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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 semi-classical treatment of gravity. We also examined the
temporal behavior of entanglement negativity and found that the non-revival 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.

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 experiments 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 gravitational 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 gravitational decoherence. As a result, when atomic interferometry
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 experiment [5], universal
gravitational decoherence has not been confirmed yet. In addition, details regarding the entanglement behavior have
been studied in [6, 7], and the gravitational 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 table-top 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 operations 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 entanglement. The BMYV 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 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.
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We note here that the purpose of the BMV proposal and other related proposals is to confirm if gravity produces
quantum entanglement in the non-relativistic scale. These proposals just assume that the Newtonian gravitational
potential is treated as a two-body operator between gravitational 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 Plank 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 focusing on the gravity of the Plank mass object in the tabletop experiment,
although it cannot support the existence of graviton directly. Second, testing the gravity-induced entanglement in
the non-relativistic 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 semi-classical gravity[21-23] which will be introduced in Eq. (22).
Herein, semi-classical 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 non-revival behavior 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 non-revival 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 interfer-
ence [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. Sec. VI, we discuss
the results of the study and explore the comparison of quantized gravity and other quantum interactions. Sec. VII
presents a summary of this study. The unit of 4 = 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 H|E)(E;|, (Ej|Ex) =, 1)

7=0,1

where |E;) denotes the j-th internal energy eigenstate, and H j denotes the CM Hamiltonian of the particle associated
with the j-th internal energy level. The evolution operator of the total state is expressed as

O(t) = exp [—iit] = 37 0,(0) ;) (). (2)

where Uj = exp (—iﬁﬁ) is the evolution operator of the particle state with the j-th internal energy level. The

Ramsey interferometry is performed as per the following steps (Fig. 1):
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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.

Step 0: Prepare the initial state of the particle with the internal energy Fy:

(W (0)) = [4(0)) ® |Ep) , (3)
where |1(0)) denotes the initial CM state.

Step 1: Apply a 7/2-pulse to take the initial state into a superposition of two internal energy eigenstates:!
[W'(0)) = [4(0)) ® (|Eo) + | Er)) /V2. (4)

Step 2: Evolve the superposed state |¥/(0)) with the evolution operator mentioned in Eq. (2) up to time ¢:
(1)) = Ut)|¥'(0)) = <0o(t) [4(0)) ® | Eo) + Ui (1) [4(0)) |E1>>/\/§~ (5)
Step 3: Apply the 7/2-pulse again to make the INT state as |Ey) — (|Eo) + |F1))/vV?2, |E1) — (|Eo) — |E1))/V2:

/() = 5 | 0a(8) (0} @ (1) + 181)) + Ga(0) () @ () ~ 1)

— 3| (@) + B10)) oy @ 150 + (te) - 630 i) )| 0
Step 4: Measure the occupation probability of the lower energy eigenstate | Eo):
P(t) = 5 ((O)] (T +T1)(To + 01) [9(0))
= & (14 Re [0 B ()01 he(0))]
= 21+ Re [Wo()r (1)) 7)

Herein, |¢;(t)) = Us]4(0)). Expressing (1o(t)]11(t)) = |V(t)|e©® with real functions [V| and ©, the occupation
probability is expressed as
1

P(t) = 3 (14 |V(t)|cosO(t)) . (8)
Herein, |V(t)| is the interference visibility, which contains information regarding the internal energy levels of the
particle. For example, if H; = E;, then U;(t) = e "t and P(t) = %(1 + cos(AFEt)),AE = E; — Ey. 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.

1

1 Identical to applying the Hadamard gate H = % [1

_111| to a qubit state.



IIT. 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 = moj + I:IINT/C2 (9)

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

Hixe = ) E; |Ej) (B, (10)
§=0,1
the total rest mass of the particle is given as

o A
m=mol+— > EE) (B, I= |Ej) (Ej] - (11)
j=0,1 j=0,1

The total state of the particle system is described by the CM system and the INT system. The CM system is
characterized by its position & 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 ®(z) 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

H= \/—goo(m204 + c2g;5p'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

P

H=~Hcew + (1+T(x,p)/c?) Hwe, T(w,p) = oz
0

+ ®(x) (13)

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

2
mM—WW£L+m@() (14)
mo
Hinr is the INT Hamiltonian given in (10), and T 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]:

. "
H =it o+ (@) + 5

® |E;) (Bjl = Y H; ®|E;) (B, (15)
j=0,1

§=0,1

where w; = (k/mj)l/Q. Note that the internal energy level Ey, E; are eigenvalues of HyyT, and they have nothing to
do with an infinite number of energy eigenvalues of Hcyy 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

= {Z (mj + hwj(n +1/2)) |nj><nj|}®|Ej><Ej| (16)

7=0,1



where n labels the energy eigenvalues of the CM system, and |n;) is the n-th eigenstate of the CM system for H -

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 = +0.

The particle The gravitational source

Harmonics oscillator

Energy levels

— i |Ey)

—O—1Eo)

External gravity

X X
-8 +p

d

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

We first focus on the case when gravity produces the quantum entanglement between the particle and the gravita-
tional source systems. We will consider a specific form of 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

N 2
. ~GM GM - X i-X
o= . ~ 1+ + 17
d+X — 2 d d ( d ) (17)
= —A(X) - B(X)z - C3? (18)
where
. GM X X . GM 2X GM

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

oo =Y lejo%) bl T (6 A ()| 1) (B (20)
j=0,1 J
where
£;(X) :=m;, (1 —A(X) - 12)9) , Aj(X) = B(X)/w}. (21)

Herein, we redefined a shifted angular frequency as wjz -C - wjz. & (X ) represents the offset of the total energy of

the CM system with the j-th INT state, and A; (X ) represents the shift in the harmonic potential due to the weak
external gravitational field. X . .

The information of source position X is included in £;(X) and A;(X), 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 7 @ (&, X ); No other quantum
interaction can create this entanglement since they do not couple to the mass m 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
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H ;. 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 gravitational field [4, 6].

\

} e - &)

—>
A1(X) = Ao(X)

FIG. 3. Schematic representation of the potential for CM degrees-of-freedom. Blue curve: the potential of Hy. Red curve: the
potential of Hy. Shifts in the symmetry axis and the vertex height of the potential are caused by the differences A1 (X ) — Ao (X)
and &1 (X) — &(X). The difference in the vertex height depends on the location of the gravitational source X.

In the semi-classical treatment of gravity, hereafter referred to as classical gravity (CG), d is replaced by the
expectation value concerning the state of the gravitational source (®)s = (pg|®|ps) which does not create quantum
entanglement between the particle and the gravitational source systems ,unlike the QG case. Therefore, for d >
(X™ s, {2™)] (n=0,1,2,---) , the gravitational potential is approximately given by

- -GM M P — (X 2 — 2(X)g @ + (X2
b (ZOMY LGN s R oa)ed (s .
d + X—z S d d d
=—A-Bi-C#? (23)
where
GM (X)s (X?)g GM 2(X)g GM
A= 1-— B := 1-— = 24
d ( d + d2 ’ d2 d ’ c d3 ( )
Therefore, the corresponding Hamiltonian becomes
52 (02
2 _ p miws 2
Hog —;1 €+ g+ =5 @ = A7 1B} (B, (25)
where
B? 9
Ej:mj 1_A_W , Aj:B/wj. (26)
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:

a. o = % - y ﬁ _ _A
a; x =1/ 5 (x—i—zmjwj AJ(X)). (27)

Therefore, the Hamiltonian for the QG case becomes

Aol = T 600 +e (afxa, 5+ )| 1) (55l 23)

§=0,1

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 superpo-
sition of 2 Gaussian states (See Fig. 2):

1 1 1/4 _ 2 /(902 82 /62
fos) = = =) +lpaa) . panlX) = (Klpaa) = (oo ) e OFPIEA N a4 e0), (20

where 3 is the separation of the cat state and o is the width of each Gaussian state. The evolution operator associated
with the j-th INT state can be expressed as

efisj(f()t efmj(ajf}gajjﬂ/z)t _ efisj()"()t U] X(t)v (30)

where U]X(t) = e~ ih (Xt i5 the evolution operator with the harmonic oscilla‘Eor Hamiltonian /;(X) := w, (djTX&j,X +
1/2). As the initial state of the CM system, we prepare the ground state of ho(X = 0) as

Qg a

Yini () = <?>1/4 exp [—?O(x - AO(O))Q} ,  ap = mowy. (31)

Therefore, the time evolution of the total state associated with the j-th INT state becomes
[W5()) = e T, ¢ (1) [ini) @ lis) = / dX ps(X) e M gy x (1)) © 1X) (32)
Here, we defined [¢; x (t)) := U; x (t) [tini). Introducing the propagator of the harmonics oscillator, we obtain

Kjx(z,t:9,0) == (2| Ujx (1) |y)

S exp[ {((x—Aj<X>>2+(y—Aj<X>>2>cos<wjt>—2<x—Aj(X>><y—Aj<X>>H, (33)

2mi sin(w;t) 2sin(w,t)

and the wave function of the CM state can be explicitly calculated as [27]

¥ x (2, t) = (@ Uj x (t) [Yins) = /dy (@] Uj x (t) [y) Ylimi) = /dy Kj x(z,ty,0)Ymi(y)

_ (@)1/4 a; exp 71? Rjg((f,(ﬂ) +Z'Ij7x(t,$) (34)
T aj cos(wjt) + iag sin(w;t) 2a9 1+ (a3/ag — 1) cos?(w;t) |’

where a; := m;w; and

Ry (00 = |2 = 85(X) = (0(X) = &, (X)) costist)| . (33)
Fye(t) = =sinG) | 24 (0 = 5001 + (B(3) = A,00)) costs) ~ 2o = A,(0)Bo(X) - 8,00}
—Z—g(x — Aj(X))? cos(w;t) | - (36)
To obtain the transition probability Eq. (7), we should evaluate
Wo(0) = [ X [psCOP e BN g x ((]1,x(0) (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 = +8.
Therefore, Eq. (32) reduces to the following expression:

W5()) D e EO (1) ® [es) - (38)

1
\/N s=+p



Herein, we made the assumption that v; x (¢,z) and e~ (X in Bq. (32) do not change rapidly with respect to X
within the width o of the Gaussian function in ¢g(X). Each assumption requires the following condition respectively:

GM\* 1 Gm;M 1
i <w2d3> = g t< (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: % ~ Aj/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
Eq. (37) is approximately given as a summation of four terms:

W1 (B) % 1= 3 {ounlipws) e EEIEOD gy (1), (1) (40)

s1,52=%f

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 Appendix A).

Ramsey
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FIG. 4. Schematic picture of Ramsey interferometry in the QG case. Four different worldline branches are involved in
interference visibility.

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

(Do () W1 (t)) = e E =5 (wo (6)] 3 (1)) (41)

where & is as per in Eq. (26), and [;(t)) := e~ [1hy;) is the time evolved CM state with the harmonics oscillator
Hamiltonian for CG h; := (h;(X))s. The Ramsey interferometry 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 Ey or Ej.

Although it is possible to derive an explicit but complicated 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 ourqualitative understanding
of gravity-induced decoherence. If we neglect the sub-leading terms of the Taylor expansion parameters x/d and X/d
in (18), Eq. (19) can be expressed as

A(X)%GTM (1—‘5), B(X)->%47 C —1. (42)



Herein, the X dependence only appears in &;(X ), and the coupling of the CM system operator & and the S system

operator X disappears as A;(X) — 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 h does not depend on X for now, the X integration in Eq. (37) can be simplified to

(Wo ()| W1(t)) = (o ()|t (t)) < /dXIsas(X)lze’i(gl(x)’g“(x))t- (43)

Evaluating the inner product of CM states (1o(t)|11(¢)) with (42), we obtain

Wo(Ol1 () = [ do w2 (t.2) = V(o) 2, (49
where
dag ay L/4 2a0 a2(Ag — Aq)? sin®(wit/2)
Vot = (4(10 aq cos?(wit) + (ag + aq)? sin (wpﬁ)) o [_ a2 + a? + (a2 — a?) cos(wit) (45)
2 .
Oc(t) = — apai (Ao — A1) sin(wit) larg [e="0* (2a0/ay cos(wit) + i (1 + (ag/ar)?) sin(wit))] . (46)

az +a? + (ak — a?) cos(wit) 2

It should be noted that Vo (t) is a 2w /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

[ X o) e8] e0c00, ()
where
2 GME o \* GME B 2 2
_ “ _ TmEE -B%/a 4
Vo (t)] v &P ( ¥ dt) ] ’cos( g dt)+e (48)
O¢(t) = —(&1(0) — &0 (0)) t. (49)
Finally, when we treat up to the leading term of x/d, X/d, the analytic expression of Eq. (37) is given by
(Lo(D)|W1(1)) = [Ve(t)Vo(t)| ' @OTOM) QG case), (50)

where the time-dependent functions |V¢|, ©c¢, [Vgl, ©¢ are given in Eqgs. (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

(To(1)| W1 (1)) = [Vo(t)] ePc®+Oe®)  (CG case). (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 = 0 and Ay = A; = 0), the probability oscillates with a
period determined by the energy gap of the INT system & — & = E. The envelope of the oscillation is determined
by visibility [V (t)|, whose time period 7/w; reflects the evolution of the squeezed state, as seen Eq. (46) (and also
in Appendix A). The decoherence arises from the entanglement between the CM system and INT systems induced
by 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 (t)| contains 2 typical periods: (i) 7/wy, which corresponds to the period
of squeezed state, and (ii) 27/w;, which corresponds to the period of coherent state originated from the interaction
of the CM state with the external CG [8] (see also Appendix A). 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 universal decoherence caused by a gravitational redshift [4]. In the left
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panel of Fig. 5, we show the time dependence of the probability P(¢) under CG with a green solid line, which is
obtained by evaluating Eq. (41). It exhibits oscillation with a period ~ 27/(£; — &), which roughly corresponds to
the energy gap of the INT system with relativistic and gravitational corrections. The dashed lines denote its envelope
(1+ [Ve(t)])/2, and parameters are chosen as (mg/k)Y/? = 10, (mg/m1)/? = 0.5, GmoM/(kd*) = 0.015, m(l)/4d =
10, B/d = 0.01, o/d = 0.001. The visibility again exhibits revival behavior with the 27 /wy period, thereby reflecting
semi-classical gravity induced entanglement.

Vil -l i
i an o ot aa o

FIG. 5. Probability P(t) of the CG case (left panel) and QG case (right panel). A solid line: time dependence of the probability
P(t). A dashed line: the envelope of P(t), which is (1 + [V(t)]).

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 |Vg(t)|. Furthermore,
a modulation with a longer period appears in the visibility due to the following reasons: (i) the exponential factor
in [Vg(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 ¢ — 0. This indicates the entanglement induced by the

quantum gravitational interaction between the INT system and the Gaussian dispersion of the S system. Since its

decoherence time scale is given by t ~ (G%E %)_1, the system decoheres more rapidly for larger o. (ii) The product

of two kinds of periodic functions, namely the cosine function in Vg(t) and the function V¢ (¢) with a period 2m/w;
causes a beat in the visibility. The cosine function in Vg (¢) comes from the gravitational coupling between the source
mass and the INT energy gap, and it vanishes for 5 — 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

—1
by t ~ (Gl‘g £ g) , the system decoheres more rapidly for larger S.

Decoherence effect (i) is caused by the Gaussian spread of the source mass state, and causes un-revival behavior of
the visibility. It is induced by the entanglement between the INT state |E;) and the Gaussian state [ dXe™~ */20% | X)
with infinite rank. Decoherence effect (ii) is induced by the entanglement between the INT state and the distant cat
state |+3) 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 the combination of the INT state |E;) and the Gaussian state

Jdx e=X"/20" | X) with infinite rank mentioned in (i). To summarize, the quantumness of gravity is reflected in the
visibility as a non-revival behavior of visibility (coherence), which is induced by the entanglement between the INT
system and the S system as mentioned in the previous section III.

In the right panel of Fig. 5, we showed the time dependence of the probability P(t) for the QG case with a solid line,
and its envelope (14 [V (t)Vg(t)])/2 with a dotted line. The parameters are set to (mg/k)Y/? =10, (mg/m;)"/? =

0.5, GmoM /(kd®) = 0.015, m(l)/4d =10, f/d = 0.01, o/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 (t) 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 comparing 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 (GM ES/d?)~!, while its value decays by
exp (—(GM Eot/ 2d2)2)7 as estimated in Eq. (48). To summarize, the quantumness of gravity appears as a non-revival
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behavior of interference visibility. Stronger decoherence in QG compared to that in CG indicates the entanglement
sharing between the particle and S systems.
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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 (S) systems,
which provide a better understanding of the decoherence in the Ramsey interference mentioned in Sec. IV. The state
of the total system is given by

W (1)) f S eSO B @ |6 ¢ (1) @ |ps). (52)

7=0,1

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

an| _ficma] _[Wesa]  fsa) . fie-a

)| _ 1) ._ |1%o.+8 o) | ._ |ly-p

Co) | IOi[T;w = jgn )| [|Sl>} = [mﬂ)}v (53)
|C3) ICp1)) [¢1,48)

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

1 ,
W)= —= > > e FHE) @ |Cypn) @ [Sk). (54)
2N j=0,1k=0,1
Therefore, the density matrix of the total system is obtained as
pP= |\I/ — Z Z e (€051 .k~ E a1, kzl)t | > <Ej2| ® |CJ[j1’k1]><CJ[j2,k2]| ® |Sk1> <Sk2| . (55)
317J2 k1,k2

We considered three different reduced bipartite states as follows:

1 s o 1—Er
PINT:CM = ﬂsp = W Z e Z(gJ[Jl-,kl] £~][J2’k2])t <Sk2|Sk1> |Ej1> <Ej2| ® ‘CJ[jl,k1]><CJ[j2,k2]|7 (56)
J1j2,k1k2
1 CE s e A—E
pINT:S = TI‘CMp = ﬁ Z e (5.1[11.,k-1] 5~1[J2,k2])t<0‘][j27k2]|CJ[]‘17]€1]> |Ej1> <E]‘2| ® ‘Sk1> <Sk2| 5 (57)
J1jz,k1k2
1 i
pcm:s = Trintp = N Z e~ €1k~ €Tl ko] )t 1Sk1) (Skal @ |C k] AC a1 ko) |- (58)

Jrk1ka
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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 {|sk)}, & = {0,1}, (Sky|Sks) = Okyk,, We obtain

“gﬂ B % {&1 Hi —\Gl—vjs} “iﬁ vg = (So|Sy) = e 7 (59)

This relation is written using a 2 x 2 matrix S as [Sk) = > _,_q 1 Ske |s¢). For the CM state |C sy 4)), the orthonormal
basis {|cs)}, J ={0,1,2,3},(cy,|cs,) = 4,4, is obtained using the Gram-Schmidt orthonormalization as follows:

] ey v oo | [l

Cl G 7/)1 Nl 0 0 C1 9

G| = [t} terlm) v 0 | |len| M=t XD lewbal (60
) ol ¥ )

|C3

Equivalently, the CM state can be expressed as |¢7) = > o1 53Uk |cK) using a 4 x 4 matrix Uy . Therefore, the
reduced states are

1 iEgs e—E s . .
pINT:OM = 3 3 e E skt k)t (Z St sw) IEj (Bl @ Y Uty i Uty ko |0x ) (ex ], (61)
14

J1jz,k1k2 K1 K>
1 Ci(E s —E
PINT:S = ﬁ Z e ’L(EJ[JLkl] SJ[Jz,kzl)t (Zuj[jl,kl]KuJ[j%k?]K) |E]1><E]2| [ Zsklél 52252‘521><5£2‘7 (62)
J1j2,k1k2 K £142
1 Ci(E s 1—E
PCM:S = 3N Z e~ HEI k1= E a5 ko))t Z Skyt, Sk2g2|841><842| ® Z Z/{J[j}kl]Kl u;[j7k2}K2|CK1><CK2|~ (63)
Jsk1ke [5Y %) K1 K>

The entanglement negativity [28] for a bipartite state is obtained as N'= 37, _q |\i| where A; is the eigenvalue of the
partially transposed density matrix. Logarithmic negativity is defined by

Ng :=log,(2N + 1), (64)

which quantifies the distillable number of Bell pairs.

Figure 7 displays the time dependence of the logarithmic negativity Ng(t) 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, (mo/m1)Y/2 = 0.5, GmoM/(kd®) = 0.015, m}/*d =
10, B/d =0.01, o/d = 0.001. For the CG case, the CM:INT entanglement emerges and disappears for every 27 /wq
period, and the CM:S and S:INT entanglements remain zero. Comparing the CM:INT entanglement with the visibility
in Fig. 6 reveals that they both oscillate alternatively with the 27 /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 |p1g) reduces to a two-level state for o — 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 non-revival property of the Ramsey
interference exactly reflects the creation of the INT:S entanglement revealing the quantumness of gravity.
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FIG. 7. 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).

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 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 qualitative
understanding. In this approximation, since the dependence of X only appears in £; (See also (42)), Eq. (52) becomes

1 ~ -
|U(t)) = ﬁgo;l |Ej) @ |C5) @ 55), (65)
where
C5) == |v;(2),  1S;) r=/dXe’igj(X)t ps(X)[X). (66)

In particular, in the qubit limit of the CM state and the source state with (C;|Cx) — djk, (S;|Sk) — d;, we obtain
the Greenberger-Horne-Zeilinger (GHZ) state for the total system as |[Ugnz) = (|000) + |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;|ck) = (s;|sk) = d;x
are introduced as follows:

[|(§0>} _ 1 {ewc/?m e /2 /T=ve } Pcoq’ ve = ’<@0|@1>

0] T VR et T v —emte /2 T=uc) |ler)

. o = arg [<éo|él>}, (67)

[lé’oq _ 1 [ei"S/Qm e/ T—vs } {'Soq, vs = [(Soldn)], s =arg[(5013)].  (68)

S| V2 e /2T +vg —e 9s/2\/T=vg] |Is1)
Using the orthonormal basis {|Eo), |E1),|co),|c1),|S0) ,|s1)}, the total state is expressed as
1 Ne ® Ng eifc+0s) NcZ®NgZ
pP= ‘\I/> <\II| =3 7i(ac+6's) ?
8 |e ZNc ®ZNg ZNcZR®ZNgZ
where the 2 x 2 sub-matrices are defined by
1+ve /1—0v2 1+vs 1—wv? 10
N¢ = ¢ Ng = o Z= . 70
¢ |:\/1—’U% 1—ve |’ 5 V1-vi 1—wg |’ 0 -1 (70)

Therefore, the three different reduced bipartite states are

1 No vg e0ct0s) N Z

pivrion = Trsp = 7 [Us e—i(00+05) Z N . ZNeZ : (71)
1 Ng v e!0ct05) NgZ

pivrs = Tromp = 7 [vc 100 ZNs  ZNsZ ; (72)

1
pcum:s = Trintp = 3 (Ne @ Ng +ZNcZRZNgZ). (73)
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As per Eq. (73), poms is separable from its structure. The negativity for reduced bipartite states are

N(PINT:CM) = % (—1 +vg + \/(1 + ’US)2 — 41}%v Us) , (74)
N(PINT:S) = i (—1 + vo + \/(1 + 'UC)Q - 41)%v UC> , (75)
N(pcm:s) = 0. (76)

Figure 8 displays the dependence of negativities N (pinT.cm), 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'(pinT.s) becomes zero, whereas N (pinT.om) varies between 0
and 1 depending on values of vo. For the QG case, since vg oscillates between 0 and 1, A (pinT.cm) oscillates between
0 and /1 — vZ /2, whereas N (pinT:s) oscillates between 0 and ve/2; N (pint:om) and N (pint:s) 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:om4s) = 3V 1 —v% 02, (77)

and it obeys monogamy inequality [29] as follows:

N2 (pint.om) + N2 (pint:s) < N2 (pinT.oMas)- (78)

The difference between the sides of this inequality represents 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 vo # 1 or vg # 1, the value of residual entanglement is nonzero. The point vg = vg = 0
corresponds to the maximally entangled GHZ state.

Negativity INT:CM Negativity INT:S Residual

0.4 0.6 0.8
Vs Vs

FIG. 8. Dependence of negativity on vs and ve 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 vs = 1, N(pint:s) is
always zero, but N (pint:cm) # 0 depending on the value of ve.

Finally, we evaluated the entanglement entropy in our system. In Figure 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 Figure 6, namely (m3/ k)2 =

10, (mo/m1)Y? = 0.5, GmoM/(kd*) = 0.015, mé/4d =10, 8/d = 0.01, o/d = 0.001. 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 entanglement 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
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of INT:others and S:others almost reach the maximum value log 2 when the visibility is at the minimum in Figure 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.

CG QG
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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.

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 27 Al" quantum clock [30] with a probe laser wavelength A\ = 2whe/E = 267 nm.
A coherent state of the mesoscopic mass source with M ~ 1ng may be realized in the near future. In addition, the
coherent state can be experimentally realized for 20sec [31]. Apart from that, we assume d = 200 ym, o = 1 pm and
B = 10 um 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 |Vg(¢)| of Eq. (48) can be estimated as

1 GMEo \* M \? - - 2 ?
LGMEo N7y q0-3 A d 7 t , (79)
2h d d 10ng 267nm 200 pm 1pm 20sec

1GME B \* M\ A NP/ a4 \* ot
LGMEPS N _ 6.8 x 10732 P : (80)
h d d 10ng 267 nm 200 pm 10 pm 20 sec

After performing time Fourier transformation on the probability P(t) obtained using the spectroscopy experiments,
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 entanglement 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

M 2
(Fra%0) xa. (51)

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 ~ 10728, 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 sub-systems share entanglement in the QG case. It should be noted that, in particular,
the entanglement 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 equivalence, only gravity can couple to the energy; other quantum interactions do not have this
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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.

CG QG Coulomb
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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.

For comparison, let us consider the case when the Coulomb interaction is the external force instead of the gravita-
tional 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 2. The Coulomb
interaction is given by

qQ
dmeold + X — 2|

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

VCoulomb = (82)

GmM
|d+ X — &|
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 Figure 10. The Hamiltonian for the external Coulomb interaction can be expressed as

Vo = (83)

~ 2 N
e o o (BN e et oa - CBE)
HCoulomb(X) - jzzo)l 5J(X) + 2mj 2 J (‘T - k ) |EJ> <EJ| ) EJ(X) - m] - qA(X) - Ta (84)
. Q X X2 . Q 2X Q
A(X) = 4dmegd (1 S d + dz> » BX) = 4dmrepd? (1 B d) » O= dregdd” (8)

Unlike the gravity case, the symmetry axis of the trapping potential is independent of the INT state, and the quantity
E1(X) — &(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 same procedure used to derive Eq. (50), we obtain the 7 /w; periodic
visibility as

4(1() a1 ) 1/4
4ag ay cos?(wit) + (ag + a1)? sin2(w1t) '

(o (8)91 (1)) | = ( (86)

Here, the period 2 /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

2 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 = d4 |Ev) (Eo| + d— |Eo) (E1]
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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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)Y/? =
10, (mo/m1)'/? = 0.85, qQ/(4meokd®) = 0.15, my/*d = 10, B/d = 0.01, o/d = 0.001. As per the figure shows, the
visibility exhibits a revival behavior with some longer period than 7/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 27 /wy and 27 /wy,
reflecting the respective period of the coherent states |¥o(¢)) and |y (t)) 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/ (pixT.s) = 0 and provides a non-zero
value of N (pomunt) with period m/w;. The quantumness of Coulomb force appears as a small non-zero value of
Nem:s, which can be revealed beyond the first order approximation, as per the right panel of Fig. 11.
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FIG. 11. 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.

Also, we briefly discuss the case where the harmonic oscillator potential trapping the particle is proportional to the
probe mass [32]: %m w?#2, 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; = Ay # 0. Since the displacement effect does not
become obvious in the Ramsey interference, |V ()| reduces to a m/w; periodic function rather than 2m/w; periodic
function. Therefore, the visibility revival period becomes m/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 non-relativistic 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 exhibits 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
gravitational 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

-1
of the source state, the time scale of decoherence was determined as ¢ ~ (ij\fbﬂg) , 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.



18

Regarding the entanglement behavior, the initial separable 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 non-revival 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 interactions by observing the visibility of Ramsey interference. We
believe that our study is beneficial for further understanding of the quantum nature of gravity.
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Appendix A: Wigner function of time evolved CM state

In this section, we will investigate the time evolution of the CM state |1; x (t)) 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

W x (1) = Uj.x (t) [thin) , (A1)

A iw;(al o a; . . . At oA A .
where U x (t) := ™™ (@ .x GxH1/2t 1 oy s the ground state of the Hamiltonian w;(agldoo + 1/2), and @, x is as
per Eq. (27). The relation between the two annihilation operators g and a; x is as follows: by

N . R . .t
aj x = coshrjago+sinhr;ag o + aj x, (A2)

Ti — 7m‘7w] . = L’LOWO T3 — :
= T =\ [T 0(0) — 8 00) (43)

. . A (a2 —al2 . A al _a .
Using the squeezing operator S(r;) = e"i(@5,07050)/2 anq the displacement operator D(a) = ¢*(@,0740.0) the relation
of the two annihilation operators can be rewritten as

ajx = ST (r;) D' (a x )ao,0 D(aj,x)S(r;). (A4)

Therefore, the initial ground state |tini(t)) associated with ag ¢ evolves to become the squeezed coherent state char-
acterized by parameters r; and «; x as given below:

[W;,x (t)) = ST(r;) D (0, x)Uo,0D(tj, x) S (1) [thins) - (A5)

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 o, x — a;.

Next, we explore the temporal behavior of the CM Wigner function [33]. The Wigner function is a quasi-probability
distribution in the phase space (z,p) and is defined as

Ww(ﬂf,p)=%/ dfw(x—&—g) w*(m_g) ¢itr, (A6)

— 00

where ¢(z) is the wave function of the CM system. For simplicity, we focus on the state with X = +/3, which is the
same condition as we depicted in Fig. 4. Length unit of 2mowg = 1.

Figure 12 displays the time evolution of the Wigner function of the CM state for the no gravity case. The blue
and red regions respectively denote the Wigner function of the |1g(t)) and |1 (t)) states. The parameters are set to
e = 1.2, wy/wg = 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 7 /w; period, which reflects the period of squeezing.
Since the visibility of the Ramsey interference in Eq. (40) contains | (1o(t)]11(t)) |, its revival period 7/w; stems from
the squeezing period.
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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 |1o(t)) state. A red region: Wigner function of the |1 (t)) state. Contour lines are drawn with (0.02,0.05,0.08,0.11,0.14)

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 |[¢)g(t)) and |¢1(t)) states. The parameters are set to e™ =
1.2, a1 = 3, wi/wp = 0.8. The time evolved state is squeezed by a special relativistic effect and displaced by a
gravitational effect. The two states overlap for every 2mw/w; period reflecting the period of coherent state, which
results in the 27 /w; revival period of the visibility.
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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 |1 (t))
state. A red region: Wigner function of the |11 (¢)) state. Contour lines are drawn with (0.02,0.05,0.08,0.11,0.14).

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 |1y, _s(t)), the blue region with dashed contours denotes the Wigner
function of |tg 4+5(t)), the red region with solid contours denotes the Wigner function of |i1 _5(t)), and the red
region with dashed contours denotes the Wigner function of |1 +5(t)). The parameters are set to e™ = 1.2, ago =
1.5, a0 = 3.0, oj4p/aj—p = 0.6, wi/wy = 0.8. There are four kinds of squeezed-coherent states with j = 0, 1
and X = £4. The Wigner functions of ¢y x (¢)) and |i1, x) moves with different the time periods 27/w and 27 /wy,
respectively, and typically do not coincide. The non-revival 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~*7.x* in Eq. (40).
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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 |¢o,—g(¢)). A blue region with dashed contours: Wigner function of |1o +3(t)). A red region with solid contours:
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