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In this study, we determine a violation of the Leggett-Garg inequalities due to gravitational interaction in a
hybrid system consisting of a harmonic oscillator and a spatially localized superposed particle. The violation
of the Leggett-Garg inequalities is discussed using the two-time quasiprobability in connection with the entan-
glement negativity generated by gravitational interaction. It is demonstrated that the entanglement suppresses
the violation of the Leggett-Garg inequalities when one of the two times of the quasiprobability #; is chosen as
the initial time. Further, it is shown that the Leggett-Garg inequalities are generally violated due to gravitational
interaction by properly choosing the configuration of the parameters, including #; and #,, which are the times of
the two-time quasiprobability. The feasibility of detecting violations of the Leggett-Garg inequalities in hybrid

systems is also discussed.
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I. INTRODUCTION

Unifying quantum mechanics and gravity is one of the
most fundamental issues in physics. Feynman discussed the
possibility of testing whether gravity follows the framework
of quantum mechanics [1], which has been reexamined be-
cause of recent developments in quantum information theory
and quantum technologies [2]. The proposal to test the quan-
tumness of gravity [3-5], called the BMV experiment, has
garnered more attention and has stimulated many studies (e.g.,
[6-8] and references therein). The BMV experiment relies on
the entanglement generated by the gravitational interaction,
which is a quantum smoking-gun feature used to characterize
the nonlocal quantum interaction. Optomechanical systems
are also promising for detecting the quantum entanglement
generated by gravitational interaction [9-16].

Other possible approaches to detect the quantumness of
gravity have been discussed in the literature. One possible
approach is a non-Gaussian feature of the quantum state gen-
erated through the quantum force of gravity in Bose-Einstein
condensates [17]. The authors of Ref. [18] showed the visibil-
ity function of interference in a hybrid system consisting of an
oscillator and a particle in a spatially localized superposition
state (see Fig. 1). Based their study [18], they concluded that
the revival in the oscillating feature of the visibility function
reflects the nonseparable feature of the gravitational interac-
tion, which generates the entanglement in the hybrid system
(see also [19-22]). Therefore, the revival of the visibility
function provides a unique approach to test the quantumness
of gravitational interaction.

In this study, we propose a different approach to test the
quantumness of gravity: We employ the Leggett-Garg in-
equalities, which were proposed to test the macrorealism in
Ref. [23] (see also [24] for a review). Macrorealism involves
characterizing classical systems, in which a macroscopic
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system is in a definite state at any given time for different
available states, and the state can be measured without any
effect on the system. The Leggett-Garg inequalities are tem-
poral correlations, which might be realized in a way similar to
the spatial nonlocal correlation described by Clauser-Horne-
Shimony-Holt inequalities. Quantum systems may violate the
predictions of macrorealism represented by the Leggett-Garg
inequalities. The violation of the Leggett-Garg inequalities
has been theoretically investigated and experimentally veri-
fied in many systems (Refs. [25,26] and references therein). In
this study, we apply the two-time quasiprobability introduced
in Ref. [27] and explored in [28-31] for the hybrid system de-
scribed in Ref. [18] to probe the quantumness of gravitational
interaction.

The remainder of this study is organized as follows. In
Sec. II, we briefly review the Leggett-Garg inequalities based
on the two-time quasiprobability and the hybrid system in
Ref. [18]. In Sec. III, we apply the formalism to a hybrid
system, and the behavior of the two-time quasiprobability is
examined. The feasibility of detecting the violation of the
Leggett-Garg inequalities is also mentioned. In Sec. IV, the
prediction within the Newton-Schrédinger approach is pre-
sented. Section V includes a summary and conclusions. The
origin of the violation of the Leggett-Garg inequalities due to
gravitational interaction is also discussed. In the Appendix, a
deviation of Eq. (A5) is described. Note that we adopt units of
B = 1 unless noted otherwise.

II. FORMULATION
A. Leggett-Garg inequalities

We begin by briefly reviewing the two-time quasiproba-
bility function [27-31]. We introduce a dichotomic variable
Q =n - 0, where n is a unit vector and 0 = (0%, 0”7, %) is the
Pauli spin matrix. As the dichotomic variable is regarded as a

©2022 American Physical Society
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FIG. 1. System consisting of an oscillator and a particle. The
particle is in a superposition state of two spatially localized states
denoted by |0)4 and |1)4. The position of the oscillator is denoted by
g, and its mass and angular frequencies are M and w, respectively.
L is the distance between the oscillator and the particle in a super-
position state, and £ is the distance between the positions of the two
spatially localized states.

spin, Q is the quantum variable that gives spin values of +1
by measuring in the direction n. Therefore, |n - 6|> = 1. The
measurement operator of the dichotomic variable to obtain the

J

measurement result ¢ = +1 is defined as
M,=3(1+an-o0), (1)
which satisfies M, = M| = M>.

Assuming the initial state pg, the probability that a is ob-
tained through a measurement at #; is given by

Pi(a) = Te[M,U (t)poU’ (t1)M]] = Te[M,(11) poM, (11)],
2
where we define
M, (t) = U MU (t) 3)

and U (¢) is the unitary operator of the time evolution of the
system, in which we assume the time-translation invariance.
Then, the expectation value of the dichotomic variable Q at ¢
is

(O@) = Y aPi(a) = Trln - a(ty)po), )

a==1
where o(t) = UT(t)aU (2).
Similarly, the probability that the measurement results a

and b are obtained via measurements at #; and t, (= t;) with
measurement axis n

Piz(a, b) = Te[MpU (t2 — 1)MU (11)poU" (1)M U (12 — 11)M3]
= Tr[My(12)Ma(t1) poM (1)) (12)] = Tr[My(02)M(01) oM (1), )
where
M, = %(1 + bn - 0). (6)
The two-time correlation function is introduced as
Clti,n)= ) abPi(a,b), (7)
a,b==1
which reduces to
Ct1, 1) = 3 Tel{n - o(t)), m - 0 (12)} ol ®)
where {-, -} denotes an anticommutator.
In the theory of macrorealism, the corresponding variables Q) = Q(t;) and Q, = Q(#,) take definite values of £1, implying
that
(1 + 51011 +5202) 2 0, ©))
where s, s, = £1. Following the framework of macrorealism, a joint probability distribution exists for the measurements results.

The existence of such a joint probability distribution means that we can simply average the above formula and obtain the two-time

Leggett-Garg inequalities [27,29]

1+ 51(Q) + 52(02) + 5152(0102) 2 0. (10)
In the quantum mechanics, the corresponding expression can be discussed with the two-time quasiprobability defined by
G5 (01, 12) = 11 4 51(0(11) + $2(0(12)) + 515:C (11, 12)], (11
which is equivalently written as [29]

Gos, (. 1) = ;Tr[3{1 4+ 510 - 0 (1), 1 + som - 0(12)}po | = Re{Tr[ M, (12)M, (11)pol}. (12)

Note that the two-time quasiprobability produces the relations [29]
Ot)) = Y aqapti,n), Q)= Y bgap(ti.t), Cialt,h)= Y abgay(ti, ). (13)

a,b=+1 a,b=+1 a,b=+1
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However, it may take negative values, which means a violation
of the Leggett-Garg inequalities.

B. Hybrid system

We consider a hybrid system consisting of an oscillator and
a particle (see Fig. 1). An oscillator with a mass M is described
by the coordinate variable g, whose oscillation is character-
ized by the angular frequency w. A particle with mass m is in
a superposition of the two spatially localized states denoted by
|0)4 and |1)4. Here, we assume that £ is the distance between
the positions of the two spatially localized states, and L is the
distance between the oscillator and the particle. This model
was introduced in Ref. [18], and the authors investigated the
effects of gravitational interaction between the oscillator and
the particle on the visibility function owing to the interference
of the particle’s state. Reference [18] demonstrated that the
revival of a visibility function owing to the interference is
the result of the entanglement because of the gravitational
interaction, which can be tested as a signature of the quan-
tumness of gravity. Furthermore, the nonseparable evolution
owing to gravitational interaction is more fundamental to their
argument to generate entanglement [18,20].

We investigate the Leggett-Garg inequalities in a hybrid
system, whose Hamiltonian is given by

H = Qo° + wa'a + Hyay, (14)

where wa'a is a free Hamiltonian of the oscillator with the
creation (annihilation) operator a (a*) and the last term on the
right-hand side of Eq. (14) describes the gravitational interac-
tion between the oscillator and the particle. The eigenstates of
o* describe the two spatially localized states of the particle,

J

and the first term in Eq. (14), Qo%, causes the phenomenon
corresponding to the Larmor precession in the two states,
which is not included in the analysis of Ref. [18]. Following
the configuration shown in Fig. 1, the gravitational potential
of the system can be written as

GMm
VL2 + (g +07/2)?

GMmglo*®

BN/ EwErS

H, grav —

~+ const,

15)

where G is the Newton constant and the approximate expres-
sion is obtained by assuming that ¢ is small compared to L
and . Introducing constant g and nondimensional variable g
via

GMml 1 1
§= v 4=
2 /L2+E2/43 V2M® V2Mw
the Hamiltonian of the gravitational interaction reduces to
Hyray = 806°/24. (17)

The unitary operator of the Hamiltonian is written as

V2§, (16)

t
Ut) = e iHt efi(Qa:Jra)a?a)tTeXp |:_l-f dt/gdzﬁql(t)}
0

(18)
where §; denotes g in the interaction picture,

L(e_"‘”’a +e“a").  (19)
V2

Note; tha; o* in the interaction picture is of(t) =
e g2~ — 52 Using the following relation (see
also [14]), we have

51 (f) — eiwa*atqe—iwa*at —

T exp [—i/ dt’gozﬁ@(t’)} = exp [—i/ dt/gozx/iql(t/)—ng dt’/ dt"[g; (), q,(t”)]}
0 0 0 0

— e laa—a*0a' HigB() (20)

We used the following relations to derive the second equality:

—i/ V2§,(t)dt’ = a(t)a — o*(t)a, 2n
0

/ dr f dt" G, Gt = —ip(), (22)

0 0
and we defined

et — 1 1 sin wt
a(t) = ———, ,3(l)=—(f— > (23)
13 13 13

Except for the total phase, the unitary operator of the time evolution of the system is written as

U([) — e*i(Qo’:era"'a)tng:[a(t)afa*(t)a'}]. (24)

C. Two-time quasiprobability

We determine the two-time quasiprobability for the particle in the hybrid system above when the initial state is prepared as

1

Vo) = 7

(10)a +11)a) ® |0), (25)
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where |0) is the ground state of the oscillator. Using the unitary operator (24), the state at time ¢ is

—iwa"at

V2

[ (1) =U®)Yo) =

Sl -

where the oscillation is in the coherent state |£)¢ defined by
|€)c = €£% ~£77|0). In deriving the second line of the equation,
we used the expression of the coherent states in the Fock basis,

IE)¢ = e P /22

mO

where |m) is the mth energy excited state of the oscillator.
Now, we determine the expression of the two-time
quasiprobability function (11). Hereafter we consider the case

n = (cos g, sing, 0), 27

unless otherwise stated. For the initial state py = |¥) (Yol
with (25), from straightforward computations, we obtain

(01) = Tr[n - (1) po] = cos(2Qt; — @)e 5 7 (28)

2 ot

(02) = Tr[n - 0 (t2)pol = cos(2Qty — @)e 50 % (29)
and
Clta, 1)) = ATr[{n - o(t)), n - 6(12)} po]
— c0s O(ty, 11) cOS[29(tr — 17)]e~5" “5 (30)
where we defined

O(tr, 1) = 42> [sinw(t, — 1) — sin wty + sin wt; ]

w(lt, —t) . owbh wty

[e™"[0)algar (1)) + € [1)4]

[e™10)] = ga" () + ¢ 1)al + ga* ()cl,

—ga(n))cl, (26)

(
Then, the expression for the two-time quasiprobability is writ-
ten as

Gorss (11, 12) = {1+ 51 cos(2Qu; — g)e 850" 3

212 @
—8A%sin® =~

+ 5, cos(2Q2t, — @)e
+ 515, cos O(ty, t1) cos[22(t, — t1)]
« 878)\2 sin? 4“’(’22*11) } (33)

III. BEHAVIOR OF TWO-TIME QUASIPROBABILITY
A. Caseoft; =0and 2 # 0

In this section, we investigate the behavior of the two-time
quasiprobability. We first consider the cases imposing that 7,
is the initial time, #; = 0, and 2 # 0 in Eq. (33). In this case,
we show that gravitational interaction suppresses the violation
of the Leggett-Garg inequalities. Imposing #; = 0 on the two-
time quasiprobability (33), we have

Gs,.5,(0.12) = 1[1 + 51 cos ¢ + 55 cos(2Qt, — @)e 0 F
+ 5152 COS(221y e84 sin” *]. (34)

Assuming that the Leggett-Garg inequalities are violated
when the gravitational interaction is switched off by setting
A =0,

1+ s1cos¢@ + s, cos(2Q, — @) + 5152 cos(2Q2,) < 0. (35)

This inequality holds, depending on the parameters, unless we

— 16)2sin N —2 Sif — (31)  consider the case ¢ = 0. Under this condition, we have
2 2 82 cos(2Qt — @) + 5152 cos(2Q2,) < 0 (36)
and g becapse 14+ sycosp >0 is always satisfied. Then, the
A== (32) quasiprobability is rewritten as
@ |
@515, (0, 12) = L[1 + 51 cos ¢ + 55 cos(2Q1, — @) + 5152 c08(2Q1)] — 1 (1 — e8I [0 0820 — @) + 5152 c0s(2020)].

The terms with the factor (1 — =8

(37

sin” *) of Eq. (37), which originates from gravitational interaction, are always positive

from Eq (36). This means that gravitational interaction always suppresses the violation of the Leggett-Garg inequalities in this

case.

Because the gravitational interaction generates the entanglement between the oscillator and the particle, the above argument
is rephrased using the entanglement. To quantify the entanglement of a given density matrix p;, of a bipartite system, we use the

entanglement negativity [32],

N=7"Iul, (38)

ri<0
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where A; is the eigenvalue of the partial transpose plTé with the elements 1(i|2(j|p1T£|k)1 [€)2 = 1{k|2{jlp12]i)1]£)2. The evolved

state |1 (7)) is rewritten as

1 .
[y @) = ﬁ [e ™ |0V alga())c + € [1)a] — ga(t))c]
1 . N. </ . N. N_
=ﬁ[e"“’|0>/4<§|+>c+—| )+e19f|l>A<“2_+| = |—>c)], (39)

where |£)c = 1//Nallge(t))c £ | — ga(t))c] and Ny = 2 & 2¢72¢°1#0OF Hence, |y (1)) is regarded as a two-qubit state with
the basis {|0)a]|+)c, 10)al—)c, [1)al+)c, [1)al—)c}, and the density matrix p(¢) = | (t)) (¥ (¢)| is a 4 x 4 matrix. This is due to
the fact that the Schmidt rank of a pure hybrid state is always finite. From the partial transposed matrix o’ (z), we obtain the

following entanglement negativity:
Ny = 51— et s,

In, e.g., [33], the above procedure was performed for a pure hybrid qubit-Schrodinger-cat state.
The term of the gravitational interaction in (37) is expressed as

2 qin2 @t
1_6—8)\ sin” 5 _

Then, Eq. (37) can be written as

ds1.50,0) = 11+ 54 cos @ + 52 cos(2Qty — @) + 5152 cos(2Q2,)] —

The negativity takes values 0 < N(¢) < 1/2, in which 1 —
/1 —4N2(t) is the monotonic increasing function of N(z).
Therefore, this implies that the entanglement suppresses the
violation of the Leggett-Garg inequalities of gj, 5, (0, 12).

For the & = 0 case, we can determine the relation between
the quasiprobability function and the negativity in the limit of
A < 1. In this limit, we have

ot
N(t)zzx‘smﬂ <1, 42)
with which Eq. (41) reduces to

qs,5,(0,12) =~ %[l + 51 oS + 5, COS @ + 515

— 2N?(1)(52 cos @ + 5152)] (43)
for 2 = 0. Furthermore, for s, cos¢ = 1, 51 = —s;, we have
G5, (0, 1) = N?(0). (44)

Thus, with the choice of suitable parameters, the quasiprob-
ability reflects the evolution of the entanglement negativity
directly.

B. Case oft; #0and 2 =0

Next, we consider the violation of the Leggett-Garg in-
equality due to the gravitational interaction by setting 2 = 0.
Here, we assume the case where ¢ = 0 for simplicity. Then,
the two-time quasiprobability becomes

1 —822sin? 4L —8A2sin? 22
Gsrss (11, 12) = 1[1 + s1e > 4 s 2

2 .2 olp—t])
+ 515208 O, 17)e ¥ ] (45)

For A =0, the two-time quasiprobability satisfies
Gsi5, (1, 12) = 41-‘(1 + 51+ 52+ 5152) 2 0. Figure 2 demon-
strates the region where the quasiprobability function (45)

— V1 —4aN2(r). (40)

[1 — 1 —4N2(1)][s2 cos(2Q> — @) + 5152 cos(2Q21,)].
(41)

(

with A # 0 takes negative values on the #; and #, planes,
where we show the region satisfying 0 < #; < . Thus,
the Leggett-Garg inequalities are violated because of the
gravitational interaction.

When A « 1, the contribution from the term cos O(#,, #)
in (45) becomes the highest order of O(A*). Then, up to the
order of O(A?), the quasiprobability (45) reduces to

1 2 . o Wl
Gs,5,(t1, 1) = 4_1(1 + 51+ 50+ s15) — 24 (sl sin >

15 Hh —t
+ 5, sin? % + 5157 sin® %), (46)

which may take negative values when (si,s) = (1, —1),
(—1,1), or (—1, —1) owing to the gravitational interaction.
The minimum value of the quasiprobability function is ap-
proximately

)\’2
min{g;,s, (1, )} = 5 47)
which appears for s; = 1, s, = —1 when

2 7
wt1=§n+2nn, wt2=§n+2nn n=0,1,2,...

) (48)

4 5
wt =§rr+2nm, wt2=§n+2nm m=0,1,2,...),
(49)

fors; = —1,s, = 1 when

2
wt1=%+27m, w12=§n+2nn n=0,1,2,...), (50)

5 10
wt =§n+2nm, wt2=?n+2nm m=0,1,2,...),

(5D
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N =1 s 32:—1

S =1, 82:1

S =1 s 82:—1

ot
S

‘ ] 1
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oty
b

L L L L L 0 L L L L L L L
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otq oty otq
n n b

FIG. 2. Shaded regions show the regions where ¢, ,, (f;, t,) < 0 is satisfied on the wt, /7 (horizontal axis) and wt, /7 (vertical axis) planes.
We adopted 2 =0, ¢ =0, and s; = 1, s, = —1 (left panel); s; = —1, 5, = 1 (middle panel); and s; = —1, 5, = —1 (right panel). Here, we

show only the region satisfying 0 < #; < f,, and we adopted 8A> = 1072,

and for s; = s = —1 when

5
oty =%+27m, o = ST 4+2mn (1=0,1.2....). (52)

5 7
wt1=§n+2nm, wt2:§n+2nm m=0,1,2,...).

(53)

Summarizing the result of the case, Q2 =0, the gravi-
tational interaction is the unique interaction to evolve the
particle’s state. In this case, the Leggett-Garg inequalities are
violated, except in the case s; = s, = 1. The violation of the
Leggett-Garg inequalities depends on the parameters sy, s,
t1, t, and ¢, which is not explicitly shown. The minimum
value of the two-time quasiprobability is —A?/2. The violation
further depends on the initial state, for which we adopted
Eq. (25) in this section. Notably, in the case 2 = 0, the vi-
olation of the Leggett-Garg inequalities is derived from the

gravitational interaction, and there appears to be no violation
of the Leggett-Garg inequalities in the absence of the gravita-
tional interaction.

C. Thermal state as the initial state for the oscillator

In this section, we consider the effects of the initial con-
dition on the Leggett-Garg inequalities. Here, we adopt a
thermal state for the initial state of the oscillator. The thermal
state can be described by the density matrix in the Glauber P
representation on the basis of the coherent state,

1 _
o = ﬁ/dzye“y'z/”lwcc(ﬂ, (54)

where 71 is the mean occupation number, which is related to
temperature 7 by i1 = kgT /2w, with kg being the Boltzmann
constant, and |y )¢ represents the coherent state. Using the
expectation value with respect to the thermal state

1 2=
= — [ d®ye "y expl£2gl[a(tr) — a(t)]a — [a*(t2) — a*(t)]a' |y )e

Tr[ Pt eﬂg{[a(tz)—a(tl Na—[a*(t2)—a* (1) )]cf}]
nn
1 _ .
= %/dzye—\}’lz/n CXp{—2g2|[Ol(t2) _ a(tl)]|2}ei41glm{[a(t2)—ct(t1)]V}
= exp{—2(27 + D& |[a(t2) — a ()]}, (55)
we find

(01) = Tr[n - 6(t))pn] = cos(2Qt; — g)e~BCHHDIsin* 51 (56)
(02) = Tr[n - 6(t2)pn] = cos(2Qt, — )e~ SCHHDIsin® 3 (57)

and

Clta, 1)) = ATr[{n - o(t)), n - 6(2)} pin] = cos O(ta, 11) cos[2Q(t, — 11)] exp (—S(Zr‘z + 1A% sin? @) (58)

where ©(f,, t1) is defined by Eq. (31). Thus, the quasiprobability with the thermal state as the oscillator’s initial condition is

given by

= 2 in2 @ _ = 2402 @
Gosr (11, 1) = LIT 4 51 c08(2Q11 — @)e DS54, cos(2Qty — )e BT DA

+ 515 €08 O(ta, 1) COS[2Q(ty — )] SCHHII sin® HE Y (59)
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The difference between the ground state and the thermal state is the factor (27 4 1) in the exponential function. Therefore, if A
is small, A < 1, the minimum value of the quasiprobability function appears under the same condition as the ground state of the
oscillator in the previous section with 2 = 0, and the minimum value is approximately given by

)\,2
min{gy,, (11, 1)} = —7(2’7 + D). (60)

D. Squeezed state as the initial state of the oscillator

Further, we consider the squeezed state as the initial state of the oscillator. The squeezed state can be obtained with

1€)s = $(£)10), (61)

with the squeezing operator S(¢) defined by S(¢) = er¢a?=¢a) By using the mathematical formula D(£)S(¢) = S(¢)D(y),
where y = £ cosh |¢| — £*¢ sinh |¢ |, with ¢ = |¢ e, we determine the expectation values with the squeezed state as the initial

state for the oscillator,

1

Psq = |¢sq><'ﬁsq|7 |1//sq> = ﬁ(|O>A + |1>A)|§>Sa (62)
as
(01) = Tr[n - 0 (t))psg] = cos(2Qt; — @) exp[—247| (" — 1)cosh [¢| — (e — 1)e” sinh [¢| |2], (63)
(05) = Tr[n - 0 (t2)psq] = cos(2Q1, — @) exp[—227| (> — 1) cosh [¢] — (e — 1)e" sinh |;|}2], (64)
and
Cltr. 1) = 3Tr[{n - 0(11), 1 - 6(02)}psq)
= cos O(t2, 1) cos[2Q(tr — 1;)] exp[—212| ("2 — ") cosh || — (e~ — e~ )™ sinh |7 ||?], (65)

where O(1,, t1) is defined by Eq. (31). In the Q = 0 and ¢ = 0 limits, the two-time quasiprobability reads

o5, (11, 1) = F{1 + 51 exp[—247|(¢"" — 1) cosh |¢| — (e — 1) sinh |¢||*]
+ 55 exp[—2A2|(“ — 1) cosh || — (e~ — 1)e sinh |¢||?]
+ 5152 08 O(12, 11 ) exp[—222| ("2 — &) cosh || — (e — e™1)e™ sinh |z ]|%]}. (66)

When ¢ takes a real number, Eq. (66) reduces to

1 5 . o N .
qs,5,(t1, ) = 1 1 4+ s1exp [—8A sin T[cosh 2¢ + cos(wty) sinh 2{]]

15
+ 57 exp [—SAZ sin? %[cosh 2¢ 4+ cos(wty ) sinh 2;]]

w(ty —11)
2

+ 5152 cos O(to, 1) exp |:—8k2 sin? {cosh 2¢ + cos[w(t; + ;)] sinh 2;“}:|> . ©67)

Figures 3 and 4 demonstrate the region where the two-time quasiprobability (67) takes negative values on the #; and #, planes,
depending on the choice of sy, 5, and ¢. The minimum value of the quasiprobability function (67) is approximately of the order
of

. A2
min{gs,s, (t1, 1)} > —7e2‘“. (68)

In general, the squeezed initial condition boosts the signal of the Leggett-Garg inequality violation, except for the cases s; =
so=1lands; =s, = —1 with¢ < 0.
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s1=1, sp=-1 S1=-1, sp=1 s1=-1, sp=-1

W

4 h p
“g|li3 1 *g 1
2 ] ]

o
o -
C L
o

0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 4 5 6
otq wtq otq
T b b

FIG. 3. Shaded regions show the regions satisfying g;,,(#1, %2) < 0 in Eq. (67) with the squeezed state as the oscillator’s initial condition
on the wt,/m and wt,/m planes. We adopted 2 =0, ¢ =0, and s; = 1, 5, = —1 (left panel); s; = —1, s, = 1 (middle panel); and s; =

—1, s, = —1 (right panel). Here, we adopted 8A> = 10~ and ¢ = 5. Here, we show only the region 0 < #; < t,. In this case, no violation of
the Leggett-Garg inequalities appears for s; = s, = 1.

E. Connection with the experiment

Following Ref. [18], we discuss the feasibility of signal detection. We introduced the mass density p by M = 4 p£3/3 for
the oscillator, and with the approximation L ~ ¢, we have

22 é _ G*m*M 02 N G*m*p 69)
w? 8w3h/L2 + 32/43 hew?
which is estimated as
2 -3 ~1
% =17x%x10"2%8 o _P (e L (70)
hw? ' mes 20g/cm® ) \ wy Ilmm/

where mc, = 2.2 x 1072 kg is the mass of a cesium atom and wy is defined as w; = 27 /7, with T = 10 s. This was a significantly
small signal, but when we assumed the initial thermal state for the oscillator, the effective coupling constant was boosted by the

factor n = kgT /2hw as
2 —4 ~1
14 T
in? ~ 0.5 x 10—14(1> (%) (3> ( ) < ) 1)
mcs 20g/cm Wy 1 mm 300K

31 =1, 322—1 S1 :—1 s 32:1
6 : : ——r
5f 1
4f ]
2f ]
1f ]
oL . . . . . . 0 . . . . . .
0 1 2 3 4 5 6 0 1 2 3 4 5 6
otq otq
T T

FIG. 4. Same as Fig. 3, but with ¢ = =5, s; = 1, s = —1 (left panel) and { = —5, 5y = —1, s, = 1 (right panel). The other parameters
are @ =0, ¢ = 0, and 81> = 10~*. In this case, no violation of the Leggett-Garg inequalities appears for s, = s, = 1 and s; = s, = —1.
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The amplitude of the signal was the same as that discussed
in Ref. [18], in which the authors argued that the signal in
the visibility function could be further amplified by using
many atoms and coupling the oscillator with another two-state
system.

For an experimental test of the violation of the Leggett-
Garg inequalities, we need to measure the expectation values
of (Q(tj)) =Tr[n-o(t;)pol, with j =1,2, and C(tp, 1) =
%Tr[{n -a(ty),n-o(t)}pol. The simplest case with n =
(1,0,0) and 2 = 0 when we assume the initial thermal state
for the oscillator is (Q(t;)) = e~ 8" HDsin’ 0(ti/2)  Thig ex-
pression is the same as the visibility function in Ref. [18].
Therefore, the measurement of (Q(tj)) is the same as that
of the visibility function, which is essentially obtained with
the two-state interference. On the other hand, C(#,, #;) is the
correlation function, which requires a much larger number of
measurements to detect the signal with a sufficient statistical
significance. This is a disadvantage of our approach with
the Leggett-Garg inequalities for testing the quantumness of
gravity.

However, as discussed in Refs. [19-22], the collapse and
revival of the visibility function in atomic interferometry
can be generated by semiclassical models. The authors of
Ref. [19] demonstrated that a local operations and classical
communication channel between a harmonic oscillator and a
particle in a double-well potential reproduces the collapse-
and-revival dynamics in the interferometric signal. Similarly,
the authors of Ref. [21] demonstrated that the periodic col-
lapses and revivals of the visibility can appear even when
the oscillator is fully classical. Therefore, the revival of the
visibility is not necessarily the signature of the quantumness
of gravity connected to the entanglement. The Leggett-Garg
inequality cannot be violated in a classical system, which will
be a unique method to test a quantum property of gravity. It
will be helpful that the signal of the violation of the Leggett-
Garg inequalities is boosted by preparing a squeezed initial
state for the oscillator. The feasibility of detecting the signal
against various noises is left for a future study.

IV. DISCUSSION

We consider the Newton-Schrodinger approach in the
present system to compare the difference in the predictions in
our theoretical model. In the Newton-Schrédinger approach,
the gravitational potential ® is given by expectation values of
matter distributions with respect to the states. Explicitly, we
may write the Newton-Schrodinger equations

i8|W(t)>A — (Qo’Z + GA/I—mKS(q)Uz)|W(I)>A’ (72)
ot 2/L* +¢2/4

Ol @)y p_2 Mo? GMm¢ .

T _<2M+ ) 5 L2+£2/43<U )fI)IW(t))q

(73)

for the state of the particle | (#))4 and the state of the oscilla-
tor |y (1)),, respectively, with which (g) and (o) are defined
as (q) = ((YOlqlY())g and (o°) = A (Y (@)|o*|Y(1))a, re-

spectively. Here, p is the conjugate momentum of q.

For the initial state of the oscillator and the particle adopted
in our analysis [for example, the initial state given by (25)],
the gravitational interaction vanishes, i.e., (g) = (c%) =0,
because of the symmetry of the system. When the Larmor pre-
cessionlike frequency vanishes, 2 = 0, there are no violation
of the Leggett-Garg inequalities in the Newton-Schrédinger
approach. The violation of the Leggett-Garg inequalities
which appears via the gravitational interaction in the previous
section can be regarded as a consequence of the quantum
nature of the gravitational interaction.

V. CONCLUSIONS

We investigated the violation of the Leggett-Garg inequal-
ities due to the gravitational interaction in the hybrid system
[18] using a two-time quasiprobability. With the initial time
t; = 0, we first discussed the role of the gravitational inter-
action in the violation of the Leggett-Garg inequalities of the
two-time quasiprobability in connection to the entanglement
generated by the gravitational interaction. In the case Q2 # 0,
the Larmor precessionlike behavior appears, and we can as-
sume the parameters so that the Leggett-Garg inequalities are
violated when the gravitational interaction is switched off.
This violation of the Leggett-Garg inequalities is due to the
quantum property of the particle system itself. In this setup,
with #; = 0 and 2 # 0, we demonstrated that the entangle-
ment, induced by the gravitational interaction being switched
on, suppresses the violation of the Leggett-Garg inequalities.
Furthermore, in some parameter settings, the quasiprobability
equals the square of the entanglement negativity.

When the Larmor precessionlike behavior in the two
spatially localized states was switched off, i.e., 2 =0, we
demonstrated that the quasiprobability took negative values
due to the gravitational interaction, in general, depending on
the choice of the parameters and the initial conditions. For
the realistic situation g/w < 1, the minimum value of the
two-time quasiprobability was of the order of —g?/2w? when
the initial state of the oscillator was in the ground state, while
it was of the order of —g%#i/w® when the initial state of the
oscillator was in the thermal state, where 7 = kgT /2w. As dis-
cussed in Ref. [18], the choice of the initial thermal state sig-
nificantly increases the signal of the quasiprobability owing to
gravitational interaction. We also demonstrated that squeezing
the initial state of the oscillator significantly boosts the ampli-
tude of the signal of the Leggett-Garg inequality violation.

Here, we discussed the origin of the violation of the
Leggett-Garg inequalities due to gravity in the hybrid sys-
tem that was determined in Secs. III B, III C, and III D.
The violation of the Leggett-Garg inequalities in the case
where €2 = 0 originates from the gravitational interaction;
otherwise, no evolution arises in the system of the particle.
Gravitational interaction generates an entangled hybrid cat
state [Eq. (26)]; therefore, entanglement plays an important
role in the Leggett-Garg inequality violation. In the Leggett-
Garg inequality violation, the terms (Q(#;)) and (Q(t>)) play
a crucial role in making the two-time quasiprobability neg-
ative values. For the simplest case, n = (1, 0,0), we have
(Q@)) =Trln-o(t)po] = e Si“2<‘“’/2), which is a visibility
function addressed in Ref. [18]. Based on Refs. [18,20], the
oscillatory behavior of the visibility function originates from
nonseparable evolution of the state owing to the gravitational
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interaction, which causes the entanglement of the system. For
the case 2 = 0, the Leggett-Garg inequalities are not violated
when the oscillator and the particle undergo separable unitary
evolution with the separable initial state. Therefore, it can be
concluded that the Leggett-Garg inequality violation for the
case 2 = 0 is derived from the nonseparable property of the
gravitational interaction.

However, the origin of the violation of the Leggett-Garg
inequalities may still have room for discussion. For the
case t; = 0 and 2 # 0, the gravitational interaction causes
the entanglement, which always suppresses the violation
of the Leggett-Garg inequalities caused by the quantum nature
of the particle system itself. For the case 2 = 0, the gravi-
tational interaction causes only the evolution in the particle
system, which causes the entanglement between the particle
and the oscillator as long as A # 0. Therefore, we concluded
that the origin of the violation of the Leggett-Garg inequalities
is the gravitational interaction and the entanglement induced
by the gravitational interaction. This is supported by the re-
sult in Sec. IV that the Newton-Schrodinger approach does
not cause the violation of the Leggett-Garg inequalities in
which the gravitational interaction causes no entanglement.
However, the gravitational entanglement has two effects, i.e.,
violation and holding of the Leggett-Garg inequalities de-
pending on the parameters #; and #,. This can be understood
from Eq. (46). Namely, the two-time quasiprobability is ex-
pressed by the latter term in proportion to A2 in Eq. (46) when
s1 and s, are the same as those in Fig. 2. When the two-time
quasiprobability takes negative (positive) values, the Leggett-
Garg inequalities are violated (satisfied). We have not clarified
how these different aspects of the entanglement due to the
gravitational interaction appear in the violation and holding
of the Leggett-Garg inequalities in an intuitive manner. Fur-
thermore, the particle is equipped with quantum properties.
Therefore, it might be difficult to exclude the possibility that
the violation of the Leggett-Garg inequalities comes from the
quantumness of the particle system itself.

In general, it is interesting to test quantum properties
of macroscopic systems to determine the boundary between
quantum systems and classical systems. Our research, which
is motivated by testing quantum properties of the gravitational
interaction, can be regarded as a test of the quantum aspects
of a gravitational potential as a macroscopic system through
the Leggett-Garg inequalities. The Leggett-Garg inequalities
were originally developed on the basis of macroscopic re-
alism and noninvasive measurability, which are tested by a

J

measurement of the violation of the inequalities. In our sys-
tem, a superposition state of the macroscopic oscillator is
generated by the superposition state of the particle initially
prepared. When the initial state of the oscillator is prepared
as a superposition state of coherent states by some method,
e.g., (|5)c + |E])C)/\/§ with coherent parameters &, and &,
an entangled state between the oscillator and the particle will
appear, as is shown in the Appendix. The result in Eq. (AS5)
means that the particle system could be used as a probe of
the superposition state of the oscillator by measuring the in-
terference of the particle state caused by the entanglement.
When the particle and the oscillator interact through a differ-
ent force, the factor will be written in a corresponding form
reflecting the different interaction. Therefore, a particle in a
superposition state could be a probe of a quantum state of the
macroscopic oscillator and the quantum nature of the interac-
tion when the interaction between them is well understood. It
is interesting to investigate the violation of the Leggett-Garg
inequalities in the particle’s state as a probe of the quantum
aspects of macroscopic oscillators and their interaction, which
is left for future investigations.
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APPENDIX: RESULT WITH OTHER INITIAL STATE FOR
OSCILLATOR

When the initial state of the system is prepared as

[Yo) = 2(10)a + [1)4) ® (Eo)c + I€1)c),

where |§;)¢ for j =0, 1 is a coherent state of the oscillator,
the state will evolve as

|W(t)> — U(t)|1p0> — e—i(QUZ-Fa)a%a)tegﬁz[ol(t)u—a*(t)at]|¢0>.
(A2)

Using the formula, D(— go*a*(t))D(;) =
87 e e WSI2D(— goa*(t) + £;), we have

(Al)

—iwa’ [ _g* * . —iwa’ [y * i
e iwalapy go_za*(t))D(%.l)l()) — egcr[ o (Z)E_i+a(t)é,]/2€ iwa'apy _ gO'ZOl*(l‘) + §])|O> = 8 [—o (I)Si+a(t).$/]/2|go_za(t) + sje m)r)C’

(A3)
which leads to
[ (1)) = L(eS7 W5 HODI210) ) | gor (1) + Ege ™" )¢ + e ST ORFAORIZ|) | — gar(r) 4 Ege )¢
+ ST OSHCORI210) | gor (1) + EreT )¢ 4 e ST OGHEORIZIT | — g (r) + E1e7)c). (A4)
When g/w < |§;] for j = 0, 1, the state can be approximately written as
[y (1)) =~ %[eg[*d*(t)53+a(7)50]/2|0>A|§Oe*iw’>c + e ST O AR 1y 5 eIl
+eS[*u*(f)El*JrOt(l)sl]/Z|0)A|%-lefiwt>c + efg[fa*(,)g;ura(t)gl]/zl1>A|€le,iwt>c]. (A3)
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We note that the result is an entangled state between the
oscillator and the particle with the factor e8¢ ()¢ +a®%1/2.

with j = 0, 1, which comes from the gravitational interaction
between them.
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