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Quantumness of gravity in harmonically trapped particles
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This study investigates the quantumness of gravity under the setup of the atomic interferometry from the
viewpoint of mass-energy equivalence. We evaluated interference visibility considering a particle with
internal energy levels in a harmonic trapping potential. As per the result, for a spatially superposed
gravitational source mass, interference visibility exhibits collapse and revival behavior, which implies that
an initial separable internal state evolves to the entangled state with respect to the degrees of freedom of the
center of mass, the internal energy levels, and the external source state. In particular, it does not exhibit
revival behavior when gravity is treated as a quantum interaction, while it revives with a finite period for a
semiclassical treatment of gravity. We also examined the temporal behavior of entanglement negativity and
found that the nonrevival behavior of visibility reflects the creation of the entanglement between the
internal energy state and the external source state which is uniquely induced by the quantum interaction of
gravity in accordance with the weak equivalence principle.
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I. INTRODUCTION

The unification of gravity and quantum theory is one of
the most challenging subjects in modern physics because
the experiment to test quantum gravity has not been
realized thus far. Nevertheless, there are several experi-
ments that focus on the quantum aspect of a particle
under the classical external gravitational field to examine
the relation between quantum mechanics and classical
gravity [1]. For example, in the Colella-Overhauser-
Werner (COW) experiment [2], the difference in gravita-
tional potential causes the phase difference of a quantum
particle and leads to gravity-induced quantum interference.
This phenomenon was confirmed in the experiment using a
neutron interferometer [3].

As a further development of quantum experiments under
classical gravity, the authors of paper [4] discuss the
decoherence mechanism of a quantum particle with internal
(INT) degrees of freedom using mass-energy equivalence.
Herein, the particle with the INT degrees of freedom is
characterized by two systems: center of mass (CM) system
and INT system. According to mass-energy equivalence,
the particle acquires a different mass depending on the INT
energy levels. Therefore, the dynamical variables of the
CM and the INT systems entangle via special relativistic
and gravitational couplings, which is known as universal
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gravitational decoherence. As a result, when atomic inter-
ferometry is considered, the interference visibility of the
INT state exhibits collapse and revival behavior. Although
time dilation due to classical gravity in a quantum clock
system is recently measured in a feasible laboratory experi-
ment [5], universal gravitational decoherence has not been
confirmed yet. In addition, details regarding the entangle-
ment behavior have been studied in [6,7], and the gravi-
tational decoherence in the Ramsey interferometry is also
discussed by Haustein et al. [8].

Although the COW experiment [2] and the gravitational
decoherence introduced by Pikovski et al. [4] treat the
quantum system under classical external gravity, they focus
on the quantum aspects of the probe particle rather than
the quantumness of gravity. Recently, as the first step to
tackle the quantumness of gravity, ideas based on quantum
information have been proposed to test the quantumness of
low-energy Newtonian gravity in tabletop experiments.
These ideas are referred to as the Bose-Marletto-Vedral
(BMV) proposal [9-11], and are based on the principle of
quantum information theory, which states that local oper-
ations and classical communication (LOCC) cannot create
entanglement between two systems [12]. Based on this
principle, gravity can be clarified as a quantum interaction
or not by detecting the creation of gravity-induced entan-
glement. The BMV proposal received a lot of attention, and
has stimulated many other related proposals [13—15]. In
interferometry experiments, the creation of entanglement
between the probe and the environment is reflected in
the quantum decoherence of the probe system [16—18].
Carney et al. [19] explored the quantum gravity-induced

© 2022 American Physical Society
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decoherence in a hybrid system that comprised a massive
oscillator and a source mass particle in cat state, while some
comments on this paper are discussed in [20] that LOCC
with stochastic noise in the system can also reproduce the
decoherence.

We note here that the purpose of the BMV proposal and
other related proposals is to confirm if gravity produces
quantum entanglement in the nonrelativistic scale. These
proposals just assume that the Newtonian gravitational
potential is treated as a two-body operator between gravi-
tational sources, which is the consequence of the quantum
field theory to explain the gravitational force by exchanging
gravitons. Even though gravity-induced entanglement does
not lead to the quantization of the gravitational field
immediately, it is worth a try to explore as the first step
to investigating quantum gravity for the following two
reasons. First, it may be possible to detect gravity-induced
entanglement in the near future as another way to approach
the quantum feature of gravity based on the recent progress
in the quantum experiments of macroscopic objects. For
instance, since we need to treat the Planck energy scale
under strong gravity, such as nearby the blackhole, to detect
graviton, it is challenging to obtain direct evidence of
graviton with terrestrial colliders. On the other hand,
gravity-induced entanglement is expected to be the new
direction to confirm the quantumness of gravity by focus-
ing on the gravity of the Planck mass object in the tabletop
experiment, although it cannot support the existence of
graviton directly. Second, testing the gravity-induced
entanglement in the nonrelativistic scale gives a valuable
clue to the Newtonian limit of quantum gravity. Respecting
the above, we will investigate gravity-induced quantum
entanglement, which we refer to as the quantumness of
gravity throughout this paper.

In this study, we propose a new approach to capture the
quantumness of gravity in the Ramsey interferometry from
the point of view of mass-energy equivalence. We assumed
that a probe particle with two energy levels as the INT
degrees of freedom is trapped in the harmonic oscillator
potential, and feels external gravity, which mass source is
in a cat state. Based on this setup, we aim to detect the
interference visibility of the probe particle in Ramsey
interferometry and calculate it for two cases; when the
external gravity produces the entanglement between the
probe particle system and the gravitational mass source
system, or not. To perform a specific calculation, we
adopt a particular form of gravitational interaction. For
the former case, we assume the first quantization of
Newtonian gravity in Eq. (17), which contains operators
of both the particle and the source system and produces
quantum entanglement between them. For the latter case,
we assume the semiclassical gravity[21-23] which will be
introduced in Eq. (22). Herein, semiclassical means that the
gravitational mass source is quantized, but gravity remains
fundamentally classical. As a result, we will show that the

quantumness of gravity is reflected as a nonrevival behav-
ior of the interference visibility, and that it is related to the
creation of genuine tripartite system entanglement. We will
also see that under the leading order approximation with
respect to the separation of the source, this nonrevival
behavior does not appear for other quantum interactions
such as the electromagnetic Coulomb interaction respecting
the weak equivalence principle; our proposal successfully
captures quantum nature unique to gravity.

The structure of the remainder of this paper is as follows.
In Sec. II, we will briefly review the Ramsey interference
[24]. In Sec. III, we explore a particle with INT degrees of
freedom in an external gravitational field. In Sec. IV we
introduce the experimental setup, calculate the transition
probability in Ramsey interference following Haustein el
al. [8], and reveal the behavior of the interference visibility
under quantum superposition of gravitational source. In
Sec. V, we estimate the creation of entanglement by
calculating the entanglement negativity. Section VI, we
discuss the results of the study and explore the comparison
of quantized gravity and other quantum interactions.
Section VII presents a summary of this study. The unit
of 7 =1 was adopted throughout the study.

II. RAMSEY INTERFEROMETRY

In this section, we briefly review the concept of Ramsey
interferometry [24-26]. Considering a particle (atom) with
two internal energy levels, the Hamiltonian of the particle
can be expressed as

H ="y HE)E|],

j=0.1

(Ej|Ex) = 6, (1)

where |E;) denotes the jth internal energy eigenstate, and
H ; denotes the CM Hamiltonian of the particle associated

with the jth internal energy level. The evolution operator of
the total state is expressed as

A

O(0) = exp [=ifi1) = Y U, (1)|E))E) .

(2)

where U j =exp (—ifH ;jt) is the evolution operator of
the particle state with the jth internal energy level. The
Ramsey interferometry is performed as per the following
steps (Fig. 1):
Step 0: Prepare the initial state of the particle with the
internal energy E:

¥(0)) = |y (0)) ® |Ey). (3)

where |y(0)) denotes the initial CM state.
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FIG. 1. Schematic representation of Ramsey interferometry
using a superposed particle with different internal energy levels.
After evolution, information on the INT state is obtained from the
interference visibility.

T

Step 1: Apply a z/2-pulse to take the initial state into a
superposition of two internal energy eigenstates':

¥(0)) = [w(0)) ® (|Eo) + [E1)/V2.  (4)

Step 2: Evolve the superposed state |¥(0)) with the
evolution operator mentioned in Eq. (2) up to time t:

(1)) = U(n)|¥(0)) = (Uo(1)lw(0)) ® | Eo)
+ 0, (1)l (0)) ® |E1))/ V2. (5)

Step 3: Apply the z/2-pulse again to make the INT state
as |Eq) = (|Eo) +|E1))/ V2, |Er) = (|Eo) = |Er))/V2:

(1) = 2 [0o(0)ly(0) & (1Eg) + Ey))

+ 010w (0)) ® (IEo) — |Ey))]
= L1(@0t) + T, ()lw(0)) ® |Eo)
+(Oo(r) = U1 () w(0)) ® [E)]. (6)

[\

[\

Step 4: Measure the occupation probability of the lower
energy eigenstate |E):

(1 + Re[{wo (1) w1 (1))])- (7)

O — N = A —

"dentical to applying the Hadamard gate H = \/LE [ } 11 } to
a qubit state. B

Herein, |y;(1)) = Uly(0)). Expressing (yo(1)ly (1)) =
[V(t)|e"®") with real functions |V| and ©, the occupation
probability is expressed as

P(t) == (1 + V()| cos O(1)). (8)

| —

Herein, [V(1)| is the interference visibility, which contains
information regarding the internal energy levels of the
particle. For example, if H; = E;, then Uj(t) = ¢7'E" and
P(1) =1(1 + cos(AEr)), AE =E, — E,. By measuring
this probability as the function of time, we can determine
an energy gap of this system. In this case, the interference
visibility is equal to one.

III. PARTICLE WITH INTERNAL STATES IN THE
EXTERNAL GRAVITATIONAL FIELD

We consider a particle with INT degrees of freedom in
the external gravitational field. When the particle is moving
slowly in a weak gravitational field, any internal energy
contributes to the total rest mass of the particle respecting
the mass-energy equivalence as follows:

m = mol + Hinr/c*. )

Here, my is the rest mass for the CM system, Hyr is the
Hamiltonian for the INT system, and they satisfy
Hiny < mgc?. Let us assume the particle to have two
internal energy levels, namely E, = 0 and E; = E. Then
by substituting

Hinr = ZEj|Ej><Ej|7 (10)
=oa

the total rest mass of the particle is given as

=Y IE)E). (11)

The total state of the particle system is described by the CM
system and the INT system. The CM system is charac-
terized by its position x and conjugate momentum p. The
INT system is characterized by its energy eigenstate |E;).
Considering a weak external gravitational field, the metric
is given by

ds?> = —(1+2®(x)/c?)dt* + (1 —=2®(x)/c?*)dx*, (12)
where @(x) is the gravitational potential with |®|/c? < 1.

In general, the Hamiltonian of a free-falling particle with its
mass m on the background spacetime is
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H = \/=gu(m’c* + g, p).

This time, since we consider the particle whose mass
depends on the internal energy level as in (11), and assume
that the system is on a less relativistic scale, we obtain

H=~Hey + (1+T(x,p)/c?)Hir,
P
Me.p) = - 2+ () (13
mgy

as a lowest order approximation in Taylor expansion of
1/c? < 1 and Hyr/(moc?) < 1. Here, Hey is the CM
Hamiltonian whose explicit form is

2

P
Hey = P mgd(x), 14
cM mo+2m0+mo (x) (14)

Hinr is the INT Hamiltonian given in (10), and I" is the red-
shift factor. We take a unit of ¢ = 1 in the following.

Using Eq. (13), if the particle is trapped in a harmonic
potential with the stiffness constant k, the total Hamiltonian
can be written as follows [8]:

R g . k
H:rh—l-%—i—ﬁiq)(fc)—kifcz
+A2+ o3 ] o EME
= 2 |t g, i@+ TR B
= > H;®|E;)(E]], (15)

0,1

J

where w; = (k/m;)"/?. Note that the internal energy level
Ey, E; are eigenvalues of Hy, and they have nothing to do
with an infinite number of energy eigenvalues of Hy; since
the INT and CM systems are orthogonal. To see that the
particle system consists of two independent systems, CM
and INT, explicitly, we can rewrite Eq. (15) as

A

= {5 ny oy 1) | © )8,

j=0,1 Ln=0

(16)

where n labels the energy eigenvalues of the CM system,
and |n;) is the nth eigenstate of the CM system for 4.
Figure 2 displays the setup for the external gravitational
potential &, which form depends on whether gravity creates
the quantum entanglement or not. The gravitational source
mass is placed at d + X. In Sec. IV we will consider that the
gravitational source is spacially superposed at X = £/.
We first focus on the case when gravity produces the
quantum entanglement between the particle and the gravi-
tational source systems. We will consider a specific form of

The gravitational source

The particle

Harmonics oscillator
Energy levels

ey External gravity

FIG. 2. Setup for the proposed method. The gravitational
source is placed at X = £/ as a quantum mechanically super-
posed state (cat state), and a trapped particle with internal energy
levels interacts with it.

the Newtonian potential which contains both the operators
of the particle and the gravitational source systems, which
we call quantized Newtonian gravity (QG) throughout
the text. Note that quantized Newtonian gravity does not
immediately imply the Newtonian limit of quantum gravity
theory, but we adopt it as a particular gravitational
interaction that produces entanglement. The QG potential
is given as

. -GM GM i-X [/x-X\?
b=— " ~-——1+ + 17
e I
= -A(X) - B(X)x - C32, (18)
where
N GM X X N GM 2X
AX)=— (1 -2+ B(X)=—(1-"2
@ =G (1-5+%) s0=S(1-5).
GM

In the second equality of Eq. (17), we performed Taylor
expansion for d>|(X")], |(&")|(n=0,1,2,...). Therefore,
the Hamiltonian is

; o P M )2
oo = 3 [0+ Lo+ 750 - 007 12,
j=0.1 mj

where

-
£,(X) = m,.<1 _AR) - Bz(g)), A/(%) = B(X) /.

(1)

Herein, we redefined a shifted angular frequency as a)%—
C— . & (X) represents the offset of the total energy of
the CM system with the jth INT state, and A ;(X) represents

the shift in the harmonic potential due to the weak external
gravitational field.
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FIG. 3. Schematic representation of the potential for CM
degrees of freedom. Blue curve: the potential of . Red curve:
the potential of H,. Shifts in the symmetry axis and the vertex
height of the potential are caused by the differences A;(X) —
Ao(X) and &;(X) — &y(X). The difference in the vertex height
depends on the location of the gravitational source X.

The information of source position X is included in £ j(f( )
and A j(f( ), which indicates the entanglement between the

CM system & and the gravitational source (S) system X.
Moreover, since the INT system also couples with the CM
system and S system as well, the total system is in a tripartite
entangled state. In particular, the entanglement between
the INT system and S system is uniquely induced by the
gravitational coupling 71 ®(%, X); No other quantum inter-
action can create this entanglement since they do not couple
to the mass 7z due to the weak equivalence principle. Further
discussion will be given in Sec. VI. Figure 3 displays a
schematic representation of the potential of Hamiltonian & i
Shifts of the vertex height and the symmetry axis of the
potential depend on INT states and this behavior is caused by
the coupling between the CM system and INT system via the
weak external gravitational field. Section IV will discuss that
these shifts of the potential result in collapse and revival of
interferometric visibility, which can be interpreted as the
universal decoherence of the INT state via external gravi-
tational field [4,6].

In the semiclassical treatment of gravity, hereafter
referred to as classical gravity (CQG), ® is replaced by
the expectation value concerning the state of the gravita-
tional source (®)g = (ps|®|ps) which does not create
quantum entanglement between the particle and the gravi-
tational source systems, unlike the QG case. Therefore, for
d> [(X")], [(#")|(n=0,1,2,...), the gravitational
potential is approximately given by

N -GM
¢:<L>
d+X—-%x/s

= —A—Bi-C#, (23)

where
M X)s  (X)s
A=— (1 -2
d ( a2 )
GM 2(X)g GM
Bi=—1r(1- = 24
a2 < d ) =5 24)

Therefore, the corresponding Hamiltonian becomes

R P> mw;
oo = 3 [+ L+ - a7 1B (B (29
j=0.1 J

where

B2

J

In the CG case, CM and INT can entangle through
relativistic and classical gravitational couplings, while
INT and S cannot entangle.

Next, we introduce the annihilation operator for the CM
system for later use,

~ miw; (. .
a;g = 5 X411

A

”w —Aj(f()>. (27)

Ut}

Therefore, the Hamiltonian for the QG case becomes

Hys(X) = Z [51(5() + ; (‘%‘TX a5 +%)] |E;)(E;l.

j=0.1

(28)

The Hamiltonian of the CG case is obtained by replacing
the functions of X with the expectation value for the S state,

f(X) = (f(X))s. in Eq. (28).

IV. EVOLUTION OF THE PARTICLE STATE
AND VISIBILITY

In this section, we evaluate the interference visibility. We
assume that the gravitational source state is in superposition
of two Gaussian states (See Fig. 2),

1
lps) = W(W_[» + 1)),
1 1/4 2 2
P1p(X) = (X|@sp) = <—2> e~ (XFH?/ 207
o
N =2(1 4 e #/7), (29)

where /3 is the separation of the cat state and o is the width
of each Gaussian state. The evolution operator associated
with the jth INT state can be expressed as
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i)t p=iwj(afly ;3 +1/2)t _ ,=i;(X >IUI z(1),  (30)

e~ 01 is the evolution operator with the

] X + 1/ 2)
As the initial state of the CM system, we prepare the ground
state of /1y(X = 0) as

where IA]]-’;((t) =
harmonic oscillator Hamiltonian /;(X)=w; (

win () = (52) " exp [~ (x = 20(0)2 ], ag = moan.

Therefore, the time evolution of the total state associated with
the jth INT state becomes

¥ (1)) = e SN T, (0 wims) ® los)

- / dX¢s<x>e-’ff<X>f|w,,x<z>> ®I%). (32)

Here, we defined |y; x(1)) = U ;x(1)|Wini). Introducing the

(31) propagator of the harmonics oscillator, we obtain
|
K. 1:3.0) = (0 0ly) = | 5T —exp| s { (= &, (00 + (v = A(X))?) cos(ay)
o ’ o 27 sin(w;1) 2 sin(w;1) / / /
2= 4,000)0 - 4} | (33)
and the wave function of the CM state can be explicitly calculated as [27]
ixx.0) = (0 Olyin) = [ 10,000 Olwi) = [ d¥K x5, 0wi()
- agp\ 1/4 aj a? Rj.X(t’ )C) + lljx<t, )C)
= [— - " eXp |—x— ) D) B (34)
n a;jcos(w;t) + iag sin(w;t) 2a9 1 + (a3 /ag — 1)cos*(w;t)
where a; := m;w; and
Rjx(t.x) = [(x = A;(X)) = (Ag(X) = A;(X)) cos(w;1)], (35)
. a
1x(1.x) = = sin(w;1) [;9{<<x—A,<X>>2+ (80(X) = &,(X))2) cos(a;) = 2(x = &;(X))(Ao(X) = 4,(X))}
J
YN j(X))zcos(a)jt)} . (36)
ao
To obtain the transition probability Eq. (7), we should evaluate
(Wo ()| (1)) :/dX§0S(X)|2€_i(£'(X)_SO(X))t<‘l/o,X(t)||‘//1.X(l)>- (37)

The source state is assumed to be prepared as Eq. (29) to
reveal quantum superposition on gravity, and has no
dynamics for simplicity of treatment. Furthermore, the S
system is regarded as a two-level state with X = /.
Therefore, Eq. (32) reduces to the following expression,

Ze—u‘,‘, |WJS > ® |¢s>

Sj:ﬂ

(38)

Herein, we made the assumption that y; x(#, x) and e~ "¢/’
in Eq. (32) do not change rapidly with respect to X within

the width ¢ of the Gaussian function in ¢g(X). Each
assumption requires the following condition respectively,

GM \?2 1 Gm ;M 1
(o) <7 2 (39)
The former inequality is satisfied when the Gaussian
dispersion of the CM system and the source system are
in the same order, and the displacement of the CM state is
relatively small compared to d: & Z_(ﬁ ~ A;/d < 1. The latter
inequality gives the upper bound of the valid time range ¢
for the form of the state expressed in Eq. (38). Then
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FIG. 4. Schematic picture of Ramsey interferometry in the QG
case. Four different worldline branches are involved in interfer-
ence visibility.

T

Eq. (37) is approximately given as a summation of four
terms,

i(E1(s2)=Eo(s1))t

WO ()~ D o lon)e

S1,8,=1p

X (o5, (D] lw1., (1)) (40)

Figure 4 depicts a schematic picture of the Ramsey
interferometry under quantum gravity (QG). Since the
CM state depends not only on the INT energy level E;
but also the gravitational source position X = &+, its time
evolution is given by a superposition of four different
worldline branches (Additional details regarding the states
involved in the interference visibility are given in the
Appendix).

For the CG case, the Ramsey interferometry is derived
analogously by replacing the functions of X with the
expectation value of f(X) — (f(X))s. Then, Eq. (37)
can be expressed as

(Po(O¥1 (1)) = e E—E g (1)|y (1)), (41)

where &; is as per in Eq. (26), and |y;(1)) := e™"if|yrys) is
the time evolved CM state with the harmonics oscillator
Hamiltonian for CG 1A1j = (h ; (X))s. The Ramsey interfer-
ometry under CG is depicted in Fig. 1. We see that the time
evolution of the CM system is given by a superposition of
two worldline branches concerning the INT energy levels
EO or El‘

Although it is possible to derive an explicit but compli-
cated formula of Eq. (40) using a straightforward calculation
of the Gaussian integral, we only present the plotting results
in subsequent figures (Figs. 5, 6, 7, and 11). Instead, in the
following, we derive an approximate analytical form of
Eq. (37) by focusing only up to the leading term of the
Taylor expansion of the gravitational potential expressed in

Eq. (18), which helps our qualitative understanding of
gravity-induced decoherence. If we neglect the subleading
terms of the Taylor expansion parameters x/d and X/d in
(18), Eqg. (19) can be expressed as

GM<1—§>, B(X)—)%, C—1.

(42)

Herein, the X dependence only appears in £ j(f( ), and the
coupling of the CM system operator X and the S system
operator X disappears as Aj(f( ) = A;. Although the BMV
proposal [9,10] focuses on the entanglement between the
CM system and S system, this study aims to investigate the
entanglement between the INT system and S system, which
is uniquely induced by gravitational coupling due to the
weak equivalence principle. (Further details will be revisited
in Sec. VI.) Therefore, this approximation is enough to
capture the crucial effect of the quantumness of gravity in
our setup of the Ramsey interferometry.

Since /1 ; does not depend on X for now, the X integration
in Eq. (37) can be simplified to

(Fo(D)[¥1(2)) = (wo(1)ly1(2))

y / X |5 (X)Pe-iE0-8000 (43

Evaluating the inner product of CM states (yq(#)[y (1))
with (42), we obtain

oDy (1)) = / dxyry (1.3, (1) == [Ve(r) O,
(44)
where

Vet = e .
¢ daga,cos®(w,1) + (ag + a;)?sin®(w, 1)
2a0a (AO - Al)zsinz(wlt/Z)] ’ (45)

2

X ex
b [ ag + ai + (ag — aj) cos(wy1)

apaj (AO A )2 sin(a)lt)
ag + a3 + (a§ — a?) cos(w, 1)

Oc(t) = -

1 4
=3 arg[e™'™"(2ay/a, cos(w, 1)

+i(1+ (ap/a)?) sin(@, 1))]. (46)
It should be noted that V(r) is a 2z/w, periodic function
in time ¢ that reflects the oscillation of the CM state in the
harmonic oscillator potential. The X integration in Eq. (43)
reads to
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[ axlasnpetemm i -yl @)
where
Vol = zexe|- (%701
x| cos (G]jE §’> +e /T (48)
Oc(1) = ~(€1(0) = £(0)r ()

Finally, when we treat up to the leading term of x/d, X/d,
the analytic expression of Eq. (37) is given by

(Po (1) ¥, (1)) = V(1) Vg(1)]e!@c+0e0)

(QG case),
(50)

where the time-dependent functions [Vc|,@c,|Vyl,O¢
are given in Egs. (45), (46), (48), and (49), respectively.
For the CG case, the treatment can be applied by replacing
X — (X) = 0, which reduces the X integration in Eq. (47)
to 1, and we get the final expression for the inner product as

(Wo(0)[¥1(2)) = (51)

Let us discuss some properties of interference for
different treatments of gravity based on Egs. (50) and
(51) in the following.

First, when there is no external gravitational source
(G =0and Ay = A; = 0), the probability oscillates with a
period determined by the energy gap of the INT system
& — &y = E. The envelope of the oscillation is determined
by visibility |V (1)), 7/ w; reflects the
evolution of the squeezed state, as seen Eq. (46) (and also in
the Appendix). The decoherence arises from the entangle-
ment between the CM system and INT systems induced by

V(1) |e!Oc()+0:(1) (CG case).

the kinetic term. In other words, a particle with a different
energy level evolves along a different branch of world line
with a different proper times due to the special relativistic
redshift, as seen in Fig. 1, which results in universal
decoherence [4].

For the CG case,the visibility factor |V ()| contains two
typical periods: (i) z/w;, which corresponds to the period
of squeezed state, and (ii) 2z/w;, which corresponds to the
period of coherent state originated from the interaction of
the CM state with the external CG [8] (see also the
Appendix). Each periodic decoherence behavior in CG
occurs due to the entanglement between the CM and the
INT systems induced by the kinetic term, and the semi-
classical gravitational interaction; the later refers to uni-
versal decoherence caused by a gravitational redshift [4]. In
the left panel of Fig. 5, we show the time dependence of the
probability P(z) under CG with a green solid line, which
is obtained by evaluating Eq. (41). It exhibits oscillation
with a period ~27z/(€; — &), which roughly corresponds
to the energy gap of the INT system with relativistic
and gravitational corrections. The dashed lines denote its
envelope (1 + |V()|)/2, and parameters are chosen as
(m3 /k)/2 =10, (my/m;)"?=0.5, GmoM / (kd®) = 0.015,
my/*d=10, /d = 0.01,6/d = 0.001. The visibility again
exhibits revival behavior with the 2z/w; period, thereby
reflecting semi-classical gravity induced entanglement.

Next, we conduct an in-depth evaluation of the visibility
of the QG case in detail as the main result of this study
and clarify the effect of the quantum superposition of
the gravitational source on the visibility of the Ramsey
interferometry. As an effect of the quantumness of gravity,
the visibility additionally contains [V (¢)|. Furthermore, a
modulation with a longer period appears in the visibility
due to the following reasons: (i) the exponential factor in
[Vo(t)| of Eq. (48) causes the temporal decay of coherence.
It contains the gravitational coupling between the source
mass and the INT energy gap and vanishes for 6 — 0. This

0.

oo

0.

(o)

P()

0.

EN

0.

N

0.0

\\ ”W* sl

FIG. 5.
Dashed line: the envelope of P(t), which is § (1 +|V(z)]).

Probability P(z) of the CG case (left panel) and QG case (right panel). Solid line: time dependence of the probability P(z).
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indicates the entanglement induced by the quantum gravi-
tational interaction between the INT system and the
Gaussian dispersion of the S system. Since its decoherence

GME ¢
2d d

more rapidly for larger o. (ii) The product of two kinds of
periodic functions, namely the cosine function in V(7) and
the function V() with a period 2z/w; causes a beat in
the visibility. The cosine function in V(¢) comes from the
gravitational coupling between the source mass and the
INT energy gap, and it vanishes for f# — 0. This indicates
the entanglement induced by the quantum gravitational
interaction between the INT system and the distant cat
state. Since its decoherence time scale is given by

. . -1
time scale is given by ¢ ~ ( , the system decoheres

-1 .
t~ (%g) , the system decoheres more rapidly for

larger fS.

Decoherence effect (i) is caused by the Gaussian spread
of the source mass state, and causes nonrivival behavior of
the visibility. It is induced by the entanglement between the
INT state |E;) and the Gaussian state [ dXe /2’| X) with
infinite rank. Decoherence effect (ii) is induced by the
entanglement between the INT state and the distant cat
state | & ) with rank 2. Therefore, the combination of the
INT state and the distant cat state subsystem mentioned
in (ii) is much easier to get entangled compared to the
combination of the INT state |E;) and the Gaussian state
J dXeX*/20"|X) with infinite rank mentioned in (i). To
summarize, the quantumness of gravity is reflected in the
visibility as a nonrevival behavior of visibility (coherence),
which is induced by the entanglement between the INT
system and the S system as mentioned in Sec. III.

In the right panel of Fig. 5, we showed the time
dependence of the probability P(¢) for the QG case with
a solid line, and its envelope (1 + |V (1)V((1)])/2 with a
dotted line. The parameters are set to (m}/k)'/? =10,

(mo/my)/2 = 0.5, GmoM/(kd®) = 0.015, m}/*d = 10,
p/d =0.01, 6/d =0.001. The figure displays the beat
in the envelope of its oscillation, and unlike the CG case,
the visibility does not exhibit revival behavior. It should be
noted that the exponential decay in Vg(f) obtained in
Eq. (48) is not obvious here, since the exponential factor in
Eq. (37) is not dominant in the integral unless a time ¢
violates the condition expressed in Eq. (39).

Finally, the behavior of visibility is explored by compar-
ing the CG and QG cases displayed in Fig. 6. The blue and
red lines denote the CG case and QG case respectively.
The parameters are identical to those mentioned in Fig. 5.
As per the figure, the visibility of QG returns to nearly one
after a period of (GMEpB/d*)~!, while its value decays
by exp (—(GMEost/2d*)?), as estimated in Eq. (48). To
summarize, the quantumness of gravity appears as a non-
revival behavior of interference visibility. Stronger
decoherence in QG compared to that in CG indicates the
entanglement sharing between the particle and S systems.

FT T T T T T T T T T T T T T T T ™

10f E
:
08l ]

= | \ ]

> [ ]
0.7 QG ]
06} .
05k ]
0 2 4 6 8

wit! (27)

FIG. 6. Visibility for the CG case (blue line) and the QG case
(red line). Owing to the decoherence effect induced by the spread
of the source state, the visibility of QG does not come back to
unity and does not show revival behavior.

V. NEGATIVITY OF REDUCED
BIPARTITE STATES

In this section, we will evaluate the entanglement
between the CM, INT, and the gravitational source systems,
which provide a better understanding of the decoherence in
the Ramsey interference mentioned in Sec. I'V. The state of
the total system is given by

E e—zS!

101

E) @ lw;5(10)) ® lgs).  (52)

To see the entanglement structure during the collapse
and revival of coherence in Fig. 6, we assumed the same
approximation adopted in Sec. IV for Eq. (39). As
preparation, the CM states and the source Gaussian state
are rewritten as

C)T T1Coo0) o)

C) | ICyo.17) Wo.1p)

) | ICyio) lwip) |

1C3)d LICu) Wip)

{|So> _ _|§0—/i>:|’ (53)
|S1) Llpis)

where we define a the function J[j, k]:=2j+k={0,1,2,3},
and the offset of the total energy &j; 4 = &;((2k —1)p).
The state of the total system is expressed as

W) =—= > > eTE) @ [Cping) ® ISk)-

VZN, 0.1 k=0,1
(54)

Therefore, the density matrix of the total system is obtained as
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p=|¥)(¥ = Zze Enma=mnaM|E; V(E; | @ ICyj, k1) AC s k)| © |8k, ) (Sk, |- (55)
Jl 2J2 kika
We considered three different reduced bipartite states as follows:
1 e g
pint:cm = Trgp = N Z e Conmi=Einal! (S, S )|E; WE;,| ® ICotj, 1) Ay k)| (56)
Jrjz.kika
1 i —E
pint:s = Tremp = o5 Z e~ Ennan =) (Chr ot 1Co ) E ) (E, | © ISk, (Sk - (57)
Jrjz.kika
pem:s = Trintp = Ze Enisn=E1sa 1S ) (S, | @ |y N Crtjey |- (58)
j kyky

To evaluate the negativity for the reduced states, we introduced an orthonormal basis for the S state and the CM state. For

the source state, using the orthonormal basis {|s;)}, k = {0, 1}, (54, |sx,)

\/1+US

V1—vs

I

:75{\/14-125

This relation is written using a 2 x 2 matrix S as |S;) =
{len)} 7 ={0.1.2,3}, ey les,)

Co) VNy 0 0
IC) _ (colwi) Ny 0
Cy) (colya) (cilyr) VN2
C3) (colws) (cilws) (ealws)

Equivalently, the CM state can be expressed as |y ;) =
states are

] [|S0>]

s) 1
> r—0.1 Ske|s¢). For the CM state |Cyy; 1), the orthonormal basis
= 0,,, 1s obtained using the Gram-Schmidt orthonormalization as follows:

-1 =g

VN3

> k—0.123Ujk|ck) using a4 x 4 matrix U . Therefore, the reduced

= 5k]k2, we obtain

vs = (So|S)) = e/ (59)

|co)
len) N,=1- Z [(exlwa)l?. (60)
) | 0<K<J-1

)

|c3

1
PINT:CM — ﬁ Z EJL/I il glbz k7 <ZS/< fSkz )lE]l E]2| ® Zuf 1.k ]K]u Jja- k,]K2|cK|><CK2| (61)
Jrizkiky KK,
1
PINT:S = N Z i =Er ) < u;[jl,kl]l(ul[jz,kz]l(> |E; )(E},| ® Zsk,fl Szzf2|sf]><sfz|’ (62)
Jrizkiky 0\t
pPcm:s = Ze_l R tZSk .Sk, |50,)(52,| @ Zuf[j,klmuj[j,kz][(z|CK1><CK2|- (63)
J Tk 610, K K,

The entanglement negativity [28] for a bipartite state is
obtained as N' = 3, _|4;| where 4; is the eigenvalue of
the partially transposed density matrix. Logarithmic neg-
ativity is defined by

Ng = logy (2N + 1), (64)

which quantifies the distillable number of Bell pairs.
Figure 7 displays the time dependence of the logarithmic
negativity Ng(r) of the reduced bipartite states for the CG

|
and QG cases. The blue, red, and gray line denote
entanglement of the CM:INT system, the INT:S system,
and CM:S systems respectively. Each entanglement is
obtained by evaluating Eqs. (61), (62), and (63). The
parameters are identical to those used in Fig. 6, namely
(m3 k)2 =10, (my/m;)"?=0.5, GmoM / (kd®) = 0.015,
m(l)/4d =10, p/d = 0.01, 6/d = 0.001. For the CG case,
the CM:INT entanglement emerges and disappears for
every 2z/w, period, and the CM:S and S:INT entangle-
ments remain zero. Comparing the CM:INT entanglement
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CG
10 T T T T T T T T T T T T T T T T T
[ INT:CM 1
08| / ]
06l ]
= ]
04f ]
02r INT:S CM:S ]
00l / /
0 2 4 6 8
wit/ (277)
FIG. 7.

QG

1.0 F———— ——

I INT:S I\ ]
0.8 / INT:CM ]
0.65

2 |

O.4j N r g
02f CM:S ]
0.0 L= ‘ ‘ ‘ : : :

0 2 4 6 8

wit/ (27)

Logarithmic negativity of reduced bipartite states for CG case (left panel) and QG case (right panel). Bipartite subsystems are

denoted as CM:INT (blue line), INT:S (red line) and CM:S (gray line).

with the visibility in Fig. 6 reveals that they both oscillate
alternatively with the 2z/w; period. Therefore, the CM:
INT entanglement induced by the relativistic and classical
gravitational redshift is reflected in the revival of visibility
in the Ramsey interference. For the QG case, whole the
CM:INT, INT:S, and CM:S entanglements emerge as time
evolves. The CM:S entanglement is relatively smaller than
others, because the CM:S entanglement is obtained from
the second order of Taylor expansion in Eq. (18), whereas
the others originated from the first order. An important
effect of the quantumness of gravity appears in the INT:S
entanglement which dominates the CM:INT entanglement
alternatively during the time evolution. As the source state
l¢1p) reduces to a two-level state for 6 — 0, the INT:S
entanglement can achieve nearly the maximal logarithmic
negativity value of one as the reduced state nearly evolves
to the Bell state. Moreover, the beat of the visibility in
Fig. 6 corresponds exactly to the envelope of the oscillation
of the INT:S entanglement. If the CM:S entanglement is
neglected, we can conclude that the nonrevival property of
the Ramsey interference exactly reflects the creation of the
INT:S entanglement revealing the quantumness of gravity.
As per Fig. 7, CM:S entanglement is negligible under the
condition that the Taylor expansion in Eq. (18) is validated.
Now, we again consider up to the first order of the Taylor
|

8

expansion in Eq. (18) to neglect the CM:S entanglement
and derive an explicit analytic form of negativity for three
different reduced bipartite states to achieve further quali-
tative understanding. In this approximation, since the
dependence of X only appears in &; [See also (42)],
Eq. (52) becomes

(1)) Y IE) ®IC) ®15)).

65
\/_101 (65)

where

ps(X)|X). (66)

€)= ly;(1)),

1S )= / dXe i
In particular, in the qubit limit of the CM state and the
source state with (C;|C;) = ;. (S;]8;) = &1, we obtain
the Greenberger-Horne-Zeilinger (GHZ) state for the total
system as |Wguz) = (|000) 4 |[111))/+/2. Therefore, the
existence of genuine tripartite entanglement for the CM-
INT-S state is confirmed. To evaluate the negativity for the
reduced states, orthonormal basis |c;) for the CM state and
|s;) for the S state, which satisfy (c;|cy) = (s;]s¢) = 6
are introduced as follows:

|Co) 1 [ /2T efcl2 /T=w lco) 2 s I
= | St e L= lGIC. o= are(GIE), (67
1C) V2 Le el /THve —e /2 yT=wvc] Ller)
1So) 1 [ e%/2/T+v e¥s/2\/T—v o) . -
] = | S e D =Gl o =[Gl (68)
1S1) V2 Le /2 TH vy —e 02 /T=vg | L|s1)
Using the orthonormal basis {|Ey), |E}), |[co), |c1),|s0),|s1)}, the total state is expressed as
1 Nc®N i(0c+0IN.Z @ NyZ
I B N Gl (69)

e~ 0ct05)Z N ® ZNy

ZN:Z ® ZNsZ
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where the 2 x 2 sub-matrices are defined by

l+ve /1-1% 1+ vg 1 - w3 1 0
c= , Ng = , 7= . (70)
V1I-va  1-wc 1—v; 1-ug 0 -1
Therefore, the three different reduced bipartite states are
1 NC Usei(0C+03)NCZ:|
om = Trgp = - ) 71
PINT:CM N4 4 { vse"(90+95)Z N, ZN.Z ( )
1 Ny v,.e'0ct0sINZ
PiNT:s = Tremp = 7l Lce“'(”fwﬂl N ZNZ ] (72)
1
pem:s = Trnrp = 3 (Ne ® Ny +ZNZ ® ZNgZ). (73)

As per Eq. (73), pcm:s 1s separable from its structure. The
negativity for reduced bipartite states are

1
N(pint:om) = 1 (‘1 +os+ \/(1 + vg)?* — 4”2cvs>’ (74)

N(pit:s) = % (—1 +vc+ \/(1 +¢)? —41&29”0)’ (75)

N(pcm:s) = 0. (76)

Figure 8 displays the dependence of negativities
N(pint:cm)s N (pint:s) on vg and ve. For the CG case,
since the state is not dependent on X, we have vg = 1.
Therefore, N (pivt:s) becomes zero, whereas N (pinr-cm)
varies between 0 and 1 depending on values of v.. For the
QG case, since vg oscillates between 0 and 1, N (pint-cm)

oscillates between 0 and /1 — vZ/2, whereas N (pnr:s)
oscillates between 0 and v¢/2; N (pint-cm) and N (pinr-s)

Negativity INT:CM

Negativity INT:S

f
vary alternatively. This implies a monogamous relation of
quantum entanglement between the INT:CM systems and
INT:S systems, and confirms the existence of genuine
tripartite entanglement of the CM-INT-S system.

For the state expressed in Eq. (69), the negativity for the
bipartition INT:CM + S of the total state is

1
N(pint:cmys) = 7V 1- ”%”20 (77)

and it obeys monogamy inequality [29] as follows:

N2 (pivr:om) + N2 (pinr:s) S N2 (pinteomss)- (78)

The difference between the sides of this inequality repre-
sents the residual entanglement which quantifies genuine
tripartite entanglement (right panel of Fig. 8). For the CG
case, since vg = 1, there is no residual entanglement. For
the QG case, since vc # 1 or vg # 1, the value of residual

Residual

0.0 0.2 0.4 0.6 0.8 1.0

FIG. 8. Dependence of negativity on vg and v, for reduced bipartite states. Left panel: INT:CM. Middle panel: INT:S. Right panel:
residual entanglement, which quantifies genuine tripartite entanglement. For the CG case, since vg = 1, N (pyr:s) is always zero, but

N (pivt-cm) # 0 depending on the value of ve.
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FIG.9. Entanglement entropy between unipartite-bipartite systems for CG case (left panel) and QG case (right panel). Each line shows
CM:others systems (orange line), INT:others systems (blue line), and S:others systems (green line). The gray dashed line shows log 2;

the maximally entangled state.

entanglement is nonzero. The point v = vy = 0 corre-
sponds to the maximally entangled GHZ state.

Finally, we evaluated the entanglement entropy in our
system. In Fig. 9, we depicted the time dependence of the
entanglement entropy between unipartite-bipartite systems.
The left panel shows the CG case, and the right panel
shows the QG case. The orange line shows CM:others
systems, the blue line shows INT:others systems and the
green line shows the S:others systems. Parameters are
chosen as the same as in Fig. 6, namely (m}/k)'/? = 10,
(mo/my)' /> =05, GmoM/(kd®) = 0.015, m}/*d = 10,
p/d=0.01, 6/d=0.00l. We see any entanglement
entropy is bounded by log2 (gray dashed line), which
value involves the GHZ state. In the CG case, We can see
that the entanglement entropy of S:others systems vanishes.
This means that the source system is isolated from the
particle system due to the classical interaction. The entan-
glement entropy of CM:others and INT:others systems take
the same value since they both show the entanglement
shared between the CM system and the INT system. In the
QG case, we can see the entanglement is shared between
|

the whole 3 systems. Especially, the entanglement entropy
of INT:others and S:others almost reach the maximum
value log 2 when the visibility is at the minimum in Fig. 6.
This is because the INT system is represented by 2 qubits
and the S state is approximately represented by 2 qubits
which nearly reads to the maximally entangled state.

VI. DISCUSSION

In this section, we discuss the feasibility of detecting the
quantumness of gravity in our proposal. Let us suppose an
experiment being performed using an 2’Al* quantum clock
[30] with a probe laser wavelength 1=2z#%c/E =267 nm.
A coherent state of the mesoscopic mass source with
M ~ Ing may be realized in the near future. In addition,
the coherent state can be experimentally realized for
20 sec [31]. Apart from that, we assume d = 200 pm, ¢ =
I pm and g =10 pm to compare setups of the BMV
proposal [9-11]. Therefore, for a duration of coherence
time scale ¢, the fractional change of the decoherence factor
in [V, ()| of Eq. (48) can be estimated as

| GMEs \? M \?
= PPEC N 17 % 1073
<2h d d ) 10 (H)ng) (

) -2 d -4 2 ¢ 2
d , (79)
267 nm 200 pm 1 pm 20 sec

1GME 2 M \2 -2 4 2 2
TGMED \* _ 68 x 10-» d b L) (80)
n d d 10 ng 267 nm 200 pm 10 pm 20 sec

After performing time Fourier transformation on the
probability P(z) obtained using the spectroscopy experi-
ments, the least necessary precision to detect the QG
effect in our proposal is approximately 10732, which
is extremely small to be distinguished in the present
clock spectroscopy, whose observation uncertainty is
about 107! [30]. Let us discuss our result Eq. (80) in

|
comparison with visibility change obtained by the setup
of Carney et al. [19]. Carney et al. investigated entangle-
ment between a massive oscillator and a source mass
particle with a cat state, and evaluated the interference
visibility of the particle state. Their estimation of the time
change of the visibility due to quantum gravitational
interaction is
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. e
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FIG. 10. Entanglement structure for the CG, QG, and Coulomb interaction cases. Dotted lines represent the existence of couplings
between degrees of freedom, and possible pairs of subsystems sharing entanglement. For the QG case, the total system shares genuine
tripartite entanglement which cannot be reduced to bipartite entanglement between the reduced bipartite systems. For the quantum
Coulomb case, tripartite entanglement is reduced to bipartite entanglement between the reduced bipartite systems.

GMmpBxy \* . ¢

where x, is the spread of the ground state wave function
of the oscillator. For the optimal values of parameters in
their setup, the ratio provides a value of ~1072%. Although
Eq. (80) exhibits a lower suppression factor d> compared
to (81), the ratio E/m makes the visibility change smaller
compared to that in Eq. (81).

As a crucial issue of this study, we also discuss the
uniqueness of gravity compared to other quantum interactions,
such as the electromagnetic Coulomb force. In our setup,
CG creates an entanglement only between the CM and INT
systems, whereas all subsystems share entanglement in the
QG case. It should be noted that, in particular, the entangle-
ment between the INT and S systems is uniquely induced by
the quantumness of gravity, and no other quantum interactions
can establish this entanglement. This is because according to
the weak equivalence principle and the mass-energy equiv-
alence, only gravity can couple to the energy; other quantum
interactions do not have this property [4]. Figure 10 depicts the
entanglement structure for different external forces, namely
CG, QG, and Coulomb force. To capture the uniqueness of the
quantumness of gravity, we should detect entanglement held
between the INT system and the S system.
|

om0 = 3 [0+ 21222 (5 - 200 g

j=0.1

A

. 0 X X
AX) = l-—+4+—
) 47T€0d< d+d2>’
. 0 2X 0
B(X) = 1-——, C=——. 85
&) 47T€0d2< d> dreyd? (85)

Unlike the gravity case, the symmetry axis of the trapping
potential is independent of the INT state, and the quantity
E1(X) = &y(X) is independent of X. As a result, the
visibility of the Coulomb force case exhibits a different
behavior compared to the CG and QG cases. Following the

For comparison, let us consider the case when the
Coulomb interaction is the external force instead of the
gravitational interaction. To focus on the connection of
mass-energy equivalence with entanglement here, we do
not consider a dipole-photon interaction which introduces
a direct coupling between the INT and S system.” The
Coulomb interaction is given by

qQ

4regld + X — X

V Coutomb =

where ¢ and Q are the electric charges of the oscillator
and the source, respectively. In comparison with the QG
interaction

GimM

-, 83
d+ X — 3] (83)

VQG -

the Coulomb interaction does not contain the INT operator
m as a result of the weak equivalence principle. Then, it is
obvious that the Coulomb interaction does not produce the
entanglement between the INT and S systems as depicted
in Fig. 10. The Hamiltonian for the external Coulomb
interaction can be expressed as

7*B*(X)
%

) Sj(j() :mj—CIA(X)— (84)

*Note that we have made an assumption in our setup that the
internal degrees of freedom of the particle are labeled only by the
energy levels, which results in the unique correspondence of
the INT:S entanglement and QG. Generally, the internal degrees
of freedom of an atom are labeled not only by energy level but
also by spin. In such cases, the dipole-photon interaction can also
create INT:S entanglement besides gravity. A general form of
the dipole-photon interaction is given by d-E, where d =
d, |E\)(Ey| + d_|Ey){E;]| is the electric dipole moment operator
of the INT system, and E is the external electric field. When the
external electric field has the source (S) dependence as E (X), this
interaction can provide the INT-S entanglement in the leading
order of expansion for the source separation.
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Left panel: time dependence of the visibility V() for the Coulomb case. Right panel: logarithmic negativity for the Coulomb

case; Red line: bipartite INT:S subsystems. Blue line: bipartite INT:CM subsystem. Grayline: bipartite CM:S subsystem.

same procedure used to derive Eq. (50), we obtain the 7/ w,
periodic visibility as

[(Wo ()W (1))
daya, 1/4
<4a0alcos2(a)lt) + (ag + al)zsinz(a)lt)> -

86)

Here, the period 27/w; of coherent state does not appear
since the displacement factor A(X) = ¢B(X)/k ~ Q/d? is
independent of the internal energy level. Therefore, up to
the leading order in Eq. (18), we conclude that the non-
revival behavior in visibility uniquely discriminates the
quantumness of gravity. The visibility is more likely to
exhibits revival behavior for the Coulomb interaction case
than the QG case since the former shares less entanglement
than the latter, as in Fig. 10. The left panel of Fig. 11
presents the behavior of the probability for the Coulomb
interaction by evaluating up to the second-order of Taylor
expansion in Eq. (18). The parameters are set to
(m3 k)" /2=10, (mo/m,)'/?>=0.85, qQ/(4nexkd*)=0.15,
my/*d=10,$/d=0.01,6/d = 0.001. As the figure shows,
the visibility exhibits a revival behavior with some longer
period than z/w; obtained by the first order approximation
in Eq. (86). This is because the visibility beats due to the
addition of two functions with periods 2z/w, and 27/w,
reflecting the respective period of the coherent states
|Wo(z)) and |¥,(7)) as an effect of the external quantum
Coulomb force. In the first-order approximation, the
displacement effects of these coherent states are neglected.
Regarding the behavior of negativity, within the first-order
approximation, vg = 1 results in A (piyt:5) = 0 and pro-
vides a nonzero value of NV (pcy.nt) With period 7/w;.
The quantumness of Coulomb force appears as a small
nonzero value of NV ¢y.5, which can be revealed beyond the
first-order approximation, as per the right panel of Fig. 11.

Also, we briefly discuss the case where the harmonic
oscillator potential trapping the particle is proportional to
the probe mass [32]: 1/mw’%?, where w is a constant
parameter. Here, a shift of the potential due to the external
gravity becomes independent of the internal energy level,
and we obtain A; = A # 0. Since the displacement effect
does not become obvious in the Ramsey interference,
|Vc(t)| reduces to a z/w; periodic function rather than
27/w, periodic function. Therefore, the visibility revival
period becomes z/w; for the CG case, while it does not
exhibit revival for the QG case due to the quantumness of
gravity.

Finally, we comment on the relevance of the alternative
theories of gravity. Since our proposal are focusing only
on the nonrelativistic scale, it is difficult to distinguish
alternative theories of gravity when they reduce to the
Newtonian gravity in the Newtonian limit. To distinguish
them, we need experiment on the higher orders of 1/c?
expansion where the difference between alternative theories
appears. It may be interesting to discuss how the Ramsey
interference differs depending on alternative theories of
gravity by analyzing the higher-order expansions, although
the detection is technically difficult at present.

VII. SUMMARY

In this study, we investigated the quantumness of gravity
in the setup of the Ramsey interferometry. For the classical
external gravitational field, the interference visibility exhib-
its oscillatory behavior, and the coherence between the two
energy states exhibits collapse and revival behavior in time.
The decoherence behavior originated from the coupling
between the CM state and INT state due to the mass-energy
equivalence principle. On the other hand, when a gravita-
tional source is in quantum superposition, the visibility
exhibited additional oscillation with a longer period and
decay at a long time scale for the QG case, while it remains
27 /w, periodic in the CG case. For the zero spread of the
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source state, the time scale of decoherence was determined
as t~ (%g)_l, which constrains the feasibility of the
experimental detection of the quantumness of gravity. In
addition, we found that the spread of the source wave
function provides another decoherence effect that is not
periodic in time depending on the variance of the source
Gaussian state o.

Regarding the entanglement behavior, the initial sepa-
rable CM-INT-S system acquired genuine tripartite entan-
glement due to the quantumness of gravity. On the contrary,
the quantumness of the Coulomb force cannot acquire the
entanglement between the INT and S systems. This is
because the Coulomb interaction does not couple to mass-
energy of the INT state, unlike gravity, which obeys the
weak equivalence principle. Since the nonrevival feature
of the interference visibility reproduce the entanglement
between the INT and S systems, it is possible to distinguish
the quantumness of gravity from other quantum inter-
actions by observing the visibility of Ramsey interference.
We believe that our study is beneficial for further under-
standing of the quantum nature of gravity.
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APPENDIX: WIGNER FUNCTION OF TIME
EVOLVED CM STATE

In this section we will investigate the time evolution of
the CM state |y; y(7)) by depicting its Wigner function
[33], which gives us an intuitive understanding of the
visibility behavior.

In the QG case, the time-evolved CM state is given by

z(u](a ajx+l/2)

where U, x(t) = ¢ ini) 1s the ground state
of the Hamiltonian w;(a0" a0 + 1/2), and a; x is as per
Eq. (27). The relation between the two annihilation
operators dg and a; x is as follows, by

A A . At
ajx = coshr;ayg + sinhr;ay, + a;x, (A2)

o mja)] - mog .
e = —— Ajx = \/Te ’(AO(O) - Aj(X))-
(A3)
Using the squeezing operator S(r i) = ¢"1@0=3)/2 and the

displacement operator D(a) = ¢ 400~%0) the relation of
the two annihilation operators can be rewritten as

ajx = 8" (r))D"(ajx)a00D(a; x)S(r;).
Therefore, the initial ground state |y,;(2)) associated with

ag evolves to become the squeezed coherent state char-
acterized by parameters r; and «; x as given below,

(A4)

lwix(1)) = ST(r))D" (%) UooD(a;x)S(r) yini). ~ (AS)
For the no gravity case, the time-evolved CM state is
obtained by replacing a; x — 0. For the CG case, the time-
evolved CM state is obtained by replacing a; x — a;.
Next, we explore the temporal behavior of the CM Wigner
function [33]. The Wigner function is a quasiprobability

distribution in the phase space (x, p) and is defined as

1 [o ‘
W.,,(x,p) :%/_ d5W<X+§>U/* <x_§>el§p’ (A6)

where y(x) is the wave function of the CM system. For
simplicity, we focus on the state with X = &+, which is the
same condition as we depicted in Fig. 4. Length unit
of 2m0a)0 =1.

Figure 12 displays the time evolution of the Wigner
function of the CM state for the no gravity case. The blue

wix (D) = Ujx (O Wini), (A1) and red regions respectively denote the Wigner function of

w4t=0.077 w4t=0.371 w1t 0.5 w1t 0.8717 w4t=1.071

3 T 3 T 3 3 3 T T
2 2 ~ \k\\ 2 \ ¥ 2 \ i 2
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FIG. 12. Time evolution of the Wigner function of the CM state for the no gravity case. A blue region: Wigner function of the |y (7))
state. A red region: Wigner function of the |y (7)) state. Contour lines are drawn with (0.02,0.05,0.08,0.11,0.14).
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FIG. 13. Time evolution of the Wigner function of the CM state for the CG case. A blue region: Wigner function of the |y (7)) state. A

red region: Wigner function of the |y (7)) state. Contour lines are drawn with (0.02,0.05,0.08,0.11,0.14).
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FIG. 14. Time evolution of the Wigner function of the CM state for the QG case. Blue region with solid contours: Wigner function of
[wo—p(1)). Blue region with dashed contours; Wigner function of |y 4(¢)). Red region with solid contours; Wigner function of
1 —5(1)). Red region with dashed contours: Wigner function of [y _4(7)). Contour lines are drawn with (0.02, 0.05, 0.08, 0.11, 0.14).

the |y (7)) and |y, (7)) states. The parameters are set to
e =1.2, w;/wy = 0.8. Since there is no displacement
effect due to gravity, the time-evolved state is simply
squeezed due to a special relativistic effect. The two states
overlap for every z/w; period, which reflects the period of
squeezing. Since the visibility of the Ramsey interference
in Eq. (40) contains |{(yq(2) [y (2))], its revival period 7/ @,
stems from the squeezing period.

Figure 13 displays the time evolution of the Wigner
function of the CM state for the CG case. The blue and red
regions respectively denote the Wigner function of |y (¢))
and |y (7)) states. The parameters are set to e = 1.2,
a; =3, w;/wy = 0.8. The time evolved state is squeezed
by a special relativistic effect and displaced by a gravita-
tional effect. The two states overlap for every 27/, period
reflecting the period of coherent state, which results in the
27 /w, revival period of the visibility.

Figure 14 displays the time evolution of the Wigner
function of the CM state for the CG case. The blue region
with solid contours denotes The Wigner function of
lwo.—p(1)), the blue region with dashed contours denotes
the Wigner function of |y 4(7)), the red region with
solid contours denotes the Wigner function of |y _4(¢)),
and the red region with dashed contours denotes the Wigner
function of [y ;4(¢)). The parameters are set to e = 1.2,
ago =15, aj9=30, a;s/a;_3=06, v /w;=0.8.
There are four kinds of squeezed-coherent states with
j=0,1and X = £f. The Wigner functions of |y x (7))
and |y x) moves with different the time periods 27z/wq
and 27/, respectively, and typically do not coincide.
The nonrevival behavior of the visibility for the QG case
is originated from the fact that these four states do not
coincide, as well as the phase difference e~**/x’ in Eq. (40).
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