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Recent progress in tabletop experiments offers the opportunity to show, for the first time, that gravity is
not compatible with a classical description. In all current experimental proposals, such as the generation of
gravitationally induced entanglement between two quantum sources of gravity, gravitational effects can be
explained solely with the Newton potential, namely, in a regime that is consistent with the weak-field limit
of general relativity and does not probe the field nature of gravity. Hence, the Newtonian origin of the
effects is a limitation to the conclusions on the nature of gravity that can be drawn from these experiments.
Here, we identify two effects that overcome this limitation: They cannot be reproduced using the Newton
potential, and they are independent of graviton emission. First, we show that the interaction between two
generic quantum sources of gravity, e.g., in wide Gaussian states, cannot be reproduced with the Newton
potential nor with a known classical theory of gravity. Second, we show that the quantum commutator
between the gravitational field and its canonically conjugate momentum appears as an additional term in
the relative phase of a generic quantum source interacting with a test particle. Observing these two effects
would give further quantitative information and stronger evidence, compared to experiments only involving
the Newton potential, to show that gravity is nonclassical. More broadly, identifying stronger quantum
aspects of gravity than those reproducible with the Newton potential is crucial to prove the nonclassicality
of gravity and to plan a new generation of experiments testing quantum aspects of gravity in a broader sense

than what has been proposed so far.
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I. INTRODUCTION

Understanding the fundamental nature of gravity—and,
in particular, whether we have to abandon its classical
description—is one of the deepest open questions in
fundamental physics. Until recently, this question has
mostly been addressed theoretically because it was not
conceivable to devise an experiment that would give a
different outcome depending on whether gravity is classical
or quantum. However, with the tremendous progress in
quantum technologies, it is now possible to plan a new
generation of tabletop experiments that could measure, for
the first time, a physical effect that cannot be explained by
any classical theory of gravity.
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Starting from a thought experiment proposed by
Feynman at the Chapel-Hill conference in 1957 [1,2], there
has been a long debate [3—46] on the possibility to entangle
two massive quantum systems via their gravitational
interaction. The core of the argument, already discussed
by Feynman, is the following: If gravity is a quantum
interaction, it can entangle the quantum systems; if it is a
classical interaction, it cannot.

The opposite implication does not logically follow. More
explicitly, if we observe the generation of gravitationally
induced entanglement (GIE) in an experiment, we cannot
immediately conclude that gravity is quantum, for several
reasons. For instance, if entanglement is generated via the
Newton potential, we need to further assume that gravity
acts as a mediator [10,11,25]. However, it is, in general,
subtle to prove in an experiment which gravitational
degrees of freedom are responsible for the entanglement.
Second, from a logical point of view, we cannot exclude
that the experimental results can be justified by some other
description that does not require the quantization of the
gravitational field. This problem is analogous to the debate
(that started with the discovery of the photoelectric effect)
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concerning which observation would be a convincing proof
that electromagnetism is quantum. Notably, this debate was
closed after over half a century of discussion, thanks to an
experiment by Clauser [47] in 1974. To date, there is no
agreement on what would constitute an analogously con-
vincing (and realistic) observation of gravity.

Recently, many different arguments have been put forward
to specify in which sense observing GIE would imply that
gravity is not classical. For instance, if the LOCC theorem
(namely, the impossibility to generate entanglement via local
operations and classical communication) is applied to GIE,
then, assuming that gravity mediates the interaction, one can
prove that gravity is not classical [10,11,42]. Other authors
have adopted theory-independent methods [25,41,48,49],
e.g., to formulate no-go theorems that, based solely on the
experimental outcomes and on some general principles, can
exclude a classical description of gravity. In a theory-specific
approach, itis possible to use arguments resting on the notion
of locality [36], on the reference-frame-dependent nature of
the gauge [31], or on the explicit characterization of the field
degrees of freedom [35]. Such theory-specific arguments do
not prove the quantum nature of gravity, but they provide a
theoretical framework in which the results can be interpreted.

Despite all the progress achieved in the past few
years, there is still a lack of consensus on whether
observing GIE is a convincing enough observation that
gravity is not classical. Such a lack of consensus derives
from the fact that, in all proposed experiments
[10,11,13,15,16,19,21-23,26-28,32-36,38,40,42,45,46],
all gravitational effects can be explained using solely the
Newton potential. The Newton potential is the solution of
the classical Einstein’s equations in the nonrelativistic and
weak-field regime. Hence, it does not provide any quanti-
tative indication on how the description of gravity should
be modified if it is not a classical theory. Importantly, as a
nonlocal potential, the Newton interaction can generate
entanglement without requiring a mediator. Therefore, the
Newtonian limit evades the assumption of the LOCC
theorem and perfectly explains GIE without invoking
any quantum feature of gravity. The application of the
LOCC theorem to interpret GIE requires the additional
assumption that classical gravity behaves as a local field.
While this property holds in the theory of general relativity,
it has not yet been experimentally verified in this regime of
study. So far, there has been no experimental proposal that
proves that gravity is quantum without involving additional
assumptions on the field nature of gravity, i.e., the fact that
gravity cannot be reduced to the Newton potential alone.

Regardless of the personal take on this discussion,
measuring GIE via the Newton potential would be a
seminal result because it would be the first measurement
that cannot be explained using the classical theory of
general relativity (as is the case for all experiments
performed so far). However, it is now crucial to search
for stronger evidence of quantum aspects of gravity that

could be tested in future experiments. Identifying richer
effects in this regime would have a crucial impact on the
scope and relevance of future tests of the quantum nature of
gravity: If they exist, this will open a new phenomeno-
logical window on quantum effects in gravity.

Here, we provide, for the first time, two examples of such
general effects, which are of the same order as the Newton
potential in the gravitational coupling. Importantly, these
effects are also independent of graviton emission. We
explicitly derive the two effects using a field-basis formu-
lation of linearized quantum gravity in the Schrodinger
representation [35]. Note that this is a physical regime
[50,51], where it is expected that all nonperturbative
quantum gravity theories agree in the low-energy limit.
In the first case, we consider two quantum sources of
gravity prepared in a wide delocalized state, and we show
that the gravitational interaction of such sources cannot be
reproduced with the Newton potential nor with a known
classical theory of gravity. Hence, observing this phase
would require either an ad hoc modification to classical
gravity or its quantum description. In the second case, we
consider a simple physical scenario involving a source and
a moving test particle, and by carefully analyzing all terms
coming from the full Hamiltonian description of the
interaction between matter and gravity, we show that the
quantum commutator between the gravitational field and its
canonically conjugate momentum appears in the relative
phase accumulated during time evolution. This case is in
contrast with the traditional expectation that the physical
effect coming from the gravitational commutators is only
relevant at very-high-energy scales. We notice that the
phase due to the commutator would not appear if gravity
were a classical field. Hence, probing this additional term in
the phase would be a test of the gravitational field as a
quantum mediator.

The paper is organized as follows. In Sec. II, we spell out
the assumptions that are usually taken in the analysis of the
GIE proposal, which lead to identifying the Newton
potential as the origin of entanglement. In Sec. III, we
show how these assumptions can be abandoned, and we
describe the gravitational field associated with a general
quantum source. In Sec. IV, we calculate the phase arising
from the interaction between two quantum sources and
show that it cannot be reproduced via the Newton potential
nor via other known semiclassical descriptions of gravity.
In Sec. V, we show how the commutator between the
gravitational field and its canonically conjugated momen-
tum contributes to the relative dynamical phase of the
interaction between a quantum source and a test particle.

II. SEMICLASSICAL LOCALIZED SOURCE
AND ITS GRAVITATIONAL FIELD

In this section, we identify the assumptions one needs to
make on the matter source to obtain the Newton potential,
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FIG. 1. GIE protocol. Two sources of gravity, A and B, are

initially separable, with each being prepared in a quantum
superposition of two localized states. After interacting gravita-
tionally for a time 7', the full quantum state is measured to certify
entanglement. The relative phase at the end of the interferometer
contains information about the Newton potential.

and we review the calculation to obtain the quantum state of
gravity for semiclassical localized sources in Ref. [35].
The GIE proposal [10,11] considers an interferometric
setting in which two sources of gravity, A and B, of mass m
are each initially prepared in a quantum superposition of
two localized states in the position basis (see Fig. 1),

lwo) = %(|L>A TR @ (IL)p +[R)p). (1)

Here, |L) , is the quantum state of particle A in the left path,
sharply peaked in position xy; |R), is the quantum state of
particle A in the right path, sharply peaked in xo + d; |L)g
is the quantum state of particle B in the left path, sharply
peaked in x( + /; and |R) 5 is the quantum state of particle B
in the right path, sharply peaked in x, + d + /. In addition,
d is the delocalization of the single wave packet of each
particle, and [ is the distance between the center of mass of
the two particles. The state of the system is initially
separable. The sources then interact gravitationally for
some time 7. If the system is evolved according to the
Schrodinger equation, the application of the Newton
potential V(4 — ) = —[(Gm?)/ (|, — %5|)] on the ini-
tial state leads to the accumulation of relative phases due to
the different distances between the four configurations of
the masses, namely,

r) = 3 L0A(IL) 5 + %% [R) )
FIRA(RY + ey, @)

where Agp. = [(Gm*T)/(RD){[l/(I £ d)] —1}. Tt is easy
to see that, if A¢, # —A¢_, the Newton potential

generates entanglement between A and B. In quantum
information theory, one can prove that the generation of
entanglement is incompatible with local operations (LO)
and classical communication (CC). This is known as LOCC
theorem. Hence, if entanglement is measured (for instance,
via an entanglement witness [10]) and gravity is assumed to
be the mediator of the interaction between A and B, gravity
cannot be classical. However, as discussed in the
Introduction, the conclusions that one can derive from this
experiment are limited by (1) the fact that the experiment
can be explained with the Newton potential, which is a limit
of general relativity, and (2) the fact that the field character
of gravity is not probed by this experiment. Therefore,
applying the LOCC theorem requires an additional
assumption—that gravity acts as a local mediator.
Notably, the GIE proposal can be described without the
need to explicitly calculate the quantum state of gravity
associated with each position of the quantum source.

It is possible to calculate such a quantum state of gravity
by using the framework of linearized quantum gravity
[50-52] to the first order in the perturbation. The result for
sources having the initial state in Eq. (1) was derived in
Ref. [35]. The quantized gravitational field can be obtained,
for instance, by canonically quantizing the linearized
gravity Hamiltonian. Such a Hamiltonian can be obtained
by linearizing the Arnowitt-Deser-Misner (ADM)
Hamiltonian about the Minkowski background and keeping
terms up to k%, with x = 162G/c*, where G is the
gravitational constant and ¢ the speed of light in vacuum.
Following this derivation, one finds a Hamiltonian with
four constraints, where the three vector constraints are the
linearized momentum constraints, and the scalar constraint
is what remains of the Hamiltonian constraint. We detail
this description in Appendix A. This theory has a close
parallel to quantum electrodynamics, as discussed in detail
in Ref. [35], where both the electromagnetic and gravita-
tional descriptions are discussed in depth.

To understand the assumptions required to obtain the
Newton potential, let us now focus on a single quantum
source. The quantum states |L) and |R) are assumed to be
extremely well localized in both position and momentum,
so the quantum particles in the interferometer approxi-
mately follow a classical path. These localized states are
more realistically described by coherent states [53]. Let us
denote such a coherent state as |a;)g, with i = 1, 2, and
consider it to be localized around position x; and momen-
tum p; = 0. For any parameter @; = af + ia!, the mean
position and momentum of the coherent state are related to
a via x; = (%5), x af and momentum p; = (pg), x a’.
We say that a source is in a semiclassical localized state if

Xslai)s @ xila)s.  Pslai)s ~ pilai)s. (3)
Physically, Eq. (3) holds when, for any relevant operational
procedure, the commutator between the position and
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momentum of the source is negligible compared to the
precision of the measurement device and so is the width of
the Gaussian in the position basis.

For a static source, the only nonzero component of the
energy-momentum tensor 7, is the T, component. In
quantum theory, T is, in general, a function of both the
position and momentum operator, namely, 7o (%5, Ps) [54].
For a semiclassical localized source |a;)¢, we have

Toolay)s = pi(X =X, )|y s (4)

where p;(X — X;, t) is the classical energy density in general
relativity. For a static pointlike source, p;(X — X;, 1) o
mc*8(X — X;), with m being the rest mass of the source.
Notice that, since we are assuming the source to be static, we
do not need any condition on the time evolution of the source.

Under these assumptions, we can calculate the quantum
state of gravity |g,) associated with a coherent state |a)g in
the temporal gauge, i.e., hp, =0 (see Appendix A for
details). In the Newtonian regime, in which there is no
emission of radiation, the gravitational field is the ground
state of the linearized quantum gravity Hamiltonian.
Following the calculations of Ref. [35], which we also
summarize in Appendix A, we find that

¥a)si6 = la)sl9a)G: (5)

where
R / Dk, 66 — W [l sl o

X ‘Pvac[”ij]|“>s|ﬂij>c- (6)

In the expressions above, h;; and x;; are the metric
perturbation and its canonically conjugated momentum,
and hiTj and J'[iTj are their projections on the transverse
direction, ie., AY(k)=PLPIR¥(k) and (k)=
PiP]a*(k), with P = & — [(K'k;)/(|k]*)]. Finally, " =
8;;h and n” = &,;7}l. In the representation of the canonical
momenta mjj, the effect of the matter source on the ground
state of gravity is a shift by a phase dependent on the solution
of the classical Poisson equation d;0'h’ (x) = —kp;(x) [35]
(here, we dropped the t argument in the source because it is
static). In the h,»j representation, the same condition is
imposed via a Dirac delta in the expression of the quantum
state.

The functional of the gravitational field W,,. is the
ground-state solution of the linearized gravitational
Hamiltonian with no sources, given in Appendix A, and
it reads

ol sexp{ - [ K g R
ol wesp{ =5 [ AL (w ar(0
- gm0 ) . )

in the h;; and 7;; bases, respectively.

Equation (4) is crucial to obtain the Newton interaction
for the static sources in this regime. However, that
assumption is not justified for general quantum sources.
Specifically, if we use Eq. (4) for different quantum states
of gravity associated with different localized states of the
source, we obtain some quantum features that are not
realistic. For instance, let us consider two coherent states of
the source, |a,)g and |a,,.)g, Whose central positions are
displaced by an arbitrarily small amount ¢, with ¢ smaller
than the width of the coherent state of the source. Their
scalar product is different from zero, i.e., (o |a, ) # 0.
However, the scalar product between the respective full
quantum states of matter and gravity, |¥,)s,; and
@1 ye)sigs is zero, namely, (¥[®,. )5 =0 (see
Appendix A for details), because, in the semiclassical
treatment, the source is modeled in such a way that the
resulting quantum gravitational state depends exclusively
on the local mass density. Consequently, different mass
densities give rise to macroscopically distinct gravitational
fields, which leads to an unphysical result when consid-
ering more general states of the source: Two sources with
overlapping wave functions (hence, with nonzero scalar
product) end up having orthogonal quantum states when
their gravitational field is also considered. Thus, the
description of Eq. (4) cannot be adopted for general
quantum states and can only describe superpositions of
quantum states of the source that are perfectly distinguish-
able (e.g., the configurations used in the typical GIE
experiment).

Any quantum superposition of such a semiclassical
localized source leads to an associated gravity configura-
tion that is not classical, but only in a very limited sense. In
particular, for a quantum state |y)g = >, ¢;|@;)g, we have

Toolw)s = Zcipi()_é = X, 1) |ai)s. (8)

The resulting quantum state of the gravitational field is then
¥y)sic = Zci\ai>s|hi>cv )

but the difference between any two gravity states |4;); and
|hj>G, for i # j,is only in h;a,- in Eq. (6), i.e., the solution of
the classical Poisson equation for a static source. In this
case, all gravitational effects can be simply expressed as a
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quantum superposition of classical gravitational effects.
This is the usual approximation implicitly adopted, for
instance, for a quantum source of gravity prepared in a
superposition of localized states, as in GIE proposals
[10,11]. This approximation should be abandoned to
explore more general quantum states of the source and
look for stronger signatures of the quantum nature of
gravity.

III. GENERAL STATIC QUANTUM SOURCES
AND THEIR GRAVITATIONAL FIELD

We now consider the same situation as the previous
section but with the initial quantum state of the two sources
taken to be a general product state instead of Eq. (1). With
this consideration, we show that richer properties of the
gravitational field can be obtained because Eq. (4) does not
hold anymore. Let us first consider a single, general, static
quantum source of gravity (see Fig. 2 for an illustration of
the difference from the previous section). The 7'y, operator
of such a quantum source is, strictly speaking, an operator
written as a function of the quantum field of the source. In
particular, it is equal to the Hamiltonian density H(x) of a
quantum field, such as a Klein-Gordon field [55], i.e.,
Too(x) = F(x). It is convenient to perform the calculations
in a basis that diagonalizes Ty, namely, ToolE)g =
E(X)|E)g [56]. To obtain our result, it is only relevant to
describe the quantum state of the source in the first
quantization and to know that, since the physical inter-
pretation of 7'y is an energy density, the eigenvalue E(X) is
a local function on spacetime. More specifically, we are
interested in the low-energy limit in which the source of
gravity is in a static quantum state |y)g. This state is more
general compared to the coherent states discussed in the
previous section; hence, E()_c') has a different functional

form from the classical energy density p;(X — X;, 7). A
general quantum state of the source can be expanded as

w)s = / du(Eyy(E)|E)s. (10)

The quantum state of the gravitational field associated with
such a source can be obtained by a procedure analogous to
the one used in Ref. [35]. We only report the main steps and
refer the reader to Appendix B for details. The free
Hamiltonian of the gravitational field is

N Pk A .
HGZK/W(MW“— 2/2)

R ) S
+ x| G (PR D = 2 (R (D))
(1

in which hiTj is the transverse part of the metric perturbation
hi (k) = PiPih* (k) and P} =& —[(k'k;)/(|k]*)]. In
addition, the physical state has to satisfy the scalar and
vector constraints

A

Ci=—0,0h" —xkTy=0, C=027=0. (12)

J

We notice that the static source only influences the physical
state through the scalar constraint C. Solving the constraints
in the basis |E) for the source and in the basis |7;;) of the
gravitational field, we obtain

(a)

(b)

S\

[anEnEE)

X

FIG. 2.

(a) Superposition of semiclassical localized source. The source is prepared in a quantum superposition of two (or more)

Gaussian states. Each state is sharply localized around some central value of position x; and momentum p; = 0. The resolution of the
measurement devices is such that, for all practical purposes, the delocalization of the quantum state in both position and momentum is

negligible. Under this assumption, each Gaussian quantum state is an eigenvector of the 7', operator having the classical energy density
p(X —X;, 1) as its eigenvalue. The quantum state of the gravitational field gives rise to the Newton potential. (b) General delocalized
quantum source. The source is prepared in an arbitrary delocalized quantum state. The quantum state cannot be approximated as a linear
combination of semiclassical localized states but should be solved directly in a convenient basis, i.e., the energy basis |E), which is the
basis of eigenvectors of the Too operator. The eigenvalues of the Too operator do not coincide, in the general case, with the classical
energy density; hence, the resulting gravitational interaction is functionally different from the Newton potential.
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R ) . o
dia’hT|‘I’v,>S+G = _lhaialpkl(s |LP1//>S+G
Tkl
. / du(E)y (E)E(t.9)|E)slgp)e. (13)

The general solution of Eq. (13) is a joint state of the
gravitational field and the source, namely,

¥, )56 =1 / du(EYD{h,Jy (E)5[AT — h]
X Tvac[hij]|E>S‘hij>G
— / du(E)Dlz, \y(E)
X exp (-i / d3mr(z)hg(z)>
X vaac[ﬂij]|E>S‘”ij>Gv (14)

where 7,7’ are normalization constants, and h%(X) is the
solution of the classical Poisson equation with the source
being in the eigenstate |E)g with eigenvalue E(X). In
particular, we have

E()

(%) = | & : 1
E(x) 4”/ y|)—6>_5]>| (5)

The integration measure of the metric field can be
decomposed into a longitudinal part A%, a transverse-

~ i
traceless part h,T] and a transverse-trace part Ay, namely,

Dlhj] = D[h{;]DIhjj]Dlhy).

Differently from the case of the localized semiclassical
source of Sec. II, two overlapping quantum states of the
source, |y) and |¢), such that (w|¢p) # 0, give rise to
quantum states of gravity that are not perfectly distinguish-
able. This case can be easily seen by directly computing the
scalar product of the quantum states of gravity and matter
(see Appendix B for details),

(O, 1%,)5.6 = / du(E)y* (E)Y(E) = (wld)s # 0. (16)

as we would intuitively expect because the quantum state of
gravity, in this case, is fully determined by the quantum
matter field. The scalar product only depends on the states
of matter and does not depend on gravity.

IV. PHYSICAL EFFECTS BEYOND THE
NEWTONIAN PHASE FOR A WIDE
QUANTUM SOURCE

We now consider a similar scenario to the usual GIE
setup but with the sources initially prepared in a general
delocalized quantum state. We then let the sources interact
gravitationally (see Fig. 3) and calculate the form of the

G

J

Source A Source B

FIG. 3. Gravitational interaction (G) between two delocalized
mass sources A and B.

relative phase at the end of the interferometer. Interestingly,
we find that the relative phase in this scenario cannot be
reproduced with the Newton potential. To see this explic-
itly, let us define }Azﬂ,, (x) as the linearized quantum gravi-
tational field sourced by the masses and Tl/}y and Tﬁu as the
stress-energy tensors of sources A and B, respectively. The
Hamiltonian is the sum of a free and an interaction term,
namely,

H=H,+Hy+H+ H", (17)

where A, and Hy are the source Hamiltonians and I:I% is
the source-free gravitational-field Hamiltonian. For the
purpose of this section, the explicit expressions of the
source Hamiltonians are not needed. The interaction
Hamiltonian between A, B, and gravity is, in its most
general form,

~ (to 1 2 =2\ (MY (= FHY (2
e =3 [ b o+ @) 09

For static quantum sources, T, is the only nonzero
component of the stress-energy tensor. [59] Since hg, =0
in the temporal gauge, this means that the interaction
Hamiltonian H\®) is zero at the leading order in Gy
expansion. Crucially, the interaction between the source
and the gravitational field is fully encoded in the Gauss
constraint  C := —9;0'h" — kT4, — kT8 = 0. Expanding
both quantum sources in the eigenbasis of T, the full
quantum state of the gravitational field and the sources is
(up to a normalization constant 77)

W) 4 =7 / du(E)du(Eg )y (Ex)d(Es)|E) 4 E)alge) o
(19)

where

961 = | Dlsslex (- 35 [ amr (D0, (0 0, 7))
X Waclmijl|7i) 6 (20)

with hf (¥) and hi (X) given by Eq. (15). The vector
|E)A|E)glgE) ¢ provides an eigenbasis for the Hamiltonian;
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hence, by applying the time evolution, every basis element
in Eq. (19) acquires a different phase with a different
energy. The energy eigenvalue of the gravitational
Hamiltonian corresponding to the vector |E)|E)g|gE) ¢ is

2 )2
gABG — Svac _£/d3xd3y (EA(X)_:F liB(y)) , (21)
8 X =5

where &£, is the vacuum energy of the field. To identify
the relevant energy contribution, we need to subtract from
the previous expression the vacuum energy &,,. and the
gravitational self-energy of each source, i.e., &g =
—[x/(8n)] [ dxd’yEg(X)Eg(X)/|X - ¥|, with S=A, B.
Overall, the source-dependent contribution to the entan-
gling phase is

t E\(X)Eg(y
®AB:—K—/d3xd3y%, (22)

which is the generalization for delocalized quantum sources
of the phase in Eq. (2) corresponding to the Newton
potential [10,11].

Importantly, we would not have obtained this result had
we expanded the general source in a basis of coherent states
(i.e., those corresponding to semiclassical localized states)
and calculated the gravitational field associated with each
coherent state. This is the approach taken in Ref. [45], and
it only gives rise to Newtonian interactions.

Our result cannot be explained, to the best of our
knowledge, by any (potentially modified) classical theory
of gravity. In particular, if gravity is assumed to be a
classical local field theory and we require that the theory
admits a probabilistic description of measurement out-
comes (which is a condition required for the experiments),
then no classical theory could generate entanglement
[10,11,25]. Notice that by “classical” here we do not limit
ourselves to general relativity, but this may also refer to
modified descriptions of classical gravity as a local field,
such as modified gravity theories with higher order
derivatives or with extra fields and so on. If we do not
assume that gravity is a local field, then the only possibility
is to engineer an ad hoc and fine-tuned nonlocal potential
that reproduces this effect, as we explain in Sec. IVA.
However, we are not aware of any modified theory of
gravity that displays this form of potential. In the following,
we compare our result to the Newton potential and
explicitly show the differences between our result and
some of the most common models of semiclassical gravity.

We stress that the strength of our result is that it gives
additional information on what the description of gravity
should be. Suppose that we measure entanglement due to
the gravitational interaction between two sources of gravity
and we verify that the relative phase in the experiment is
Newtonian. In this case, we do not have any quantitative
indication of what the correct theory of gravity is because

the Newton potential is compatible with a limit of general
relativity. For a delocalized quantum source of gravity, on
the contrary, no general-relativistic solution for a source
particle matches the phase derived in Eq. (22). Hence, from
this experiment, we not only deduce that gravity cannot be
classical if it is described as a field, but we also have a
quantitative prediction for how it differs from general
relativity.

A. Interaction via the Newton potential

We now compare our result with other models to
describe the gravitational interaction. First of all, we
consider the Newton potential, which is the weak-field,
nonrelativistic limit of GR and can be expressed via direct
coupling through a potential (i.e., it does not exploit the
field character of gravity). The standard prescription in the
literature so far has been to adopt it for masses in a quantum
superposition of localized states [10,11] as well as for
delocalized masses in Gaussian states or harmonic oscil-
lators (see, e.g., Refs. [19,24,39,42,45,46]). Here, we show
that using the Newton potential to describe these scenarios
corresponds to approximating the quantum source as a
superposition of localized sources as in Eq. (8). Hence, the
Newton potential can be used when the source is in a
quantum superposition of semiclassical localized states but
not when the source is in a general quantum state with a
large delocalization. In the latter case, the functional form
of the coupling between the two masses obtained using a
complete model of gravity in the quantum regime does not
coincide with the one obtained using the Newton potential.
To see this explicitly, let us consider the Hamiltonian
describing the interaction between two mass sources:

L) A2
_ i, PR

= om, + V(%4 — &3), (23)

N

where V(&4 —3p) = =G[(mamp)/ (|34 = %5])].  The
action of the Newton potential on an arbitrary quantum
state of the sources A and B is

VN()ACA —Xp)[w)ald) g

__G / dxdxgy (x)(xp)

muympe

—_— . (24
|xA_xB| |xA>A|xB>B ( )

Let us now compare the above expression with the
entangling phase that we obtained from the linearized
quantum gravity interacting with two quantum sources.
In particular, we remark that Eq. (22) coincides with the
Newton potential in Eq. (24) only in a specific limit. First,
the quantum state |E)¢(S = A, B) needs to be approxi-
mately a position state |x)¢ and, more precisely, a coherent
state |a,)s of the type discussed in Sec. II. Thus, if the
source is a delocalized quantum state, using the Newton
potential amounts to approximating the full quantum state
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of S and G as a linear combination of quantum states as in
Eq. (9). As we have shown, this approach only gives rise to
a quantum superposition of classical gravitational effects.
Instead, the phase arising from the full model that we have
derived here cannot be reproduced by superposing classical
Newtonian effects (i.e., a classical theory of gravity in the
weak-field limit). It is easy to check that the Newtonian
phase can only be recovered if Eg(X) = mgS(X — Xg), for
S = A, B, i.e., in the limit in which Eq. (4) holds. In future
experiments, one could make the effect more explicit by
tuning different functional forms of the eigenvalue of 7'y,
i.e., the energy density E(x), and observing how the phase
changes with the energy density. This experimental setup
may be achieved, for instance, by using different potentials
for the source.

The only possibility for reproducing the phase via a
nonlocal potential, which is, however, different from the
Newton potential, is to introduce an ad hoc coupling
between the two source masses A and B, namely,

Tr(TA (D) Tr[T5(5)]

it 25
X =] (25)

‘A/Nloc = _G/dSXd3y

This coupling is an operator on the matter degrees of
freedom of the sources and does not require invoking any
gravitational-field degree of freedom. However, it would
constitute a modification of general relativity, which does
not include quantum delocalized sources. In addition, to the
best of our knowledge, this coupling is not predicted by any
well-known (standard or modified) theory of gravity.

We now ask if the phase of Eq. (22) can be reproduced
using a model in which gravity is a classical field and
couples to quantum matter. We consider two cases: a
genuine classical-quantum coupling such as the one intro-
duced in Ref. [60], and the Schrédinger-Newton equation,
which can be seen as the semiclassical limit of the Einstein
equations [61].

B. Hybrid model for classical gravity coupled to
quantum matter

Let us consider the former case. If gravity is classical and
coupled to quantum matter, a general hybrid classical-
quantum (CQ) state is [60]

pealt) = [ dap(z. 0l 605 ® 65(z.1). (26)

where z is a variable that correlates the quantum state of the
source and the state of the gravitational field. It was shown
in Ref. [60] that, if one requires the dynamical law to
preserve positivity, the normalization of probabilities, and
the set of CQ states, the most general form of the time
evolution is a stochastic open-system dynamics. This
type of dynamics is characterized by diffusion and
decoherence [62] and thus would not lead to the generation

of an entangled state between the source S and the test
particle P. Hence, the physical effects due to such a
classical-quantum coupling are extremely different from
those we obtained by coupling quantum matter to a field
theory of gravity in the quantum regime, and the two can be
distinguished experimentally, for instance, by measuring
the coherence of the quantum state after the interaction.
Notice that such an irreversible coupling is the most general
CQ coupling that can be obtained under the reasonable
assumptions of Ref. [60]. As shown in Ref. [41] using a
theory-independent no-go theorem, if the matter source can
be prepared in a quantum superposition state, gravity is
classical, and the state of gravity is influenced by the
quantum state of matter (backreaction), then the coupling
has to be irreversible. This immediately implies that any
genuine coupling between classical gravity and quantum
matter has very different observable effects from those
discussed in this work.

C. Schrodinger-Newton equation

Let us now consider the Schrodinger-Newton equation.
In the Newtonian limit, the interaction Hamiltonian for two
particles of mass m; and m, interacting gravitationally
is [63]

HNYET0) = =G 3 3 mmy [ dPxid's,

a=1.2b=12

PO X )P = =

ﬁq‘(xl’xbt)’ (27)
b

where ¥(X|, X,, 1) is the joint state of the two particles. In
the perturbative regime of gravity, we can simplify the
previous expression by taking ¥(x|,x,,7) =p(0) (X7,X5,1) +
GY()(x,,%,.1), and the number in brackets refers to the
order in perturbation theory in the gravitational constant G.
In this case, we have W) (X, %,.1) =y, (%)), (¥,). The
leading order of the wave function ¥(©) is a product state,

and the first order of perturbation W(!) characterizes the
entanglement due to gravity. Hence, we find

Z Z mamb/cl3)c’1d3x’2

a=12b=12

H?N\P( >(x1,x2,

|wl<|x> _|¢)>Czb< D oz, 3,0

(28)

To obtain an expression as close as possible to Eq. (22), we
neglect the self-interaction terms in which a = b, and we
identify E\ (¥,) = m |y (¥))[* and Ey(%;) = ma|dha(35)[.
Notice that this identification is different from the expres-
sion of the eigenvalues E|,(¥) of the Ty for a quantum
source. In this case, Eq. (28) is still not equivalent to
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Eq. (22), which is not surprising: Although the
Schrodinger-Newton equation can also be obtained as a
mean-field approximation of a theory in which gravity is
fundamentally quantum [61], this approximation leads to
nonlinearities. Such nonlinearities and other observable
effects have a scaling that depends on the specific param-
eters of the particle (such as its mass and delocalization;
see, e.g., Ref. [64]), so the differences between the
Schrodinger-Newton equation and our result can be maxi-
mized by optimizing over these parameters and by initially
preparing the source in a quantum delocalized state in the
position basis. However, a distinctive difference with the
Schrodinger-Newton equation is that our derivation comes
from a quantum description of gravity in the weak-field
regime, which preserves the linearity of quantum theory
and, hence, unitary evolution. As a consequence, any
deviation from unitarity marks a distinction between these
two models.

In summary, we have shown that both a genuine CQ
coupling and the Schrodinger-Newton equation lead to
quantitatively different predictions from our model and can
hence be distinguished from our result in an experiment.

V. QUANTUM COMMUTATOR OF THE
GRAVITATIONAL FIELD

In this section, we show that the quantum commutator
(i (%), 25 ()] = ihél(‘iéj,)53 (X — X') gives rise to additional
terms in the relative phase of an interferometric experiment
in which two massive objects become entangled via
gravitational interaction. We consider the situation depicted
in Fig. 4, where we have a massive static source of gravity S
prepared in a general quantum state and a moving test
particle P, initially in a product state, interacting gravita-
tionally. For more generality, the position of the source S
and the momenta of the probe P can be controlled by
external potentials. The Hamiltonian is the sum of a free
term and an interaction term, namely,

H=Hs+ B+ Hy+ B, (29)

where H is the source Hamiltonian, A% is the source-free

gravitational-field Hamiltonian, Hp is the test particle

Hamiltonian, and Iflgwt) is the interaction Hamiltonian

between gravity, the source S, and the probe P. In
particular, the source Hamiltonian and the test particle
Hamiltonian are

N PR NP
He =2+ V¢(xg), Hp =——+Vp(xp), (30
s 2mg + V(ks) P = om, + Vp(&p), (30)

and V(&) and Vp(&p) are externally controlled potentials
used to control the quantum states of the source and the test
particle. The interaction Hamiltonian between gravity and S
and P is

Source Probe

>
>

X

FIG. 4. Source mass S prepared in an arbitrary delocalized state
before the start of the experiment at #,, and a test mass P (the
probe) initially in a product state with the rest. The source and the
moving probe interact gravitationally, and the source is assumed
to be static. Using a weak-field quantum description of gravity,
after some time, the full state of the source, the gravitational field,
and the probe become entangled. At the end, the source and the
probe are measured. The relative phase of the full quantum state
encodes the functional form of the gravitational interaction. We
find that, for a general quantum state of the source, the
gravitational interaction cannot be represented as the Newton
interaction and cannot be simulated by a known classical or
semiclassical model of gravity. The gravitational commutator
appears as an additional term in the relative phase of the quantum
source interacting with a moving test particle.

A 1 B =\ (AL (= HY (=
B =L [ s 0@ + ). o

Working in the temporal gauge hgy, =0, the total
Hamiltonian of the source, the test particle, and the gravi-
tational field can be equivalently written as H =
Hg+ Hg + Hp + H,, where H is the Hamiltonian of
Eq. (11) with the same constraints as in Eq. (12) [65] and
H, is the interaction Hamiltonian,

A

U [ oy it amn
= / Pl (@) TR, (32)

In the specific case we consider, we make the approximation
that the test particle does not backreact on the gravitational
field. In other words, we ignore the gravitational field of the
probe and only consider its interaction with the gravitational
field that the source generates. More concretely, this means
that the interaction with the probe does not change the
quantum state of the gravitational field sourced by S alone
nor the expectation value of the gravitational-field operators.
This approximation ensures that adding the interaction
Hamiltonian between the gravitational field and the test
particle does not map the quantum state of the gravitational
field out of the constraint surface; hence, the eigenstate of the
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initial Hamiltonian remains the same. We take as the initial
state

|EO>SGP = |lP0>S+G ® |¢0>P’ (33)

where |¥) s, and |¢) p are arbitrary quantum states of the
source and of the probe, respectively.
The final state at time 7 is

E)sop = Uscp(1)|Bo)sgp = €1 |Ep)scp-  (34)

Since the test particle does not backreact on the gravita-
tional field, the dynamical evolution preserves the con-
straints; namely, the initial physical state is still a solution
of the constraint equation after the time evolution.
Technically, this means that the interaction Hamiltonian
weakly commutes with the constraints, i.e.,

iy Pi—= 1 5 A Im N AL TN =
[HhC]|:>s+c:—§/d3kk}Tfm(—k)[hl (k).27 (K)]|E) 5.6

=0. (35)

This process is equivalent to neglecting the commutator
between the gravitational-field operator and the longitudinal
momentum operator when it acts on the physical state, i.e.,
[iﬁm(/}'), 7y (/?)] |Z)s, = 0. Conversely, the commutator of
the transverse mode [ﬁlm(;), Ve (/Z’)] |E)g, cannot be
neglected because it is responsible for the physical effects.
The crucial observation is that the free Hamiltonian of the
gravitational field A ; and the interaction Hamiltonian A, do
not commute when applied to the physical state. This can be
seen explicitly (see details in Appendix C), namely,

N _ U
Hg H{]|E) g, = lhk/ d*x <7tlT](x) —EPijﬂT(x))
x T3()|2) s.6- (36)

In the following, we focus only on the terms arising from the
commutator between A ¢ and H 1> and we neglect the rest of
the commutators (for instance, the commutators between the
position and momentum of S and P), which are not relevant
for the effect we wish to describe. These terms give rise to an
additional phase that can be distinguished experimentally,
thanks to its different functional form, from the gravitational
commutator terms. In addition, the commutators between
H and H, giverise to a polynomial expression in the time of
the experiment  [66]. Here, we evaluate terms up to order #°.
Considering higher order terms is more challenging from a
computational perspective, but it has no impact on the final
result, namely, the dependence of the relative phase on the
commutator between the gravitational-field operator and its
canonically conjugated momentum. The full calculation is
detailed in Appendix C.

We expand the initial quantum state in its energy
eigenbasis as

Eo)scp = / du(Es)ws(E)E)slge)olvdp  (37)

where |gg); was defined in Egs. (13) and (14). The state at
time 7 is

Z)sap = /dﬂ(E)l//s(E)e‘%GSPe%(@(O)““@(')+®(2>+'“)
E)slge)clw) p, (38)

in which fgp is a phase obtained from the action of the
source and test particle Hamiltonian on the quantum state,
irrelevant for our purposes, and the index n =0, 1, 2 in
each ©" is the number of commutators between the
gravitational-field operators that give rise to the phase.
More explicitly,

R t [ di} o g o
60 — 1 [ ShE @R, TR

4] @n)PF
l.Ktz d3k 1 A N AT by
- — (TE()TE(—k
8 (27[)3|k|( l]( ) P( )
2ij NAPT, 7
=205 (0T (-0)). (39)

The first term in the previous expression is an additional
part of the entangling phase coming from the coupling
between the gravitational field and the momentum of the
probe. The second term, which is not a phase but a real
exponential term, comes from the integration of the trans-
verse-traceless component of the gravitational field, after
evaluating the operators on its quantum state.

The term 61 corresponds to the phase arising from
calculating a single commutator of the gravitational-field
operators, i.e., [Hs, H,], namely,

. kB [ Pk ap i 7
o0 :?/ﬁrﬁ<k)rg(—k). (40)

The term O@ is instead the phase arising due to the
double commutators [, [Hg. H;)] and [H,,[Hg. H)]],
specifically

A (D _K[3 dk3 5ij (TN Dk Dl AP 7

—%(PijTg(lz))(Plellgl(_;))}

Kt
= | ——T.

o | Gy 10 RTrr(=R). (41)
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Note that the O operators, with n =0, 1, 2, do not
depend on the gravity degrees of freedom but only on the
test particle P. In the second line, TET denotes the trans-
verse-traceless component of Tg. In addition, all terms in
the phase are of the order of /%, which is natural because
we are expanding the gravitational field to the first order in
perturbation theory. We are not considering higher order
terms giving rise to graviton loops corresponding to the
self-interaction of the gravitational field. Hence, the order
in the gravitational coupling and 7 is the same as in the GIE

proposals. In addition, 6 and 6 scale differently with
time to the leading order phase that does not depend on the
commutator; hence, this term can, in principle, be distin-

guishable experimentally. Therefore, the 6 operators,
with n = 0, 1, 2, give rise to a relative phase that appears in
the interference pattern between different eigenstates of the
probe. Probing these additional terms in the phase would be
a more direct test of the gravitational field as a quantum
mediator.

To observe this relative phase, the probe needs to be
prepared in a quantum superposition of states on which the
action of the stress-energy tensor gives different values. This
setup can be realised, for instance, when the probe is
prepared in a quantum superposition of different momentum
or energy eigenstates (possibly with a large energy gap), and
the superposition is recombined at the end via an interfero-
metric measurement of the source and the probe. It is
important to note that, after the interaction with the gravi-
tational field, the full quantum state of the probe, the source,
and the gravitational field is entangled. Hence, a joint
measurement on the source and the probe, in which the
gravitational field follows the quantum state of the source
adiabatically (this condition is equivalent to requiring no
emission of gravitational radiation) [67], should be per-
formed in order to preserve the coherence of the full state.

VI. DISCUSSION

In this work, we identify two physical effects to test the
quantum nature of the gravitational field in tabletop experi-
ments, which cannot be predicted using the Newton
potential. The analysis is carried out using a quantum-field
formulation of gravity in the weak-field regime. Instead of
the standard Fock space representation, we use the
Schrodinger representation in the field basis. This formu-
lation is not only convenient to identify quantum states of
macroscopically distinct gravitational configurations; most
importantly, it is suitable to describe the quantum state of
the gravitational field given by any generic massive
quantum source. Hence, it provides a framework to inves-
tigate rich physical properties and predictions that will be
explored in future quantum tests of gravity in tabletop
experiments.

Both physical effects that we find influence the relative
phase of an interferometer in which two sources of gravity

(Sec. IV) or a source particle and a test particle (Sec. V)
interact gravitationally.

The first physical effect, in Sec. IV, shows that, when the
massive sources are in a generic quantum state, and
specifically are strongly delocalized, the dynamical phase
arising from their interaction cannot be reproduced by the
Newton potential, the Schrodinger-Newton equation, the
hybrid model for classical gravity coupled to quantum
matter, classical general relativity, or any local field-
theoretic formulation of modified classical gravity. In the
limit in which the source is in a superposition of semi-
classical localized states, as is the case in proposals to
observe gravitationally induced entanglement (see, e.g.,
Refs. [10,11]), the prediction reduces to the one given
by the Newton potential. Hence, all our results are con-
sistent with those studied in the literature, when reduced to
the same regime. Importantly, this effect is of the same
order in the gravitational-field strength as the Newton
potential.

The second physical effect, in Sec. V, shows that the
quantum commutator of the gravitational field enters the
expression of the dynamical phase of an interferometric
configuration involving a source particle and a test particle.
Specifically, we show that, in the entangling phase between
a moving probe and a mass source, the commutators
between the linearized gravitational-field operators and
its conjugate momenta enter as additional terms. Probing
these terms would be a substantial advantage compared to
Newton entanglement because it is a direct consequence of
gravity being a quantum field.

Overall, these two effects provide a quantitative pre-
diction that gives additional information as to how the
gravitational field associated with a general quantum
source should be described. Both effects we identified
scale as the Newton potential in terms of the gravitational
constant. Experimentally, observing gravitational coupling
between strongly delocalized masses is extremely chal-
lenging. In particular, it requires a significant reduction in
decoherence rates and experiments that are capable of
distinguishing gravitational effects from other coupling
forces [68]. However, efforts are underway to reach a
regime where such coupling becomes significant for
strongly delocalized massive particles (see, for instance,
Refs. [69,70]). Once this goal is achieved, the phase
contribution described in Sec. IV must be considered in
the interpretation of experiments as an effect that is of the
same order as the interaction by Newtonian gravity. The
effect we presented in Sec. V will become relevant for
successive gravity experiments as relativistic effects should
be considered. These effects motivate one to pursue this
research direction in the even longer term, as measuring it
would provide a stronger argument in favor of the quan-
tization of gravity.

If the proposed predictions are not observed in future
experiments, the implications would be significant. All
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UV-complete quantum gravity theories are expected to
converge to the predictions of linearized quantum gravity in
the regime of low-energy tabletop experiments. Therefore,
if future experiments witness the entanglement production
but the result is incompatible with the two effects we
predicted, then it would suggest the presence of something
new or highly unexpected for quantum gravity.

It is worth noting that a similar analysis can be conducted
for the electromagnetic field, mirroring the methodology in
this paper but technically much simpler. The electromag-
netic version of these effects may be within the reach of
experiments and could serve as a compelling proof-of-
concept demonstration for the physical effects identified in
this paper. Another possibility for a proof-of-principle
experiment is to use an optomechanical system with
phonon propagation, e.g., along the lines of Ref. [71].
The study of a concrete experimental implementation of
these ideas is left for future work.

In conclusion, we have shown for the first time that, even
in the case of static quantum sources of gravity, there are
gravitational effects, observable in future tabletop experi-
ments, that give stronger evidence of the quantum nature of
gravity than those only requiring the Newton potential.
Specifically, such effects cannot be explained using the
Newton potential nor, to the best of our knowledge, any
known model in which gravity is classical. Identifying
these effects is crucial from a conceptual perspective
because they increase the impact of current efforts to test
the quantum nature of gravity. Identifying and eventually
realizing alternative experiments testing stronger and
diverse quantum effects in the gravitational field would
open an observational window on quantum effects in
gravity.
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APPENDIX A: QUANTUM STATE OF THE
GRAVITATIONAL FIELD FOR A LOCALIZED
SEMICLASSICAL SOURCE

Here, we review the quantization procedure of the weak
gravitational field of Ref. [35]. Tabletop experiments for
quantum tests of gravity can be described in the regime of a
weak gravitational field with nonrelativistic matter sources.
In order to provide a suitable theoretical framework for those
experiments, we quantize linearized gravity in the field
basis [72]. To the first order of the perturbations around the
flat metric, i.e., g,, =n,, + h,, the classical action of
linearized gravity [73] coupled to a matter field reads

1
s= o / d*x(=0,hay0 h® + 9, hd"h — 20,k 0, h

1
+ 20, H) 4 5 / dxhy, T, (A1)

in which x = 162G/ ¢*. For canonical quantization, the
metric is cast in the 3+ 1 decomposition: ds> =
—N%di® +y;;(dx" + N'dr)(dx/ + N’dr), in which y;; is
the metric of the spacelike foliation. Here, N and N' are
the lapse and the shift vector, respectively; the lapse is a
gauge parameter corresponding to the rate of time flow
between different foliations, and the components of the shift
vector are the gauge parameters relating the spatial coor-
dinates on different foliations at different times. The
perturbation in the 3 + 1 decomposition is expressed as
vij=06:ij+hij, N=1+4n, N'=0+n'; therefore, hoy = —2n,
ho;=5;;n'=n;, h% =—n'. From the action, one can derive
the canonical momenta: 7X' = [1/(2x)](AX — ho*'). The
canonical momenta and the linearized gravitational field satisfy
the Poisson brackets: {h;;(X), 7 (¥')} = 5’(‘1.5;)63 (Xx=X).

An important feature of our quantization procedure is
that we fix the gauge minimally. We only perform the
partial gauge fixing d;n; =0 and o;n =0 and keep
spatial ~diffeomorphism invariance. We obtain the
Hamiltonian

HG+S:K/ dB.X'(ﬂ'klﬂkl—ﬂ'z/Z)
1 . .
+ o / Bx {a,{h,-jakhf — 0,hd'h

. . 1 . .
— 26khik(0jh” - al/’l) +§l/ll‘jTU — 47’ligl - 4l’lC )

(A2)
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where the perturbations of the lapse n and the shift vector n;
become Lagrangian multipliers imposing four commuting
constraints. In particular, the vector constraints G' and
scalar constraint C,, are

G =207"+T"=0, C,=—-0;0h" —xkT"=0. (A3)

Since the matter source is quasistatic in the laboratory
frame, 7% and T" are negligible compared to T%.
Therefore, the information on the matter source is encoded
in the gravitational field only through the scalar constraint
C,. If the source S is in a quantum state |a;)g, ie., a
semiclassical (i.e., no position-momentum commutator
effect is measurable on the quantum state up to exper-
imental resolution) and localized quantum state, it is
approximately an eigenstate of 7. In this case, we have
[see Eq. (4)]

Toolai)s = pilx, 1)) s  me?& (X = X)) |y)s,  (A4)
which describes a pointlike particle with rest mass m. The
trace of the transverse components of the metric perturba-
tion, hr, is obtained by solving the Poisson equation
through the scalar constraint C,:

S+G ”/D ij

—n/Der exp{ Zh/(ijr])% T(l;)hg(l;)

In a more compact notation, since the source is in an
eigenstate of Too, we can denote the full state as
|W)s.c = |a)s|gs) - If one superposes different quantum
states of such matter sources, each of which is centered
around a different position x;, i.e., |w)g = >_; cila;)g, we
can solve the Gauss constraint locally for each quantum
state |@;). The resulting solution is a superposition of
classical spacetimes, formally expressed as

¥)sic = Zci|ai>s|ga,->6

(A8)

This result is exactly the description for the matter source
and the gravitational field considered in the GIE proposals.
The states of the source correspond to semiclassical
configurations of matter where the position is localized
around a value x; and the momentum is localized around
p=0.

Let us consider two such localized semiclassical quan-
tum states of the source S, |a,)g and |a, ), Which are

&k 1 -
227 K] ( sk

00 =2 [ v 29 5o

% = V|
2
K mc .
4r |X — ;|

Here, f(X) can be an arbitrary harmonic function, and it is
fixed by the spacetime boundary conditions.

For a quasistatic source, the full Hamiltonian of the
gravitational field interacting with the source in Eq. (A2)
becomes source-free as in Eq. (11), namely,

N &’k
Hg = K/—(;Tkﬁkl - #/2)
(27)°

b [ R @) - 2 (i)
(A6)

This Hamiltonian can be quantized using the Dirac pre-
scription for the linearized gravitational field (for further
details, see Ref. [35]). For a static (semiclassical and
localized) source, the quantum state of the gravitational
field is the ground state of the gravity Hamiltonian A, and
additionally, it has to satisfy the scalar and vector con-
straints. The quantum state of the source and its gravita-
tional field, in both %;; and r;; representations, reads

-t Jexp{ — i [ SR DAY el

_h/<

{0~ 510y (0) ) Halslmso. (A7)

|
related by a translation and whose central positions differ
by an arbitrarily small amount e¢. The solutions of the
Poisson equation, respectively, h}, (¥) and hj_ (X), are also
related by a translation. In partlcular the representation of
the quantum state in momentum space only differs by a

phase hZ (k) = e~ikenl (k). Such a small difference leads

to a vanishing scalar product between the respective full
quantum states of matter and gravity, i.e.,

R / Dl |D#| Dl

o o2 ok (B0, (B ()

(Rl (=k) (

% aﬂAz =T
ij
xXe eI ax|ax+e>

= 5<ha</€> —h% (k) (o ey ) =0.

(A9)

The quantum states of the sources, however, have a non-
negligible overlap, i.e., {(a.|a,..) # 0; hence, we would
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expect the scalar product of the source and its gravitational
field to be nonvanishing. The vanishing of Eq. (A9) means
that the approximation Too|a;)s & poi(X)|a:) g, with p. ()
being the classical energy density, only holds for matter
sources prepared in perfectly distinguishable states.
Crucially, the vanishing of the scalar product only depends
on approximating the eigenvalue of T, with the classical
function and not on the specific form of the function. For
technical simplicity, we have used p;(¥) = mc?8* (X — X;),
but the scalar product would have also vanished had we

<wwmw=#/wwme>wwmemwmm [t

used a more realistic energy density, for instance,
G-5)2

[(mc?)/ole™ "

pcl(z) =

APPENDIX B: DETAILS OF THE
CALCULATIONS OF THE SCALAR PRODUCT

Given two generic quantum sources |y)¢ and |@)g, the
inner product of the full quantum state of the gravitational
field, together with the source, is

K)(hZ(k)—hT, (k)
) M ] P

/@mmwmme%wm fﬁ”““”</@<w4nmmmz

=/@®w@=ww

APPENDIX C: DETAILS OF THE CALCULATIONS OF THE QUANTUM COMMUTATOR

In this appendix, we detail the steps to obtain the relative phase in Sec. V due to the commutator of the gravitational-field

operators

[y (k). 74 ()]

The Hamiltonian of the gravitational field is given in Eq. (11),

i Pk
=K —_—
¢ (2n)}

and the interaction is described in Eq. (32),

N 1 Pk - a >
H=- h (k)TT (=k).
1= =3 [ G 0T

The time evolution operator in Eq. (34), Uggp(?) = el =

(RuR)2 (=) - 22(6)/2) +

= ihd 0,5 (K + 7). (1)

3 .. - A=A -
_;szgégg(k2ﬁ5<k>ﬁ¥<—k>—-k2hT<k>hT<—k>), (C2)
(C3)

— e~ilAs+Hp+Ho+H) | can be expanded using the Zassenhaus

formula. Specifically, for two general quantum operators A and B, we have

A+B A B

e =€ e

~MABI (A ABY+2BIAB) p-K(1

(IABLAVA+3((14.B.A1 B1+3((A.BL.BLB)) (C4)

The relevant terms for the physical effect we are studying are those coming from the gravitational commutator. Hence, we
do not explicitly calculate the terms coming from the commutators [, p] of the source and the probe, contained in Hg and

Hp. Expanding the time evolution operator through the Zassenhaus formula, we obtain

—#‘(Hsﬁ-Hp) HGe nHI eth[

Uscp(t) =

He i) I_z([ﬂG»[ﬂGvﬂIHJ"Z[Hl'[ﬂG"Hl”)

e 24,,4[[[7{( ) ). H(] N

(C5)

We assume that the probe as a test particle does not backreact to the gravitational field. Therefore, the interaction with the
probe does not take the quantum state of the gravitational field out of the constraint surface. Formally, this means that the
commutator between the interaction Hamiltonian and the vector constraint is effectively negligible,

[ ()., K2 (K)][¥) .6 = [A™ (K),

7 ())|®)s.6 = 0. (Co)
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Together with the condition that the quantum gravitational state satisfies the constraint Q,|‘P> s+ = 0, we have

3 . . N o 31,/ JUT, -
(A, H]|¥)s,6 = {K / % (fzkl(k)frkl(—k) —%fr(k)ir(—k)),—% éﬂ/;3h’f(k’)T5(—k) W5 6
3 b
=i [ 55 (#5050 P50
3 L
= i [ S SA T, ()

where ﬁlT](l;) is the transverse-traceless part of the momentum of the gravitational field. There are two double commutators:
[Hg, [Hg, H)]) and [H,, [Hg., H)]]. When they act on the physical state, we obtain

. 1. i) Wi =3 | [ o PR = by (R (). [ o (R =227 @) ) )

(27)* (2z)? 2
2 3 ~ L
--= é,,’; CRRE = P T 051
2 3 T o s o
- h /(jﬂ]; K Eij(k)Tg(_k)|lP>s+Gv (C8)

in which hT is the transverse-traceless part of the metric perturbation. The other double commutator is

ot Full¥)s. = = [ s IR, i [ 5 (38 = () ) )| W

kh? [ &k [n; - 7l (k
- W[T,{(k)PkP’Tk,( k)——(P T;!(k))z] ¥)sic
Kflz d3k 2 PT i
=% | @y —T;; Torl®)sio- ()

In the last line, we have used a compact notation Ti{T to denote the transverse-traceless part of the stress-energy tensor of the
probe P (we drop the hat for convenience of notation). Note that this double commutator does not depend on specific details
of the source and its corresponding quantum gravitational field.

To obtain the final expression, it is convenient to expand the final quantum state of the full system in terms of the source
energy eigenstates since they diagonalize the Gauss constraint,

|\PI>SGP_/dﬂ(ES)l//S(E)ﬁSGP|E>S|gE>G|V/>P
- / du(Es)di(Ely, 6)w's(E) EY sl92) 6 (0| (E | Usce EVslg) )
- / du(Es)di(Ey. s (E) (Uscp) e E')slg ) ol o (C10)

in which we have inserted the resolution of identity in the second line. Therefore, to obtain the entangling phase from the
evolution, we need to evaluate the matrix element of the time evolution operator (U sGp) g~ A requirement to observe the
phase is that the experimental timescale is much smaller compared to the coherence time. Here, we truncate the expansion to
the #* order and neglect higher orders in time. Note that considering higher order terms would add additional terms to the
phase, but it would not change the final dependence of the relative phase on the commutator of the gravitational-field
operators. We use a bookkeeping parameter o to keep track of the order of the commutator; i.e., we take

~

[hij(lz), A (ph] = iahé’(‘iéﬁ.)ﬁ(lz + p'). For the final result, we then set @ = 1. Putting everything together, we have
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<0SGP>EE’ = <gE|<E|USGP(t)|E/>S|gE’>
_ <e—%(7:ts+7:tp)e—§7:{ ﬂ,emi[HG Hl] “ ([HG [Hg- 1]]*2[7:‘1»[HG-7:[1H)>

E

n‘(m di3 il FPT it a3k 7 4ii ixita [k (4T _1p. sT\FiJ _ita® [k 27T #ij
_ _ZI(HP+ES+EG)6 f(zﬂ)z prTij <e2h f(2”)3hl!TPe 2 f(z;:)3(ﬂij 2P >TP€ 127 f(Zn)3k hi-fTP>EE/_ (Cll)

Up to this point, we have isolated the operators of the gravitational field in (....) . For convenience in the calculation, we
evaluate them in the r;; basis and express the metric operator as a functional derivative h; (X)) = ih 5 ( 8 Therefore, the part

of the matrix element that involves gravitational operators is [74]

it [ Bk Aii e [Pk Lp ~T\4ij
A= hi T Al 1P 2T
<€2hf< )3 ij Pe 2h f(z;:) ( i 2t i ) P>EE/
—i dk3 1 TTl/ r4 d31\31T"{TTPT+1xt" d3A3 T qii , ,
nPiyT P an X ij il p
— et i Dix i d PGl B [, ES(E — E')
it [T (R P14 (=R ——f DT BT (F) g [LA BT (R (1-+41k)?

—e 4h )3 E PiTp e 2,,>3m PT et (2n)3 1K 2 , (C12)

where we have used the same normalization condition as in Ref. [35], which determines 7,

7 P ij
ZH/d”lj dﬂ'T dﬂ'T( )e (2”)3,1',{‘( (k)+bT )( +bT 21—[27[ / /dﬂ” dﬂ'

In the Gaussian integral above, b is an arbitrary function that does not depend on z;
—(t/4){1 + [(ita) /2] } |k|). Therefore, we can write down the final state, Eq. (C10), explicitly as

1. (C13)

ije In our case,

it At 4 it [ a3 A RTp, qii Bk [ i3 (il pkpl 4P _L p, 1
%) sap = /dﬂ(ES)II/S(E)e_%(H”HS*HG) ‘”'f( 2P ELI P o fm( pPIPIT=5(PyTp)?)

c [ Bk 150 NPT T MP* 7 ita| )2
TR [T BT D it [Tl OTE DO 2y o (C14)

We isolate the phase operator that depends on the interaction with the probe, which contains the relevant signature that we
wish to describe. We denote as 6., the phase obtained from the free Hamiltonian of the probe, source, and gravity. We
additionally identify the interaction part of the phase with the operators 6", with n = 0, 1, 2, where the label n denotes the
nth commutator of the gravitational-field operators:

Woscr = [ du(Elps(E)etonei® 9" 07 E) o) o). (c15)
The zeroth order ®© reads
o -3/ T - Ik D AR - 2H R <) (C16)
- 4 (2”)3 E ij*t P 8 ( ) ‘k| PT ij .

The first term is the additional entangling phase to Eq. (22) coming from the coupling between the gravitational field and the
momentum of the probe. The second term in Eq. (C16) is not a phase but an overall real damping factor.
The first-order correction ®(") to the phase coming from a single gravitational commutator is

Kt

3 -
®<1>:?/(;§ L ()T (k). (C17)

This quantum correction is proportional to ¢, This term depends on the stress-energy tensor of the probe expressed in the
frame corresponding to the temporal gauge.
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The correction ®? coming from the second order of the
gravitational commutator is

Kt3 dk3 AP AP l N
e = 6 J (2x)p (TIZP;cPéTkl —E(Piszi)z)
Kl3 d3k 2PT = 2ii -
=% | G (10 0 T(=0). (C138)

in which the tilde Tj,!T denotes the transverse-traceless
component of sz. This term is also proportional to #3. Since
we have kept only terms up to order #°, we have neglected
the terms in ®1) and ®®?) of the order #* and above.
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