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Benchmarks for quantum communication via gravity

Kristian Toccacelo,” Ulrik Lund Andersen,’ and Jonatan Bohr Brask ®*
Center for Macroscopic Quantum States (bigQ), Department of Physics,
Technical University of Denmark, Fysikvej 307, 2800 Kongens Lyngby, Denmark

® (Received 8 April 2025; accepted 28 July 2025; published 22 August 2025)

We establish limitations and bounds on the transmission of quantum states between gravitationally interacting
mechanical oscillators under different models of gravity. This provides benchmarks that can enable tests
for quantum features of gravity. Our proposal does not require the measurement of gravitationally induced
entanglement and only requires final measurements of a single subsystem. We discuss bounds for classical
models based on local operations and classical communication when considering coherent-state alphabets, and
we discuss the transfer of quantum squeezing for falsifying the Schrodinger-Newton model.

DOI: 10.1103/7ttb-k2xh
I. INTRODUCTION

The quest to formulate a consistent ultraviolet-complete
theory of quantum gravity has haunted physicists for the last
century, so much so that the multitude of theoretical obstacles
faced in pursuing such a theory has led some to question the
very assumption that the gravitational interaction needs to be
quantized. Fueled by the incredible pace at which quantum
control and ground-state cooling techniques are developing,
several experimental proposals have been put forward in re-
cent years to answer this simple question: Is the gravitational
interaction fundamentally quantum? Of the many experimen-
tal proposals for the detection of quantum effects in gravity,
much attention has focused on experiments that look for so-
called gravity-induced entanglement, which is seen as proof
(or, at least, evidence) of the quantum nature of gravity [1,2].

Pivotal to these proposals, referred to as Bose-Marletto-
Vedral (BMV) experiments, is the idea that the gravitational
interaction between quantum systems can be understood as
a channel-in the quantum information theoretic sense, a
completely positive and trace-preserving (CPTP) map. The
channel implementing the gravitational interaction is deemed
a classical channel if realized through local operations and
classical communication (LOCC). On this basis, the gravita-
tional interaction cannot be classical if observed to entangle
product states, given that LOCC channels cannot map separa-
bly to entangled states [3,4]. A number of other experimental
proposals to test quantum aspects of gravity also exist [5—14].
We also mention that the publication of Refs. [1,2] has ig-
nited a lively debate concerning the correct interpretation of
the potential experimental results of BMV-like experiments
spanning both the quantum gravity and quantum information
communities [15-23]. The realization of BMV experiments
also faces numerous challenges from an experimental point
of view. First, every interaction, except the gravitational one,
must be shielded for the BMV proposals to make sense.
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FIG. 1. (a) Two identical masses m in local harmonic potentials
interact through gravity. The separation d between the equilibrium
positions of each oscillator is much larger than the fluctuations. The
systems interact for some time, at which point a measurement is
performed on one of the oscillators. (b), (c) Different models of the
gravitational interaction. (b) The null hypothesis described by the
Newtonian Hamiltonian (1). (c¢) In the Schrodinger-Newton model,
each system sees the gravitational effect of the other as a driving
force dependent only on the average position. (d) A LOCC model
that attempts to simulate the null-hypothesis quantum dynamics. Un-
der this model, gravity is an entity that performs local measurements
on each system and communicates the outcomes to the other.
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Most importantly, the protocols assume the ability to gener-
ate macroscopic spatial superpositions of large masses, such
as cat states, and to keep such superpositions coherent long
enough for the induced entanglement to be appreciable. This
is a Herculean feat since such experiments are inherently
marred by decoherence [1,24-33]. We refer to the reviews in
Refs. [24,34] for a more complete rundown of the experimen-
tal challenges.

However, a recent proposal [35] promises to alleviate the
challenges related to generating highly localized macroscopic
spatial superpositions of large masses with a protocol that
circumvents the need for such states in the first place. Their
simple idea relies on the fact that the set of non-LOCC op-
erations is larger than the set of entangling operations. In
other words, quantum interactions can do more than entangle
product states. To illustrate this fact, the authors consider
the swap unitary; namely, given two states |[¢) € H; and
lg) € Hy the unitary S12(1¥); @ |¢)2) = |¢)1 @ |¥),. Given
these states, S1, does not generate entanglement, but at the
same time, it is non-LOCC. Then, if an unknown interaction
is shown to swap states as illustrated above, such interaction
is necessarily not LOCC—a similar argument was made in
Ref. [36]. Building on this insight, the authors of Ref. [35]
propose quantitative constraints on all the possible LOCC dy-
namics. They call these LOCC inequalities. These inequalities
quantify how well LOCC models can simulate known quan-
tum unitaries—such as the unitary generated by the quantum
gravitational dynamics. Crucially, they show that violating
these inequalities in the gravitational context can be achieved
with states that are relatively easy to prepare in experimental
settings, that is, with coherent states.

In this work, we propose a simplified version of the pro-
tocol presented in Ref. [35]. Considering two gravitationally
interacting harmonic oscillators, we find tight LOCC fidelity
bounds for the scenario where the input states of one oscillator
are randomly picked from a prior probability distribution, the
other oscillator is prepared in a reference state, and output
measurements are only possible on one of the interacting
subsystems. This differs from the entanglement-witness [1,2]
and the Lami et al. [35] protocols, which require final
measurements on both interacting subsystems. The bounds
are quantitative measures of the quantum communication ca-
pabilities of the gravitational interaction. A bound violation
would indicate the gravitational interaction’s ability to operate
as a quantum communication channel. However, given the
particular set of states assumed for the computation of the
bound, namely a coherent-state alphabet, we will see that
a LOCC violation does not rule out nonlinear semiclassical
models such as the Schrodinger-Newton (SN) model [37].
Nevertheless, we additionally show how such nonlinear mod-
els can be ruled out for different sets of input states. Indeed, as
we will articulate below, the Schrodinger-Newton model fails
to transfer squeezing from one oscillator to the other.

The rest of the paper is organized in the following way.
In Sec. II, we introduce some notation and the physical
system of interest, i.e., two gravitationally coupled quantum
oscillators—see Fig. 1. In Sec. III, we illustrate how quantum
states are swapped in the quantum gravitational model of the
interaction and contrast this to what happens in the SN model.
In Sec. IV, we review the LOCC inequalities mentioned above

in more detail and determine the classical simulation bounds
for two interacting harmonic oscillators when measurements
are only carried out on a single subsystem. In Sec. V, we dis-
cuss how unavoidable imperfections affect the protocols and
discuss experimental implementations and the relationship
between LOCC bounds and the Schrodinger-Newton model.
Finally, we conclude in Sec. VI.

II. SYSTEM: TWO COUPLED OSCILLATORS

We consider a system composed of two identical oscillators
of mass m and frequency w separated by a mean distance
d and coupled through gravity, as illustrated in Fig. 1(a).
In the weak-field limit m/d < mp/€p, where mp and £p are
the Planck mass and length, respectively, the systems interact
through the Hamiltonian [38]

A, G (1)
T ld+h— Rl

where G is Newton’s constant. We will henceforth refer to
the evolution generated by the Hamiltonian (1) as the null-
hypothesis quantum gravitational evolution. Assuming that
the quantum fluctuations around the equilibrium point of each
oscillator are much smaller than the separation between the
two oscillators, i.e., d > |x; — x»|, we expand the interaction
term, leading to the Hamiltonian [38]

H, = hy, (18} + alay + aay + dlah), 2

with y, = Gm/wd? and h the reduced Planck constant. The
mode operators are related to the position and momentum by

. oo . hmo .
X = me(ak+ak)’ Pe=1/— @ —ar), (3

where k € {1, 2}. We can further approximate the interaction
Hamiltonian using the rotating-wave approximation (RWA),
which is valid if the frequency of each oscillator w is larger
than the interaction strength y,—a reasonable approxima-
tion considering the typically minuscule interaction strength.
Therefore, the full Hamiltonian reads

H =hwala) + hodyan + hy(@a +aja). @)

With these approximations, the gravitational interaction is
equivalent to a beam-splitter transformation, and the system
dynamics can be solved easily in the Heisenberg picture,
where we find that

aj(t) = €' [a](0) cos(yet) + iy (0) sin(yet)],
aj(t) = e [aj(0) cos(yet) + id (0 sin(yet)].  (5)

In the following, we will compare the fully quantum beam-
splitter-like interaction above to classical models of gravity in
terms of their ability to transfer quantum characteristics from
one oscillator to the other. Let us emphasize that the Hamilto-
nian (1) does not directly include any gravitational degree of
freedom. Rather, (1) pertains to the longitudinal (pure gauge)
components of the gravitational field. Therefore, some caution
should be exercised when drawing conclusions regarding the
quantization of the gravitational field from quantum experi-
ments in this regime—Tlike the one we are analyzing here. We
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refer again to Refs. [15-23] for complementary perspectives
and different interpretations.

III. GRAVITATIONAL STATE SWAPPING

We first compare the quantum gravitational interaction to
the Schrodinger-Newton model [39,40]. The central differ-
ence is illustrated in Figs. 1(b) and 1(c). In contrast to the
quantum interaction, in the Schrodinger-Newton model, each
oscillator interacts only with the average position of the other.
This limits the possibilities for transferring quantum states
between them.

Consider first the quantum case and let us assume the
system is initially prepared in the state

|W(0)) = [¥) ® |9) (6)

where |¢) and |¢) are general states of the first and second
oscillators. Since the gravitational interaction acts as a beam
splitter, it is easy to see that for times t, = (2k + 1) 7 /(2y;)
with k € N, the system is in the state

|W(t)) = 1) @ |¥), (7)

where, given the phase-shift unitary U;(8) = exp(—if#;), with
;= &j&,-, 6 € R, and i € {1, 2}, we have |V/) = U, (wt,)|¥)
and |¢) = U»(wty)|¢). The low-energy quantum gravitational
interaction, in the limit described by the Hamiltonian (4),
thus enables complete quantum state transfer between the two
oscillators (up to local phases) [35]. For instance, squeezing
can be transferred from one mode to the other, which is evi-
dent from how the rotated quadratures X;(6) = UiT (G ))%iUi(G)
transform after the system has interacted for t = ¢:

£1(0) = UJ (6 + ot) % U2(6 + wty),
%2(0) = U] (0 + 0t,) %1016 + oty). (®)

Hence, if the quadrature x; (@) is at t = 0 squeezed along the
direction specified by the squeezing angle ¢ € R, att = ¢, the
quadrature x,(6) will be squeezed by the same amount along
the direction specified by the angle ¢ = ¢ + wft,, namely,

[ h )
Ax1(@)li=0 = Ax2 (D)1=, = 5 6_23, 9
maw

where s € R is the squeezing factor, and e~ represents the
squeezing magnitude in the %, (6) quadrature at 7 = 0. Already
at intermediate times 0 < ¢ < #;, some amount of squeezing
will be present in the quadrature X,. We can contrast this
to what happens if the gravitational interaction is modeled
according to the Schrodinger-Newton equation [41,42]. In the
limit where d > |x; — x|, the Schrédinger-Newton interac-
tion Hamiltonian reads [42]

o C
AN = —Ci(h — ) — f[(fcl — (£2))* + (2 — (£1))7],
(10)

where C; = Gm?/d* and C, = Gm?/d>. Let us suppose the
initial state is the product state

|2(0)) = [§) ® [0), an

where |0) is the ground state, and |£) is the single-mode
squeezed vacuum state

1 Z s v (2n)!
p n
§) = J/cosh(s) ,,_o[e tanh(s)] 2"n! 12n), (12)

with squeezing parameter s, and squeezing angle ¢. We
may solve for the expectation values (X;) and (X;)—see
Appendix A for a derivation—and recast the Schrodinger-
Newton Hamiltonian in the form

2 A2
SN __ P 1 50
AN = k;‘ [% + MR ka(z)}, (13)
where
C
J)=C — —2[1 — cos(wgt)], (14)
mw,

g

wy = Vw? —2C,/m, and &, = Vw?* — C;/m. Thus, in the
semiclassical Schrodinger-Newton model, the two interacting
oscillators see each other’s gravitational effect as a classical
driving force. Solving the dynamics in the Heisenberg picture,
we find that evolving from the initial state (11) results in

AX (1) = Ax(0) =/ %, vVt e [0, 00), (15)

and so there will be no transfer of squeezing in the
Schrodinger-Newton model. An experiment in which the
transfer of squeezing from one oscillator to the other is ob-
served could thus falsify the Schrodinger-Newton model.

IV. CLASSICAL SIMULATION BOUNDS

The results above show that the Schrodinger-Newton
model may be falsified by observing the transfer of quan-
tum features, such as squeezing, through the gravitational
interaction. However, Schrodinger-Newton is not the only
possibility for a fundamentally classical description of gravity.
An alternative approach to testing for quantum features of
the gravitational interaction is to compare the quantum pre-
dictions against general models that assume gravity acts as a
LOCC channel, as illustrated in Fig. 1(d). In other words, the
question we want to answer is, to what extent can a LOCC
channel simulate the null-hypothesis quantum model?

A. LOCC simulation fidelity bound

A way of quantifying how well a LOCC channel can
simulate a unitary transformation U was introduced by Lami
et al. [35], in the form of what they call a LOCC inequality.
Let us briefly review their findings.

Let S =A;A, be a bipartite quantum system, and let
(Uy);cr be a strongly continuous one-parameter unitary group
such that U, : Hs — Hg are unitary transformations on the
Hilbert space Hg associated with the quantum system S. We
adopt the standard nomenclature where A; is controlled by
Alice and A; is controlled by Bob. Later, we will take U, to be
the unitary that implements the quantum gravitational evolu-
tion. Given an ensemble of random pure states, defined by the
states p(a) = |4 ) (V| and the probability distribution p(«),
from which we pick the states of the system S, the LOCC
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0X0] — —

FIG. 2. (a) Schematic representation of the protocol proposed in
Ref. [35]. Two quantum systems A; and A, are initialized in a random
pure state picked from the ensemble {p(«), p(«)}. The state of the
combined system is fed to an unknown channel of which we want
to determine the LOCC-ness. In the end, the binary measurement
{p,(a), 1 — p, ()} is performed on both systems. (b) Schematic rep-
resentation of the protocol discussed in this paper. The first oscillator
is prepared in a state picked from the ensemble {p Al (@), p(a)}, while
the second oscillator is in the vacuum. The states are fed to the
unknown channel as above. At the end, the projective measurement
{,OM2 (@), 1 — p,_Az(oz)} is carried out on the second subsystem.

simulation fidelity bound is the maximal average fidelity be-
tween the target state p, (o) = U (p(a)) = U, p(a) U,T and its
simulation £(p(«)), where £ is a LOCC channel on S, namely,

Fu)= sup Y p(e)TrE(p(@)) p,()].  (16)

geLOCC 5

To interpret the significance of the defined quantity, we con-
sider the following scenario: Alice and Bob are given an
unknown one-parameter channel that acts on S, and they sus-
pect that the channel is implemented by U, for certain values
t € R—we refer to this as the null hypothesis. Their goal is
to certify the null hypothesis and make sure that the channel
is not secretly a classical (LOCC) channel that simulates the
unitary U;. Therefore, the quantity (16) sets a benchmark,
which, if broken, ensures the non-"LOCC-ness" of the chan-
nel. In practice, an experimental protocol would follow the
steps below:

(i) The bipartite system is initialized in a random pure
state picked from the ensemble {p(a), p(x)}.

(i) The channel acts on the input states for a choice of the
parameter ¢t € R.

(iii) The output state p,(«) is computed and the positive
operator-valued measurement (POVM) measurement corre-
sponding to {p,(), 1 — p,(a)} is catried out on each system.

By running steps (i) to (iii) a statistically significant num-
ber of times, a verifier can compare the measured outcomes
with the LOCC bound (16). Supposing the channel is imple-
mented by the null hypothesis, the verifier will always report
a fidelity greater than the LOCC simulation bound. In partic-
ular, assuming ideal measurements and closed dynamics, the
fidelity would be exactly Fieasured = 1.

We will be interested in a slightly different bound—see
Fig. 2 for a pictorial representation. Suppose we are only
allowed to carry out measurements on one of the output sub-
systems, say Bob’s, we can still formulate a bound analogous
to (16) when such restriction is in place. Suppose that Alice’s
subsystem is initialized in a random pure state picked from
the ensemble {,oA1 (o), p(r)}, while Bob initializes his state to
the vacuum |0)(0]. As above, we denote with p(«) the full

state of the system S = AjA;, and with p, (o) = U;(p(a)) the
output state. We can run the following protocol to verify the
quantumness of the interaction between A and A;:

(1) Alice’s state is initialized in a random pure state picked
from the ensemble {,oAl (@), p(ar)}, while Bob’s subsystem is
initialized to the vacuum.

(2) The channel acts on the input states for a choice of the
parameter ¢ € R.

(3) Bob’s output state p, 4, () = Tra,[p, ()], where
Tra,[ -] stands for the partial trace over Alice’s system, is
computed and the POVM measurement corresponding to
{p1.4,(@), 1 — p, 4, ()} is carried out on Bob’s subsystem.

Similar to the above scenario, after running steps (1) to (3)
a statistically significant number of times, we can compare the
measured outcomes to the modified LOCC bound

Fout)= sup > p(@)THE(py (@)py 4, (@], (17)
geLocc 5

if the bound is violated, the interaction could not have hap-
pened over a LOCC channel. We will now apply these
considerations in the context of gravitational interactions.

B. Quantum benchmark for gravitational
transmission of coherent states

Let us return to the two gravitationally interacting os-
cillators. Following the notation from the previous section,
we have § =A1A;. We will now compute the simulation
bound (17) in the case where the initial state of Alice’s system
is in a random coherent state. While it is hard to characterize
general LOCC operations mathematically, we are only inter-
ested in LOCC simulations of processes that ultimately map
A; — A,. Therefore, we can characterize such LOCC(A; —
Aj) channels with measure-and-prepare channels of the kind

E(p) =) TilpM,lp,. (18)
"

where {I1,} is a positive operator-valued measurement
(POVM), p is a state, and p, the postmeasurment state.
This characterization will allow us to determine the exact
bound (17). We consider the initial state of the system, S, to
be in the pure state:

[W(0)) = |a) ® |0). (19)
The state of the first oscillator A; is picked from the pure-state
ensemble {|a) (x|, p(a)}, where @ € C,

A
pla) = p , (20)

and A > 0 is the inverse of the distribution width, while the
second oscillator A; is prepared in the vacuum. Under the null-
hypothesis quantum gravitational dynamic

Ut — e—iygt(ala;-ﬁ-a'l'ag)’ (21)
the initial state (19) evolves to the product state:
|W(7)) = ler cos(yet)) @ | — i sin(yyt)), (22)

where we ignore the phase terms originating from the free
evolution. As discussed above, for t; = 7 /(2y,) Alice’s and
Bob’s states are fully swapped. Hence, Alice can use the
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0.2k 1 1 1 1 1 1

FIG. 3. The classical fidelity bound (26) (solid) and the LOCC
simulation bound (dotted) from Ref. [35] vs time for different A. As
expected, the bound (26) is looser than the bound of Ref. [35] be-
cause information is lost when tracing out Alice’s system. Simulating
the reduced rather than the full dynamics is easier for the classical
model.

gravitational interaction to transmit her state to Bob. Evi-
dently, if the underlying gravitational interaction acted as a
LOCC channel, such transmission would not be possible. The
classical fidelity bound for a quantum teleportation channel is
the well-known result [43]
14+ A

et < T (23)
However, we want to know the classical bound under the time
evolution generated by the unitary (21) in the interval 0 < ¢ <
ts. Given that Bob’s state at time ¢ is |o sin(y,t)) (o sin(ygt )|,
the bound we are looking for is given by

Fo(t) = sup D ple)(asin(yet)|E () (])e sin(ygh).

(24)

In other words, the classical channel has to simulate the physi-
cal process |a) > |a sin(y,t)). The classical fidelity threshold
for the physical process |a) — |ga) was calculated for g > 1
in Ref. [44], and is given by
1+
Cl4a+ g
In our case, g = sin(y,?), but the result (25) can be extended to
0 < g < 1—see Appendix B for a proof following Ref. [44].
Hence, the bound we are looking for is
14+
1+ A+ sin®(yet)

Fee (25)

Fo(t) = (26)

A plot of the above bound for various choices of the inverse
distribution width A is presented in Fig. 3.

V. IMPERFECTIONS AND IMPLEMENTATION

A. Noisy dynamics

Any experimental implementation will be subject to en-
vironmental noise, leading to decoherence. In particular,

thermal noise and mechanical damping of the oscillator’s mo-
tion can significantly affect the protocol. Assuming this noise
and damping to be Gaussian, since the interaction Hamilto-
nian (4) is quadratic, we can describe the evolution through
the first and second moments using the symplectic formal-
ism [45]. For convenience, we set i = 1 in this subsection.
Given the vector of quadrature operators r = (xi, pi, X2, P2 )T,
we can define the covariance matrix and displacement vector
for the two oscillators by

e = (k) 27)

where {-, -} is the anticommutator, and (A) = Tr[pA].
Under Markovian evolution, the covariance matrix evolves
according to the evolution equations [45]

on = ${{re. rn}) — (r) (re),

d T

—o0 =Ac +0A + D,

dt
where A = QH — %]1 is the drift matrix, y is the oscillator
d_ecay rate, 2 is the symplectic matrix, D = (2N 4+ 1)y 1, and
N is the average number of thermal phonons in the environ-
ment [45]. The Hamiltonian matrix is explicitly given by

d
—F=Ar+d, 28
dtr r+ (28)

00 1 0
00 0 1

H=v:l| o 0 o (29)
01 0 0

Let us assume that the preparation of the initial state (19) is
not perfect and subject to thermal noise, so that the initial state
corresponds to displacing the thermal state

it+s 0 0 0

| o a+i o0 0
cO=1 9 o A+t o [ 9

0 0 0 a+s

as opposed to the vacuum state. Here, 7 is the average ini-
tial thermal phonon number and the displacement vector is
given by

Re(a)

70) = V2 Imé“) . 31)

0

Then, under the Markovian evolution (28) at time ¢ the co-
variance matrix and displacement vector of Bob’s subsystem
will evolve to

o (1) =e¢"0,0)+ [1+2N1 — "),
Fay (1) = V2772 sin(yet) [Im(a), —Re()]". (32)

The overlap between two Gaussian states o, and p, (of which
at least one is pure) in terms of their displacement vector and
covariance matrix is given by

1
det(o| + 07)l/4
From (32) and (33), the fidelity of the noisy to the ideal output
state can be determined readily—the result will depend on «,

so one should take care of averaging over the prior distribu-
tion (20). However, if the decay rate y is known, the overlap

F(p, py) = =47 (01402) 7 F1472)/4 (33)
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FIG. 4. Plots of the overlap (36) between the closed and open
dynamics output state, for different values of the decay rate y. The
LOCC bound corresponds to the choice of A = 1073 for the prior
distribution. We fixed N = 10'° and A = 107!

can be improved by compensating for the displacement due
to the lossy dynamics. This would amount to applying the
displacement

Dy = @%%®) g = _jgsin(yt)(1 —e "), (34)

before performing the final projective measurement. Thus, the
displacement vector (32) is mapped to

D} Fa,Da = V2 sin(ygt) (Im(a), —Re(@))",  (35)

while the covariance matrix is unchanged. Therefore, the over-
lap between open and closed dynamics evaluates to

eV’
2+ (4N +3)er' —4N — 1°

In Fig. 4, the fidelity (36) is compared to the LOCC
bound (26) computed in the previous section. As expected,
even as we partially compensate for the lossy dynamics by
displacing the second oscillator by (34), we observe loss of
coherence at a rate determined by the thermal occupation
number N and the phonon-dissipation rate y .

Fopen(t) = (36)

B. Some experimental considerations

Let us discuss how the protocol above might be imple-
mented in practice. We consider as mechanical oscillators
two suspended mirrors whose motion is controlled through
optical cavities of high-quality factor [46]. The gravitational
interaction strength of the two mirrors sets the timescale of the
experiment; assuming the mirrors are composed of a material
with constant density g, the interaction strength is [46]

AG
yp= =2 37)

w
where A is a geometric factor that accounts for the shape of
the two mirrors and the center-of-mass separation d. As in
Ref. [46], we will assume that the mirrors have a cylindri-
cal geometry, with radius R and thickness L. When R/L =
3/2, and R = d, the geometric factor evaluates numerically

to A ~ 2 [46]. To estimate an upper bound on the interac-
tion strength, we can assume the mirrors are made of the
densest material known, osmium, which has a density of
roughly o = 2.26 x 10*kg/m3. Thus, for mechanical oscil-
lators of frequencies w = 1.00 x 1072 Hz we obtain Ve
4.74 x 10~*Hz. As we can see, these parameters are con-
sistent with the rotating-wave approximation that led us to
the interaction Hamiltonian (4), that is, @ > y,. Furthermore,
since the protocol assumes that we are preparing the first
oscillator in a coherent state whose amplitude is picked from
the Gaussian distribution (20), we need to make sure that the
displacements are not so large as to violate the assumption
|X; — X2] < d. This condition restricts how small A can be.
Since the second oscillator is initialized in the vacuum state,
we want (%) < d, that is,

2h
J— < d. (38)
mwi

With the above-mentioned parameters and assuming the sep-
aration to be on the order d ~ 200 um (which is large enough
to neglect the Casimir-Polder interaction), we get A > 107°.
From the bound (26), we find that the time it takes for the
fidelity to drop to a lower value, say JF € [flgﬁfl, 1), where
F%) is the lowest value assumed by the LOCC bound for a
given value of A, is given by

., [A+00-=F)
” sin 7 39

Therefore, with A = 1073, in a single experimental run of our
protocol, a drop in fidelity bound to F = 0.9 is achieved in
t = 7.23 x 10?s. Let us now consider how the noisy dynam-
ics discussed in the subsection above affect our experimental
considerations. We modeled the noisy Markovian dynamics
of the system accounting for the initial average thermal oc-
cupation number 7i, the average occupation number N of a
thermal bath that is symmetrically coupled to the oscillators,
and the phonon-dissipation rate y = w/Q, where Q is the
quality factor of the mechanical oscillators. Starting from the
parameter 71, the overlap between a displaced vacuum state
and a displaced thermal state for the same displacement is
1/(1 4+ 7), so to reach a target fidelity ]-"r?‘i < F < 1 we find
the following restriction:

- F
=

For example, if we set the target fidelity to F = 0.9, this
would imply 72 < 1.1 x 107", In turn, using the Bose-Einstein
distribution

(40)

n<

1

n= elo/ksTer — 1° (41)
where Ter = Tony/Q, the restriction on 7 translates to restric-
tions on Q (therefore, on y) and N. Considering a mechanical
oscillator of frequency @ = 1072 Hz in a cryogenic environ-
ment with temperature 7o,y = 103K, reaching the required
target initial phonon occupation number of 7 ~ 10~! means
cooling the oscillator to an effective temperature T, /0O <
3.3 x 107" K. Let us remark that the incredibly high-quality
factor of Q = 10!! required to reach such low effective
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0.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0
’Ygt

FIG. 5. Plot comparing the fidelity of the open-system
dynamics—as modeled by the Markovian evolution (28)—to the
closed quantum gravitational dynamics (solid curves) and the LOCC
bound (dashed curves). The purple curves correspond to the proposal
of Lami et al., while the orange curves correspond to our proposal.
We chose A = 1073, a=10"", N = 10", and y = 1.5 x 10712,

temperatures is beyond current technical capabilities for the
low-frequency oscillators we are envisioning here. On a fi-
nal note, we want to point out that thanks to the trick of
counterdisplacing the oscillators in response to the noise—see
Eq. (34) from the previous section and the plot in Fig. 4—
we can, at the cost of extending the time duration of each
experimental run, set even lower fidelity targets.

C. Comparison between measuring both or a single oscillator

Our fidelity bound is looser compared to the bound es-
tablished by Lami et al. [35] for two interacting oscillators
(see Fig. 3), which is expected. This is due to the information
loss in our protocol when Alice’s system is traced out (see
Fig. 2). As a result, a hypothetical LOCC model of gravity
finds it easier to simulate the quantum channel. On the other
hand, this could, in principle, mean that the setup of Ref. [35]
is more susceptible to noise and loss of quantum coherence.
We can see this from the plot in Fig. 5. The fidelity between
the ideal and noisy output state in the protocol of Ref. [35]
is well below the overlap curve for the single-measurement
protocol—where, as discussed in Sec. IV, we model the open
dynamics using the evolution equations (28) which encode
the coupling with a thermal environment and dampening of
the oscillator’s motion. That being said, it is important to
keep in mind that we are only able to exclude perfect LOCC
dynamics as long as the fidelity of the open-closed quantum
gravitational dynamics is above the LOCC bound, namely,
when we have Foen(t) > Foe(t), Vt € (1o, t1). Our classical
simulation fidelity bound (26) intersects the respective curve
for the overlap between the open and closed dynamics at a
later time £y compared to the corresponding intersection time
1, for the bound of Ref. [35]. That being so, the overall lower
values of the LOCC bounds in Ref. [35] make up for the
higher resilience to noise we might naively expect in our
protocol.

1.0

0.9

0.8

0.7

0.6 — Fy
LOCC bound

0.0 0.5 1.0 1.5
Ygt

FIG. 6. Plots comparing the LOCC bound (26) to the fidelity of
the SN to the quantum gravitational evolution (42). The inverse width
of the prior distribution is fixed to A = 1073,

D. Schrodinger-Newton violation of the LOCC bound

Before concluding, we would like to address the claim that
the dynamics generated by the Schrodinger-Newton model
fall under the classification of LOCC [35]. It was recently
pointed out that Schrodinger-Newton is not LOCC [37]. This
is because any nonlinear modification of the Schrodinger
equation—such as the SN equation—Ieads to transformations
that can map valid density matrix states to nonvalid ones. In
other words, the nonlinear Schrodinger dynamic is not a CPTP
map [41,47]. In this sense, the transformations generated by
Schrodinger-Newton dynamics would not even be classifiable
as channels and, hence, cannot be LOCC. To corroborate this
claim, we can verify whether the SN model violates the LOCC
bound computed in this paper (26). Accordingly, we compare
the Schrodinger-Newton evolution of the random initial state
[W(0)) = |a) ® |0), where o € C is picked from the Gaussian
distribution (20), to the quantum gravitational evolution (21)
by evaluating the average fidelity

A
Fon(t) = / Ca_e T Tilp o0 @] @2)

where p, , () and pP} («) are, respectively, the states of
the second oscillator (Bob’s state) after the quantum evolu-
tion (21) and SN evolution (A6) in the limit @ < y,. As
we can see from Fig. 6, the LOCC bound is violated by
the Schrédinger-Newton dynamics. Thus, if one is willing to
see past other pathologies related to the Schrodinger-Newton
model—Ilike superluminal signaling [41,47], or the difficulty
in treating single-particle wave functions [48]—and regard
it as a potential candidate for a fundamental description of
gravity, violation of the LOCC bound is not sufficient to
rule it out and complementary tests, such as the one pre-
sented above, are necessary. If, on the other hand, one insists
that a fundamentally classical theory of gravity must be
LOCC, then Schrodinger-Newton cannot be a model of clas-
sical gravity. Finally, we remark that other proposed hybrid
classical-quantum models [49-52] will also be compatible
with the evolution of a coherent-state alphabet predicted by
the quadratic Hamiltonian (4)—in other words, they will also
violate the LOCC bound.
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VI. CONCLUSIONS

In this article, we have discussed fundamental limits
for classical models of gravity—in the form of LOCC or
Schrodinger-Newton models—in transmitting quantum infor-
mation. We have seen that if gravity is quantized in the
Newtonian limit, two spatially separated parties controlling
two harmonic oscillators can establish a quantum communi-
cation channel via the gravitational interaction, which allows
the parties to exchange quantum states faithfully. In particular,
preparing one oscillator in a certain state and subsequently
measuring the other can result in behavior that cannot be
reproduced by classical models, thus allowing these models
to be falsified. Our analysis demonstrates that observing the
transfer of squeezing would falsify the Schrodinger-Newton
model. Additionally, we derived a LOCC fidelity bound for
a set of coherent states and compared it to scenarios where
both oscillators are measured, as previously proposed. We
have provided a thorough analysis of open-system dynamics,
showing that although the parameters for potential implemen-
tations are demanding, the quantum behavior can persist in
the presence of thermal noise and damping, providing hope
for realizing experiments in the future.
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APPENDIX A: SCHRODINGER-NEWTON INTERACTION

In this appendix section, we derive the Schrodinger-
Newton interaction potential (10) for two mesoscopic quan-
tum systems, starting from the interaction [41]

2
Vex = Gmi? Z /dx/dxzwa’w' . (AD

/
i,j=0 |

We consider the case where the two systems are separated by
a distance d. We are interested in the terms that encode the SN
interactions between the two mesoscopic objects. Hence, we
will neglect the nonlinear self-interaction terms that modify
the motion of each object separately [42]. The terms we are
looking for are the cross terms in (A1),

/ /y12
Ve = G’”(/ e
ld +x2 — x|

/dxdx IW(xl,xz)I2> (A2)
2|d + x, — x|

We now suppose that the separation of the two systems d is
greater than the size of each object and that the state is well
localized with respect to separation so that the denominator
can be expanded in a Taylor series, yielding

/dx TS

"2d 4 x|

1 (x1) —x2  ((x1) —x2)?

_E<1+ T T on +> (A3)

/dx’dx 1Y (x], x5)[?
2|d+x2—x1|

1 x1— () | (0= (w)?
_E<1+ =+ +> (A4)

Therefore, combining these terms and neglecting cubic and
constant contributions, we arrive at

2

Von = —— (&1 —

P [<x1 — (£2))" + (F2 — (}1))*].

(A5)

)t o

This is the same mutual SN interaction potential derived in
Ref. [42]. We notice immediately that this Hamiltonian does
not act on the joint Hilbert space of the two harmonic oscil-
lators. Hence, product states remain product states throughout
the evolution [53] generated by (10).

1. Dynamics of two coupled oscillators in the Schrodinger-
Newton model: Initially vanishing first moments

We now couple two equal masses trapped in harmonic
potentials with identical frequency through the Schrédinger-
Newton potential (10). The full Hamiltonian will be

P 1 2 1 Gm?
H = 2ril—l-zm x1—|—2—+2m x% 7 — (X — X)
Gm? . o N
= o7 (1 = (82))” + (2 — (1)), (A6)

We can elucidate the dynamics under this Hamiltonian if we
solve for (x;(¢)), with k € {1, 2}, and plug the solutions back
into the potential. To that end, we have to solve the coupled
ordinary differential equations (ODEs)

d (p1)
—(x1) = —, A7
5 =" (A7)
d
g P = —{x1)(mw* — Cy) — G (xa) + Cy, (A8)
d (p2)
— (1) = —, A9
& {(x2) - (A9)
d
3 (P2 = — () (mw* — Cy) — Calxy) — Cy, (A10)
where C; = Gm?/d? and C, = Gm?/d?>. Given vanishing ex-

pectation values for ¢t = 0, the solutions to the above ODEs
are given by

C1 Cl .
(x1) = —5 1 —cos(wgt)],  (p1) = — sin(wy?),
ma)g a)g
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C C .
(r) = — '2[1 —cos(wgt)],  (pa) = —— sin(wyt),
g ©e
(A11)
where w, = /@w? — 2Gm/d3. Therefore, the full Hamiltonian

can be written in the form

Z ( + ma) xk —ka(t)>
k=
= /w?* — Gm/d?, and where we defined the drive

(A12)
with @
function

G
J@)=C——l1
ma)g

— cos(w,t)]. (A13)

In the semiclassical Schrodinger-Newton model, the two in-
teracting oscillators see each other’s gravitational effect as a
classical driving force. We can solve the dynamics by going
to the Heisenberg picture, where

Zal = iwga) — ﬁ](x), (Al4)
g

which can be integrated to give

t
aj(t) = e (aZ(O) -~ e (") dt’). (A15)

V : /
25)g 0
From here, we can see that the variance of the position op-

erator of each oscillator is vanishing and constant in time,
namely,

7
AR () = Akr(t) = ,/%, Yt e [0, 00).

Therefore, there is no transfer of squeezing and the states
cannot be swapped through the SN interaction. The story is
different if the initial states are such that the first moments do
not vanish atr = 0.

(A16)

2. Dynamics of two coupled oscillators in the
Schrodinger-Newton model: Initially nonvanishing
first moments and violation of the LOCC bound

Let us consider the case in which the initial state is

[W(0)) = |a) ® |0), witha € C, i.e.,
| 2h [ 2

x1(0)) =x0 =,/ —Re(a), (p1(0)) =po =,/ —Im(x).
mw hmow

(A17)

Let us further approximate the Hamiltonian (A6), so that

(A18)

where we have dropped a constant term, and all linear terms
that are not proportional to the first moments—these amount
to a redefinition of the oscillator frequency w proportional to

Gm/dz, and can safely be ignored. In this case, the solutions
to the ODEs are

(x)) = %xo[cos(w;rt) + cos(w, 1)]

sin (wft)  sin(w;t)
+§—°{ (f)+ = ] (A19)
m wg a)g
1
_ + -
(p1) = zpo[cos(a)g 1)+ cos(wg 1)]
1
+ S xolm oy sin(w; 1) + moyg sin(wg 1)1, (A20)
1
(x2) = Exo[cos(w;rt) — cos(w,1)]
sin(w]t sin(w; t
+§i[ (f)— (f’)}, (A21)
m a)g a)g
1
_ + -
(p2) = zpo[cos(a)g 1) — cos(w, 1)]
1 + o + — . _
+ Exo[m w, sm(wg t) — maw, s1n(wg )], (A22)

where a)g[ =wvlzt %, while the second moments do not

evolve in time, and AX|(t) = A% () = vV 5— me and Ap(t) =
Apy(t) =~ ﬁ’"T‘“ This tells us that the state of the system at
any time ¢ is in a coherent state. Assuming y, < @, which is
equivalent to the RWA approximation in the quantum gravita-
tional picture, we can expand the frequency afgt ~w(l £ 2)/—;),
and, as discussed in Ref. [37], one can read the state from
the solutions (A19). Alternatively, by computing the fidelity,
we can compare the dynamics obtained through the SN evo-
lution to the quantum gravitational dynamics (21). This is
represented in Fig. 6. From here, we see that the SN model
cannot be distinguished from the quantum gravitational dy-
namics when the RWA is in place. Further, by explicitly
violating the LOCC bound, we corroborate the main claim
made in Ref. [37], i.e., that the dynamics generated by the
Schrodinger-Newton model cannot be classified as LOCC.

APPENDIX B: PROOF OF THE GENERAL
TRANSMISSION BOUND

In this section, we show the proof of the bound (26)
following Ref. [44]. We want to find the best classical pro-
cess approximating the transformation p(«) — p'(«), where
p(a) is a state on the system A picked from the ensemble
{p(a), p(a)} and p’(«) is an output target state on the system
A’. We consider a process where both p(«) and p’(«) are pure
states—but in principle, we could take p(«) to be mixed. By
“best,” as we articulate in the main text, we mean the classical
process that maximizes the fidelity measure

Fee = sup D p@)THE(p(@)) p'(@)], (B1)

where £ : A — A’ is a measure-and-prepare channel. In Ref.
[44], the authors show that the bound can be computed
using

F=1®7 )o@ )y, (B2)

022218-9



TOCCACELO, ANDERSEN, AND BRASK

PHYSICAL REVIEW A 112, 022218 (2025)

where

o= p@p@ep@), t=) pa)p@), (B3

and where [[Allx = supjy —jpi=1 (@{¥|AlP)|¥). We are in-
terested in finding the classical fidelity threshold for the
process |a) > |g(t) ), where g(t) = sin(y,t). We start by
noting that the average input state t is in the Fock basis given
by

" 1\
= 1+AZ<1+A) Im){nl, (B4)

n=0

while the state ¢ in (B2) is given by
A 2 —AMaf?
o=_ | dae ™ gt)a)(gt)a| & |o){e]. (BS)

Thus, the operatorA; = (1 ® 773 Yo(1® T3 ) that enters the
cross norm in (B2) evaluates to

d2
A, :x/7“|g<r>a><g<r)a|®|ﬁa><ﬁa|, (B6)

where y = 1 + A. Using the beam-splitter transformation de-
fined by

By = eg(hlh;_b;(hz), 6 = tan™! (%) (B7)

and changing the variables to o — a+/x + g(¢)?, the integral
can be rewritten as

141 o .
b= T [ S el @ 000D, ®8)

For g : R — [0, 1], the steps above are well defined. Since co-
herent states form an overcomplete set, namely f d’a la) (o] =
1, the integral evaluates to the identity; hence,

1+A
T (1 + A+ g(r)?
Computing the norm of this operator, we see that
I+1
T+ A+ g

)B;(ll ® [0)(0NBy.  (BY)

[Aclloo = lAcllx = (B10)

thus, we arrive at the bound (26).
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