifhay)
— Nap(kuky + kyky) — M kska. (A15)
respectively.

4. Scattering amplitude and effective potential

Using the results of (A7), (Al4), and (A15), the
amplitude for the scattering process in Fig. 1(b) is

COV N2A £2 4/ iP&GM / /
Sfi = (_l) 4f PsPo qz + e kak,ur]/ﬂ/ + k[ikﬂnow
1
— Nopklk, — znﬂbkﬁkfl] P (K)e*(k)o*(P;), (A16)

The particle four-momenta, before and after scattering are
denoted by p and p’ respectively, while the photon
momenta are labeled by k, k’. Note, that we have made
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the ¢ ~ 0 approximation only in the numerator, while the
denominator is left untouched. The factor of 4 in (A16)
arises from the two possible momentum configurations of
the photon and the point particle being contracted by the
symmetric P%?*¥ propagator.

Equation (A16) can be further simplified by inserting the
expression for P%* from (A7) as,

. 1 i )
cov = (—z)szngpgm {kgkéfsﬂ + kghk'057
1
Mok ky = 5 kil + Kok} + k'3

1
- n(zﬁkmk(s - Enéﬁkﬁkﬁz - naﬂ(kﬁtk[)’ + k/}kzl - ’7(1/)’(/‘/ : k)

- 2n5”kﬂk;)} (k)& (k) (A17)
_2klo'k5
— 21 e g e ) ) (A18)

where, in writing the last line, we have used ke, = 0.
From Eq. (A18) we calculate the effective potential for a

massive particle of mass m and a photon of frequency w

using the small momentum transfer limit t — —g> as,

1

- dmw

1 & k-p)(K - p'
/( q34f2( p)( p)g*(k,),g(k)e,q.,

V(7)

(A19)

where r = |7|. Finally, on taking the static limit wherein,
Pu=Pu=Mg,0.k,=(0.k).k,=(a' k') (With ® — ), we
get from Eq. (A19),

_ 1 8aG(mw)?
dmw nr
- 2Gmw

= . e (k) - e(k).

V(r) = " (k) - (k)

(A20)

Equation (A20) has been derived in previous literature
(e.g., see Refs. [46,47,53]).

As discussed in the main text, it is important to note that
in the context of quantum field theory, r is an operator
valued quantity along with the photon polarization vector
e(k), a nontrivial result emerging from perturbative quan-
tum gravity. To highlight this crucial point we rewrite
Eq. (A20) as:

2Gmw |,

V=- & (k) - 8(k).

(A21)

A

7

Starting from this operator-valued potential, which is
induced by the quantized gravitational field, we will
now show that it leads to a nonlinear optomechanical
interaction and matter-photon entanglement.

APPENDIX B: COMPACT SETUP PARAMETERS

In this section we discuss how to optimize the parameters
of the experimental scheme without reducing the generated
entanglement entropy. We will first identify the length-
scales of the problem and then discuss the available range
of masses and mechanical frequencies (Appendix B 1), as
well as the possible values for the laser power and the laser
frequency (Appendix B 2).

We first combine Egs. (17) and (20) from the main text
and find that the (gravitationally induced) entanglement is
given by:

16G*mIV 72e?
S:#ﬂ' (Bl)
r Wy

We recall that V, = (2zr)(z?) is the cavity volume (W is
the cavity waist), r is the distance between the cavity and
the mechanical oscillator, and m is the mass of the
oscillator. Assuming a spherical particle, we can define
the particle radius R = (3m/(4zp))'/3, where p denotes the
density of the material. We thus see that the generated
entanglement entropy S depends on three length scales: r,
w, and R.

Let us find an optimized geometric configuration by
fixing the ratios R/r and w/r (and rewrite the expression
for S as a function of the length-scale R). We note that the
generated entanglement in Eq. (B1) scales as r~* and hence
we want to the optical cavity to be close to the mechanical
oscillator. We set the first ratio for concreteness to q =
R/r =1/4 to allow the mechanical oscillator to freely
move (the minimal geometric limit would be R/r ~ 1).
Furthermore, we recall that we require w < r to work
within the geometric approximation; to avoid introducing a
new parameter we thus set the second ratio for simplicity to
w/r =q = 1/4. We then find that Eq. (B1) simplifies to:

g_ 128734 G* Iwpr’R*e?*

x AxZmd/3,
3 W

(B2)

where we have introduced the delocalization parameter
Ax = (2mawy,)""%ef.

1. Mass and mechanical frequency

Let us assume for concreteness that the bulk of the
mechanical oscillator is composed of bismuth and estimate
the generated entanglement using Eq. (B2). Here we will
consider an optical field of intensity 7 = 10> Wcem™ at
the optical wavelength A = 1 pm (w = 2z/1) and optimize
the mass and mechanical frequency (see Appendix B2
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below to see how to relax the requirements of the optical
field). We find that for m = 10 kg (radius R = 6 cm
and density p =9.747 gcm™) we can generate unit
entanglement already with a mechanical frequency of
oy, ~ 27 x 150 Hz and squeezing parameter £ = 41, which
corresponds to a spread of the center of mass wave function
of Ax = )czpfe‘f ~6 cm. One could be tempted also to
consider a mechanical oscillator with a smaller mass m.
If we set m=100g (radius R=1cm and density
p=9.747 gcm™) we can generate unit entanglement
using the mechanical frequency @, =2z x 1 Hz and
setting the delocalization to Ax = prf65 ~ R~ 1 cm (cor-
responding to a squeezing parameter £ = 35).

2. Laser power and photon frequency

Instead of a petawatt laser source it is desirable to use
lower laser powers. A possible approach is to lower the
mechanical frequency and to increase the experimental
time, while keeping the ratio w7 of the same order of
magnitude (in the previous section @, = 2z x 150 Hz and
7 =1 ms). In particular, From Eq. (17) in the main text,
and using for simplicity 7 = 7/ (2w,, ), we readily find

B B G*ma?|al*e*

Aoy

S (B3)

where we note the favorable scaling w;;’. By lowering the
frequency to @, = 0.1 Hz as well as increasing the
experimental time to 7 =2.5s we can lower the laser
power to the gigawatt range.

An alternative possibility might be to change the photon
frequency w from optical frequencies to gamma-rays. From
Eq. (B3) we note that the generated entanglement entropy
scales as @ (note that |a|*> « 1/w) and hence by changing
the wavelength from A =1 pm (optical) down to 1 =
0.1 nm (gamma-rays) we can reduce the laser power by
4 orders of magnitude, resulting in 100 megawatts of laser
power. The technical details for manipulating x-rays or
gamma-rays goes beyond this work, but we note that
recently entanglement has been witnessed with gamma-
rays [65], suggesting further exploration of this option.

APPENDIX C: ROBUSTNESS ANALYSIS

In this section we discuss the deleterious effects arising
from the interaction with the environment. For the exper-
imental regime suggested in the main text we quantify the
strength of the competing effects and discuss how to
mitigate environmental decoherence.

The entanglement between the system and the exper-
imental equipment (and hence the resulting environmental
decoherence) can be suppressed by a suitable hierarchy of
masses, distances, and frequencies, with the stringiest
requirement coming from (electromagnetic) optomechan-
ical entanglement (Appendix C 1), while gravitationally

induced entanglement with the experimental equipment
will remain negligible (Appendix C2). We also find that
stochastic noise from gravitons is negligible for the
considered experimental parameters (Appendix C 3).
Finally, we quantify the experimental requirements to
mitigate decoherence induced by the residual gas mole-
cules and black-body radiation (Appendix C 4).

1. Electromagnetically induced entanglement
with experimental equipment

The photons interact electromagnetically with a number
of optical elements (such as the cavity mirrors), which
could result in unwanted electromagnetically induced
entanglement, precluding the observation of the entangle-
ment from the light-bending interaction. It is thus important
to estimate the (electromagnetic) optomechanical couplings
between the optical elements and the photons, and find the
parameter-regime where their effects can be mitigated.

We can model the experimental apparatus (such as an
optical element) as another harmonic oscillator of mass M,
and frequency w,, The standard cavity-optomechanical
single-photon coupling is given by [59]

I (1)

where @, is the cavity resonance-frequency, L is the
cavity length, and x%) = (2Mw,,)~"/? is the zero-point
motion associated to the optical element.

To suppress the effect of the (electromagnetic) optome-

chanical coupling we require that the corresponding maxi-

mal entanglement entropy, which we will label by Sﬁﬁﬁ) ,

should be negligible. The maximal entanglement entropy

derived in Eq. (28) applies also for the electromagnetic

case by making the formal replacements: g — g((]eM) and

w, — ®y. In particular, we require that Sfﬁaﬂ,{) should be
much smaller than the gravitationally induced entangle-
ment (assumed to be of order unity), i.e.

(eM)\ 2
SEM <g—> <1, (C2)

Dy

where we have introduced the light-enhanced coupling

g™ = g™ |a| (we recall that |a) is the coherent state of
the optical field).

From Egs. (C1) and (C2) we find that the (electromag-
netic) optomechanically induced entanglement scales as

Sfﬁgf) IS M"w;f’. In other words, its magnitude can be
suppressed by considering heavy optical elements (large
M) which are strongly confined (stiff mechanical frequency
wy). Using Eq. (C1), and setting @,y ~ @, L = 2zr, we
find that the condition in Eq. (C2) is satisfied for M = 1 kg
and wy; = 27 x 100 GHz (with the other values set to
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the values from the main text; r =0.25m, A =1 pm
(w=2r/2), m =10 kg, and w,, = 27 x 150 Hz).

2. Gravitationally induced entanglement
with experimental equipment

The entanglement between the photons and the exper-
imental apparatus could potentially arise also through the
quantum light-bending interaction. We can estimate the
maximum generated entanglement using a similar analysis
to the one discussed in the previous Appendix C 1.

The (gravitational) single-photon coupling is given by:

M) _ 2GMo v
9% =—F—

s C3
7’%,1 xzpt ( )

where M (wy) is the mass (mechanical frequency) of the
gp = (2Mwy,)""/? is the zero-
point motion, and r,, is the characteristic distance from the
photons in the cavity [see Eq. (11) in the main text]. We

experimental apparatus, x

then introduce the light-enhanced coupling ¢(&M) = gégM) |at],
where |a) is the coherent state of the optical field, and
require that the maximum entanglement with the exper-

imental apparatus, SE;?;\@, should be negligible. Specifically,

we require that

(gM)\ 2
S — <g—> <1. (C4)

Dy

Since SEY o« M. w371y we can suppress the generated
entanglement using light experimental equipment (small
M), confined in a high-frequency harmonic trap (stiff m,,),
that is located far from the optical field in the cavity (large
ry)- The characteristic distance from any localized optical
element located close to the half-ring cavity will be
approximately equal to the radius of the cavity ry, ~ r.
The mass of the equipment, M, can be larger than the mass
of the probe system, m, but the former will be trapped in a
much stiffer trap, i.e., @y > ,,. We thus have that the

generated entanglement is negligible, i.e., Sfﬁgf) < 1.

One could also generate gravitationally induced entan-
glement between the mass, m, and the experimental equip-
ment of mass, M. From the Newtonian potential we find
that the dominant coupling for such interaction is given
by [27,70]:

g™ = VI (©3)
ran @y, Wy

where r,,, is the distance between the two masses. We can

then compute the maximum entanglement entropy, S%ame)’

and require that it is negligible, i.e.,

GleamM) _ (gemM)ef)?
max -

<1, (C6)

@, O

where we have included also the squeezing factor ¢ arising

from the mass m. We note that SEm" « Mwj? and hence

we ideally want light experimental equipment (small M)
and stiff harmonic traps (large w,,). Let us suppose that the
distance between the two masses is approximately r,,,, =~ r.
We then find that the condition in Eq. (C6) is readily
satisfied using the parameters found in Appendix C 1
M=1kg, wy=2nx100GHz, r =0.25 m, m = 10 kg,
and o, = 27 x 150 Hz).

3. Stochastic noise from gravitons

For completeness we compare the strength of the light-
bending interaction with the stochastic graviton noise
investigated in [69]. The adimensional stochastic graviton
noise spectrum, assuming a graviton vacuum state (see
below for a discussion about squeezed graviton states), is
given by Syy(®) = 4Gd, where @ denotes the frequency
(we use the @ notation to avoid confusion with the
photon frequency w). This latter stochastic noise induces
position fluctuations of the distance, r, between the mass
and the photons in the cavity. Specifically, the position
power spectral density is given by S..(@) = r*Syy(®),
and using the relation between force and acceleration,
F(@) = m@*x(&), we find the force-noise spectrum:

Spp(d)) = 4Gr2m25)5. (C7)

We are interested in the dephasing rate given by [16]:

[ = Spp(w,,)Ax?, (C8)
where S is evaluated at the mechanical frequency ,),,
and Ax = xzpfe'f is the delocalization of the mechanical
oscillator (x,,¢ = (2ma,,)~'/? is the zero-point motion, and
£ is the squeezing parameter).

Using the numbers quoted in the main text (m = 10 kg,
r=025m and w, =27 x 150 Hz), we find that the
dephasing rate I" is smaller by about 8 orders of magnitude
compared to the (gravitationally induced) light-enhanced
coupling g.; = ge® [where we have included the mechani-
cal squeezing factor e® as we have done in Eq. (C8)].
However, the stochastic graviton noise can be augmented
by considering the noise originating from a different
graviton state. For example, for a squeezed graviton state
we find that I" in Eq. (C7) gets rescaled by (cosh(2£()))1/2,
where £0%) is the graviton squeezing parameter [69]. We
find that the augmented dephasing rate I' becomes com-
parable to the (gravitationally induced) light-enhanced
coupling g.;+ = ge¢ when we set the stochastic graviton
squeezing parameter to &%) ~ 18.
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4. Residual gas particles and environmental photons

The mechanical oscillator of mass m is subject to
decoherence due to collisions with residual gas particles
(“coll” label) as well as due to electromagnetic emission
“em” label), absorption (“abs” label) and scattering
(“scatt” label) of environmental photons. The decoherence
rates in the long-wavelength (“lw” label) limit are given by
[67,68,74]

aw) 8\/2_7ZR2C(3) m;/zP

= kgT)2Ax?,  (C
J/(3011 34«(3/2) kBT ( B ) X, ( 9)
Iw 81£(9)8R® e—1\2
‘(:m,)abs,scatt = T (kBT)gRe et 2 sz, (ClO)

and the decoherence rates for the saturated short-

wavelength (“sw” label) limit are given by

10-16,
10171
10-18_
10719}
10—20,
107211

P/Pa

10240
10723
10-24 i
10-25 i

1078 i r
1073 102 10"
T/K

FIG. 2. Plot showing the required temperature, T, and pressure, P,
to achieve a coherence time of ., as defined in Eq. (C13). T
denotes the temperature of the external photon bath, the temperature
of the residual gas, as well as the internal temperature of the trapped
particle (all three denoted by the same symbol, and assumed equal
for simplicity). The brown (gray) shaded regions correspond to the
parameter space excluded by considering emission, absorption, and
scattering of environmental photons (collisions of residual gas
particles). The shade corresponds to the mass (mechanical fre-
quency): m = 10 kg (o, = 0.1 Hz), m = 10 kg (w,, = 150 Hz),
m=100g (o, =150 Hz) delocalized by Ax~6cm,
Ax ~6 cm, Ax ~ 1 cm,respectively (from lighter to darker shade).
The required coherence timeissettor = 1 ms(z = 2.5 s) when the
harmonic frequency is w,, = 2z x 150 Hz (w,, = 27 x 0.1 Hz).
For concreteness we consider a spherical bismuth particle with
density p =9.747 gecm™ [radius R = (3m/(4zp))'/3], and
dielectric constant € = —19.489 + 2.0864i.

(sw) 1671'an2 2ﬂ'kBT
= , Cl1
Yeoll 3 mg ( )
Vomibsscan = 207 RT3k, (C12)

where R is the radius of the harmonically trapped system,
¢(-) is the Riemann zeta function, m, is the characteristic
mass of a gas particle, P is the pressure of the gas, kp is the
Boltzmann constant, € is the dielectric constant, and ny is
the number density of the residual gas. T denotes the
temperature of the gas particles, the temperature of the
external photon bath as well as the internal temperature of
the trapped particle (all three denoted by the same symbol,
and assumed equal for simplicity). Ax denotes the length-
scale of our system, in our case it corresponds to the zero-
point motion, r,,¢, augmented by the squeezing factor, e,
ie., we have Ax = x,rec.

We will interpolate between the short and asymptotic
long wavelength regimes using the min function, i.e.,
y; =min(y5¥, /) (for j =coll and j = abs,em,scatt).
The total decoherence rate can be then computed as

! c_olh = 7Ycoll + YV abs,em,scatt> (C13)

where 7., is the available coherence time. In Fig. 2 we have
identified the optimal temperature and pressure to mitigate
the effect of environmental decoherence of the mechanical
oscillator.

APPENDIX D: ADAPTATION OF PROTOCOLS
FROM CAVITY-OPTOMECHANICS

The analysis in the main text showed that the quantum
light-bending interaction reduces to the familiar optome-
chanical interaction:

V =go(b+b"a'a, (D1)
where a (b) is the optical (mechanical) mode, and g, is
the (gravitationally induced) single-photon coupling [see
Egs. (10) and (11) in the main text]. Importantly, the form
of Eq. (D1) matches the familiar interaction found in
(electromagnetically induced) cavity-optomechanics—we
can thus directly apply existing protocols from quantum
optomechanics [59]. In this section we outline a possible
method to experimentally measure the entanglement aris-
ing from the gravitational interaction (from the quantum
light-bending interaction discussed in the main text), by
adapting the experimental protocol from [73].

We first linearize the interaction by writing @ — a + da,
where we have introduced the mean value a = (a), and we
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can assume without loss of generality that « is real-valued.
The interaction from Eq. (D1) thus simplifies to:

Veay = g(b+ b") (80" + 5), (D2)
where we have introduced the (gravitationally induced)
light-enhanced optomechanical coupling g = gola| [see
Eq. (14) in the main text]. In addition, we suppose that
the mechanical oscillator is coupled also to another optical
mode, ¢, via an (electromagnetically induced) light-
enhanced coupling g,., with the interaction given by:

Vem = g.(b+ b)(67 + 6¢), (D3)
where 6¢ denote fluctuations around the mean value ().

The schematic depiction of the setup is given in Fig. 3.
The quantum light-bending interaction entangles the opti-
cal cavity mode, a, and the mechanical oscillator mode, l3,
the latter measured using an auxiliary optical field, ¢. By
detecting entanglement between the out optical modes
and ¢,,; we can infer the gravitationally induced entangle-
ment between the mechanical oscillator mode b and the
optical field mode a.

We suppose that both cavities are driven, and that the
output fields are subject to continuous measurement,
analogous to the situation discussed in [73]. Assuming
the initial state of the system is Gaussian, and working in
the linearized regime of Eqgs. (D2) and (D3), the final state
will in general be an entangled Gaussian state. From the
output modes &, and ¢, one can then construct EPR-type
variables and use the Duan-Giedke-Cirac-Zoller (DGCZ)
criterion to ascertain entanglement [72], or perform full

light matter
9 9c
//h_\\b/F\\c C
a
MV ‘—I out
Wrwmﬂ |
— Br

*aout

FIG. 3. Measurement scheme for probing gravitationally in-
duced entanglement arising from the quantum light-bending
interaction. The matter system is trapped harmonically with
the position fluctuations denoted by 6x = éxzpf(l; + lAf), where
b is the mechanical mode, and 0x,p¢ denote the zero-point

fluctuations. The optical modes & and the mechanical mode b
interact solely via gravity with the (gravitationally induced) light-
enhanced optomechanical coupling denoted by g. The mechanical
mode b is also coupled to the optical mode ¢ via the (electro-
magnetically induced) light-enhanced optomechanical coupling
g, which allows control and read-out of the mechanical motion.
To ascertain the gravitationally induced entanglement between a
and b we can measure EPR-type variables constructed from the
output modes a,, and ¢y, and use the DGCZ criterion [72,73].

Gaussian homodyne tomography to reconstruct the state of
the system. Any detected entanglement between the two
out modes can thus be used to ascertain the quantum nature
of the light-bending interaction.
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