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We investigate the quantum nature of gravity in terms of the coherence of
quantum objects. As a basic setting, we consider two gravitating objects each
in a superposition state of two paths. The evolution of objects is described by
the completely positive and trace-preserving (CPTP) map with a population-
preserving property. This property reflects that the probability of objects being
on each path is preserved. We use the ¢1-norm of coherence to quantify the
coherence of objects. In the present paper, the quantum nature of gravity is
characterized by an entangling map, which is a CPTP map with the capacity to
create entanglement. We introduce the entangling-map witness as an observ-
able to test whether a given map is entangling. We show that, whenever the
gravitating objects initially have a finite amount of the ¢1-norm of coherence,
the witness tests the entangling map due to gravity. Interestingly, we find that
the witness can test such a quantum nature of gravity, even when the objects do
not get entangled. This means that the coherence of gravitating objects always
becomes the source of the entangling map due to gravity. We further discuss a
decoherence effect and an experimental perspective in the present approach.

1 Introduction

General relativity describes a gravitational field as a spacetime curvature, and quantum
mechanics requires the quantum superposition principle. The unified theory, quantum
gravity, seems to predict the quantum superposition of spacetime curvature. A lot of work
is in great progress to prove such a quantum nature of gravity. The target in those works
is the entanglement which comes from the quantum superposition of the gravitational field
of a superposed massive object. The entanglement due to gravity has been becoming a
benchmark for the quantum nature of gravity [1, 2|. In sympathy with its importance, there
were several theoretical works on various experimental proposals, for example, matter-
wave interferometers [3, 4, 5, 6, 7|, mechanical oscillators [8, 9], optomechanical systems
[10, 11, 12, 13], and those hybrid systems [14, 15, 16]. The detection of entanglement due
to gravity also allows us to test classical models of gravity, such as the Newton-Schrodinger
approach [17] and the classical channel gravity [18].

In this paper, we deepen the understanding of the relation between the superposition
of a massive object and the entanglement due to gravity. As a basic setting, we consider
two massive objects each in a superposition state of paths. We introduce the ¢1-norm
measure to quantify the coherence of each superposed object [19]. It is demonstrated that
the entanglement between the gravitating objects does not occur when their coherence is
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initially small. We then examine the quantum evolution due to gravity. The evolution
of the gravitating objects is represented by a completely positive and trace-preserving
(CPTP) map with a population-preserving property. This property represents the fact that
the probability of objects being on each path is preserved. We explore when the evolution
of the objects is given by an entangling map |20, 21|, which is defined as a CPTP map [22]
with the capacity to create entanglement. By the convex property of population-preserving
non-entangling maps, we can introduce an entangling-map witness (a Hermitian operator)
to test whether a given population-preserving CPTP map is entangling or not. Applying
the theorems obtained in [23|, we derive the entangling-map witness to test whether the
gravitational interaction between the objects leads to an entangling map. Through the
above analysis, we find that the entangling map due to gravity is realized as long as each
object initially has a finite amount of the #1-norm of coherence. Interestingly, we observe
that the entangling map due to gravity is realized even when the entanglement between
the gravitating objects does not occur. The present result means that the coherence of
massive objects always induces the entangling map due to gravity. We further discuss a
decoherence effect and an experimental perspective in the present approach for testing the
quantum nature of gravity.

This paper is structured as follows. In Sec.2, we present the entanglement between
two gravitating objects with coherence. It is exemplified that the entanglement does not
occur when the coherence is small. In Sec.3, we introduce the formalism to examine an
entangling map and its witness. In Sec.4, we find the witness for testing the entangling
map due to gravity, which is given by the coherence of the objects. In Sec.5, we investigate
a decoherence effect on the entangling map due to gravity, and we discuss an experimental
advantage for verifying the entangling map. In Sec.6, we summarize this paper.

2 Entanglement due to gravity in quantum objects with coherence

2.1 Time evolution of two massive objects each in a superposition

We consider the time evolution of two massive objects interacting with each other through
the Newtonian potential. The total Hamiltonian is

N .\ Gmamp

ﬁZﬁA-l-ﬁB-i-V, V=-—Fg--=-- (1)
[ZA — 28]

where H A and fIB are the Hamiltonians of objects A and B with masses ma and mp. The
interaction Hamiltonian V is the quantized Newtonian potential, which is derived from
the scattering amplitude in a linearized theory of quantized gravity around a Minkowski
background, see, for example, [24, 25]. The fact that the above Newtonian potential is not
classical but an operator-valued function leads to the entanglement between two objects
A and B. We assume that each object is superposed in two paths and that the paths of
each object are determined by the Hamiltonians Hp and Hp. Fig.1 in Sec.2.C presents
an example of the configuration of two objects. Those objects acquire the phase shifts
induced by the gravitational potential between them. We consider the initial state of the
objects as

W) =5 Y fazin)a bsin)s, 2)

a,b=L,R

where |a;in) 4 (|b;in)p) is the state of the particle A (B) with a localized wave packet with a
peak at the position a (b). The state satisfies o (a’;in|a;in)a = dgq (B(V ;in|b;in)p & dyyp).
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The evolved state of objects A and B is given as

[Woug) = e H o =tm) /g, )

. R tout
_ oA+ ) tow—ti) /N e | Win)

dvi(t)]
tout N 1 . .
dtVI(t)] 3 Z la;in)a [b;in)p
in a,b=L,R
e_i(ﬁA"FI:IB)(tout_tin)/ﬁ Z e Pab |a : in)A |b : in>B
a,p=L,R

Z ! ®Pab |a;out)a |b;out)p, (3)
a,b=L,R

-/
-+

72(HA+HB)(tout tm)/hT exp

| =

_1
2

where ‘7I(t) is the interaction Hamiltonian in the interaction picture with respect to Ha+
Hg, and |a;out)y = e‘iﬁA(tout_ti“)/h\a;imA and |[b;out)g = e_mB(tout_tin)/hw;in>B are
the states of wave packets of A and B with peaks at positions a and b, respectively. For
the approximation in the fourth line, each object is assumed to be localized on each path
during the evolution. The phase shift ®,;, is evaluated along paths as

tout
B,y = / dt  Gmamsp ()
t

w T leq () —ah ()]

where 4 (t) and x%(t) represent the trajectories of objects A and B, respectively. Using
the initial and final density operators, pout = |Wout)(Vout| and pin = |¥in)(¥in|, we can
rewrite the above evolution as

Pout = ’qjout><qjout’

Z Z ®a=Pat) | s out) (a ;out| @ |b;out)g (b ; out|
ab LRa/ b=
= Z Z gG aba’b’ M ®Nbp1n MJ/ & N;r/, (5)
LRa V=LR

where () aparty = (P~ %) NI, = |a;out)a(a;in| and Ny = |b;out)a(b;in|. A general
feature of this evolution will be discussed in Sec.3 based on quantum information theory.

2.2 Coherence of the initial state of objects

We consider the initial state of two massive objects at t = t;, as

pin = pA ® pB, (6)

where
PA %(|L in)a(L;in|+ [R;in)a(R;in| + ¢1|L;in)a (R;in| 4+ ¢1|R;in)a(L;in|),  (7)
0B %(|L in)p(L;in| 4+ |R;in)g(R;in| + c2|L;in)g(R;in| + c2|R ;in)g(L;in|).  (8)

The parameters ¢; and ¢ (—1 < ¢1 <1, —1 < ¢ < 1) characterize the interference effects
of each object. When ¢; = =1, the initial state of object A is (|L;in)a & |[R;in)a)/v/2,
which is the superposition state of two wave packets around the positions L and R. When
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c1 = 0, the initial state is (|L;in)a(L;in| + |R;in)a(R;in|)/2, and object A has no inter-
ference effect. The same feature is observed in the initial state of object B for ¢o = 41 or
¢ = 0. The degree of the interference effect (the quantum superposition) is quantified by
the ¢1-norm [19] of coherence,

Clp) = _ Iilpl)l, (9)

i#j

where {|i)}; is a complete orthonormal basis. The ¢;-norm of coherence for the initial state
of each object are

C(pa) = lal, Clp) = leal, (10)

where the bases {|L;in)a, |R;in)a} and {|L;in)p, |R;in)g} were chosen.

To understand what the parameters ¢; and co characterize in a more realistic situation,
we focus on the setting in [1], where the spatial superposition of an object with a spin
is assumed to be created by a Stern-Gerlach apparatus. In such a setting, the states
|IL;in)x and |R;in)x of object X = A,B are regarded as |L;in)x = |C;in)x|T)x and
IR ;in)x = |C;in)x[{)x, respectively. Here, |C;in)x is the state of the external degrees of
freedom, and |1)x and |])x are the states of the spin internal degrees of freedom. Each
object with spin moves in an external magnetic field within the Stern-Gerlach apparatus.
The initial states of objects A and B are

pa = [C;in)a(C;in| ® %(WAW + Al +ataldl +eall)at), (11)
pB = |C;in)p(C;in| ® %(|T>B<ﬂ + B + e + c2ll)B(1]). (12)

If the parameters ¢; and ¢y are nonzero, each object is spatially superposed in the apparatus
and has an interference effect. From a practical viewpoint, the initial state of each spin
is prepared through an experimental procedure. When ¢; = ¢o = 0, each spin state
is completely mixed, and then the apparatus cannot create the spatial superposition of
objects. Roughly speaking, the parameters ¢; and co determine whether a spin state with
coherence is prepared or not.

2.3 Effect of coherence on entanglement due to gravity

We introduce the notion of a separable (non-entangled) state and evaluate the entanglement
between the gravitating objects considered in the previous subsection. A density operator
paB of a bipartite system AB is said to be separable [27] if the density operator is written
as
PAB = > _Pips ® P, (13)
7
where p; is a probability, and p% and piB are the density operators of each of the subsystems
A and B. The positive partial transpose criterion [28, 29| and the negativity [30] are useful
to judge whether a given density operator pap is separable or not. For a density operator
paB of a bipartite system AB, we define the partial transpose pX% with the components
given by
alals(bloaila’)alt)s = ald[5(bloasla)alt)s (14)
for a basis {|a)a|b)B}ap of the Hilbert space Ha ® Hp of the system AB. It is shown
that if the density operator pap is separable then its partial transposition pX% is positive
semidefinite (has only non-negative eigenvalues). Hence, if the partial transposition pXAB
has a negative eigenvalue then the density operator pap is entangled. This is called the
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positive partial transpose (PPT) criterion [28, 29]. In particular, the PPT criterion is the
necessary and sufficient condition for a two-qubit system (C? ® C?) and a qubit-qutrit
system (C?® C3) [29]. We obtain an entanglement measure (quantifier) based on the PPT

criterion as
N =3 |l (15)

A <0

where ); is the eigenvalue of the partial transposition pTA. This is called the negativity
[30]. The PPT criterion means that a density operator pap with nonzero negativity is
entangled.

We demonstrate the entanglement due to gravity adopting the configuration shown in
Fig. 1. Two massive objects are separated by a distance D in the x-direction. Each object
is in a spatial superposition along the x-direction, whose length scale is L. The splitting
and refocusing times of the trajectory of each object are 7, and the superposition is kept
during a time 7. The concrete trajectories are

zX (1) = [27(8), v,t, 0], @f(t) = [2°(t) + D, uyt, 0], (16)
where v, > 0 is the velocity in the y-direction and

Uyt tn=0<t<rT1
20(t) = €4 vyt T<t<T+7 (17)
V(T +T—t)+v,7 TH7<t<TH+21 =toy

with € = —e® = —1 and v,(> 0) is the velocity in the x-direction. In this setting, for
simplicity, we assumed that the two objects are instantaneously accelerated at t = ty,, t =
tin+7 and t =ty +7+ 7. If each object has a spin degree of freedom, in this setting, a non-
uniform magnetic field is instantaneously injected at each time to split and refocus each
trajectory of the objects. The present setting is just used for a theoretical demonstration
of entanglement due to gravity. For a more realistic setting as in Ref.[1], the fluctuations
of the magnetic field lead to a decoherence effect. The effect might be absorbed in the
parameters cj,cg or the damping (decoherence) rates ya,yp discussed in Sec.5. In the
present paper, we do not analyze the effects in detail.

Y4 object A object B
U =tout
|L;out)a [R;out)s |L; out)p [R;out)p -
OO OB |T
T L 7 T L 7]
|L;in)a [R;in)a |L;in)p [R;in)p Tt _¢
O D O = lin
X

Figure 1: A configuration of two massive objects A and B. In this setting, the length scale of super-
position is L and the separation between two objects is D. The superposition is preserved during the
time T'.
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The phase shift induced by the gravitational potential is

@ . /tout ﬂ GmAmB
CT S 24 () - 2h(2)
imn A B
~ Gmamp 41 €p — €q L
== { ( In [1 + =

T
2 D]+D+(eb—ea)L/2}

; (18)

where L = 2v,7 and T > 7 is assumed for the approximation in the last line. The
final state pout is obtained from the initial state pi, (6) and Eq.(5). We can compute the
negativity of pout as

N = max[0, -],
1 . PRy, + Pyg — Prp, — O
A= [1=letlleal =/ (fex] = lea])? + dfen]ep sin? (—E——EE =) | (19)
4 2
where
Gmamp T GmamgT Gmamg T
@ — q) — - - = V—_— = 20
LL RR D 7 LR D+L i RL D—1 & (20)

Fig.2 shows the negativity as a function of T" for the fixed masses ma = mp = m, the
same degree of the coherence ¢; = ¢o, and the fixed distance D = 2L. The blue dashed
curve given for ¢; = co = 1 presents a large generation of the negativity. On the other
hand, the green dot-dashed curve shows a small amount of entanglement for ¢; = ¢5 = 0.6.
The brown dotted curve given for ¢; = ¢ = v/2 — 1 corresponds to the case without
entanglement generation. To understand why such a critical value v/2 — 1 emerges, an
analysis in terms of quantum information might be needed. However, the entanglement
degradation is explained as follows. The incoherent noise during the preparation of the
initial state causes a small initial coherence. The noise makes it difficult to measure the
phase shifts and the entanglement generation due to gravity. The green dot-dashed and

0.5¢ /;—‘~\\ 1
[ ’ AN ]
[ / \ ’
0.4+ / AN /]
[ ’ S /
[ AN /
0.3¢ / AN ,’l 1 Ci=Co=1
[ ’ \ S 1=C2=
/ \ ’
0 2’ II \\ ,’ 7T e - C1=(,‘2=0_6
;e \ !
0.1+ /l ,/ - \\ \\ ’I VAN I C1=C2= 2-1
. - , .
/ , N \ s g
. /
()0 ) R L— e A P A ]
0.0 0.5 1.0 1.5 2.0
T [7tAD/Gm?]

Figure 2: The behavior of the negativity (dimensionless quantity) of two gravitating objects with various
degrees of coherence.

brown dotted curves give us a lesson about the relation between the quantum superposition
of objects and the entanglement due to gravity. For nonzero ¢; and ca, each of objects A
and B has a coherence, that is, each is spatially superposed to some extent. The objects
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with nonzero coherence may induce the quantum superposition of gravitational fields (or
spacetime curvature). However, the entanglement due to gravity does not appear in those
objects.

In the following, we will introduce the notion of an entangling map and clarify that the
coherence of objects can be the source of the entangling map due to gravity.

3 Path-entangling evolution and its witness

3.1 Characterization of path-entangling evolution

We begin with the definition of a completely positive trace-preserving (CPTP) map, a
separable map, and a non-entangling map. A CPTP map is a general evolution of a
quantum system, which can describe a unitary evolution and the dynamics of an open
system. A CPTP map ® on a density operator p is given as

olp) = Rep K], (21)
l

where K are called Kraus operators, which satisfy ) K g K, =1 [22]. The other maps, a
separable map and a non-entangling map, form a subset of CPTP maps.

A separable map [31, 32| is a CPTP map with K, = A, ® By, where A; and B, are
local operators on two subsystems A and B, respectively. Any local operations and classical
communication (LOCC), which characterizes the operational features of entanglement, is
included in a class of separable maps [31, 32, 26|. In addition, it is known that the set of
LOCC operations is a proper subset of separable maps [33].

As a larger class of separable maps, we can introduce a non-entangling map defined by
a CPTP map that does not generate entanglement in any separable state [20, 21]. Namely,
a CPTP map ® such that ®[p] is separable for any separable state p is a non-entangling
map. If an initial separable state p evolves by a CPTP map ® and the evolved state
®[p] is entangled, then the CPTP map & is called an entangling map. In the previous
section, we observed the entanglement between two gravitating objects which are initially
in a separable state. Hence, the gravitational interaction leads to an entangling map on
the objects’ state.

We next focus on the evolution of path-superposed objects as discussed in the previous
section. The probability of such objects being on each path is preserved during evolution.
This property is called population preserving in [14], which is represented as

Tr[|a;out)a(a;out|® |b;out)s(b;out| pout] = Tr[|a;in)a{a;in| @ |b;in)p(b;in| pin], (22)

where |a;in(out))a and |b;in(out))p are the states of A and B with wave packets around
positions a and b at a time fj,(oup), respectively. piour) 18 the total density operator
of objects A and B at #;(our). We assume that the evolution of the objects is given by a
population-preserving CPTP map ®. The representation of a population-preserving CPTP
map P is obtained in [23]:

Theorem 1. Let ’Hi{l ® iél and HO @ HY be the Hilbert space with the complete
bases {|a; i) a|b; i) BYa=1.2,...dsb=1,2,..d5 and {|a;out) s|b; out) Bla=12, . dsb=1.2,..dgs T
spectively. A map @ : pym = pout = Ppin], where pi and poyr are density operators each
on HP @ Hi and HY' @ HYY, is a population-preserving CPTP map if and only if the
map ® is represented by

dy dp
Spml= > Y Euvay Mo @ Ny pin M, @ N, (23)
a,a’=1b,b'=1
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where My = |a; out) a{a;in|, Ny = |b; out) g(b; in| and the coefficients Egparry form a dadpx
dadp non-negative matriz £ with the diagonal elements 1 ( Egpap = 1). Here, a matriz €
is said to be non-negative if wiEw > 0 for all complex vectors w € C5 or equivalently,
E has only non-negative eigenvalues.

Theorem 1 says that the properties of a population-preserving CPTP map ® are deter-
mined by Egperey. The following theorems in [23| play an important role to judge whether
a population-preserving CPTP map ® is entangling or not.

Theorem 2. Let ¢ be the population-preserving CPTP map in Theorem 1. ® is a separa-
ble map if and only if the dadp X dadp matrix £ with elements Eqpgrpy in the representation
of @ is separable, that is, each element Euparyy has a following form,

Eaparty = Y Mo (Ar)aar (Br)ww (24)
k

where A\, > 0, and Ay and By are non-negative matrices with components (Ag)qqr and
(B )by, respectively.

Theorem 3. Let ® be the population-preserving CPTP map in Theorem 1. ® is insepa-
rable if and only if ® is entangling.

Theorem 2 is derived from the theorem in [34], in which the non-negative matrix £
plays a similar role to the Choi matrix [35, 36]. Theorem 3 follows from a straightforward
calculation with the help of Theorem 2. These theorems mean that the inseparability of £
associated with a population-preserving CPTP map ® determines whether ® is entangling.

3.2 Entangling-map witness and its construction

In this subsection, we introduce an observable (a Hermitian operator) to verify an entan-
gling map, which will connect the entangling map due to gravity with the coherence of
massive objects. For this purpose, we focus on the following set of density operators,

Snelpin] = {0 |0 = Alpin], A € population-preserving non-entangling maps }, (25)

where pj, is the initial state of two objects (for example, it is given by Eq. (6)). Using this
set SNE[pin], we can consider the possibility that the gravitational dynamics of a quantum
object is described by a non-entangled map such as LOCC. For example, in Ref.[18], a
LOCC model of gravity using continuous measurement and feedback was proposed. In
this case, even if gravitating objects are in a quantum superposition, those dynamics is
described by a non-entangling map.

We note that the following statement holds for all 0 < p < 1:

A1, Ay € population-preserving non-entangling maps

= pA; + (1 — p)A2 € population-preserving non-entangling maps. (26)
Hence the set Sng[pin] is convex, that is, for all 0 < p <1,
01,02 € SNE[pin] = po1 + (1 — p)o2 € SNE[pin]- (27)

Since Sng[pin] is convex, by the Hahn-Banach separation theorem (or similar discussions
on entanglement witness [29]), we always find a Hermitian operator W such that

Te[Wp] < 0 for a given p ¢ Sxglpin] and Tr[Wa] > 0 for any o € Sxg[pin)- (28)
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A geometrical interpretation of this fact is shown in Fig.3. The Hermitian operator W is
the observable to test whether a given map is entangling or not. Let the density operator
p & Sin be given by p = ®[pi,| with a population-preserving entangling map ®. Then, the
signature of entangling map is confirmed from the negative expectation value Tr[Wp] <
0. Such an observable W is called the entangling-map witness in this paper. We can

A

w

Tr[Wp] <0

SNE[pin] Te[Wo] >0

Figure 3: The hyperplane between the convex set Sne[pin] and the point p ¢ Sne[pin] corresponds
to the geometric meaning of the Hermitian operator W. lts positive or negative expectation value is
assigned for the regions above or below the hyperplane.

obtain a strategy to find an entangling-map witness from the representation theorem of a
population-preserving CPTP map (Theorem 1). Using the representation of the map ®
given in (23), we can write the expectation value of W for the density operator p = ®[pin]
as

Te[Wp] = Tr[W[pin]]

da dp
= TI‘[W Z Z Eabarty Ma @ Ny Pin Ml/ ®N1H
a,a’=1b,b'=1
da dp
= Z Z gaba’b’ Wa’b’ab
a,a’=1b,b'=1
— tefE W], (29)

where in the second line Wy was defined by
Warttab = TI“[WMa (%9 Nb Pin M;r, ® NJ,], (30)

and in the last line the dadg X dadg matrices £ and W with elements &,y and Wopav
were introduced to rewrite the expectation value in a simple form. Similarly, we obtain
the expectation value of W for the density operator o = Alpi,] as

Te[Wo] = Tr[WA[pin]]

da dp
:TY[W Z Z faba’b’Ma®NbPinMg/®NT/}
a,a’=1bb'=1
da  dg
- Z faba’b’Wa’b’ab
a,a’=1bb'=1
= tr[F W]. (31)
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Here, Fupap are the components of a non-negative dadg X dadp matrix F with the diagonal
elements 1 (Fupep = 1), which give the representation of A. According to Theorem 2 and
Theorem 3, the matrix £ associated with the population-preserving entangling map ® is
inseparable, and on the other hand, the matrix F associated with the population-preserving
non-entangling map A is separable. The above equations (29), (30), and (31) give us a
strategy to get an entangling-map witness. We first find a dadp X dadp matrix W such
that tr[€ W] < 0 for the inseparable matrix £ and tr[F W] > 0 for any separable matrix
F. Then, choosing an observable W satisfying Eq.(30), we get the witness W for the
population-preserving entangling map ®.

We perform the above strategy for the case where the Hilbert space of each object is
two-dimensional: dy = dg = 2. Let the bases in Theorem 1 denote {|a;in)a|b;in)p}tep=LR
and {|a;out)alb;out)p}ap=1,r. We then find the following representation of a population-
preserving CPTP map & on the objects,

(I)[pin] = Z Z Eaba’b’Ma ® Nb Pin Mgl b2y N{j’a (32)
a,b=L,Ra/,b/=L,R

where M, = |a;out)a(a;in|, N, = |b;out)g(b;in| and the coefficients Eypqrpy form a 4 x 4
non-negative matrix £ with the diagonal elements 1. The inseparability of such a 4 x 4
matrix € is completely characterized by the PPT criterion: the partial transpose £T4 with
the elements (€74)upay = Eapary has a negative eigenvalue if and only if the 4 x 4 matrix
£ is inseparable. This fact helps us to derive an entangling-map witness. Let £TA have a
negative eigenvalue and let w = [wLr, wLR, WRL, WRR]® be the eigenvector of the negative
eigenvalue, that is,

ETaw =vw, (33)
where v < 0. Choosing the matrix W defined around (30) as
W = (ww')"4, (34)

we have
Te[Wp] = tr[E W] = tr[€ (ww!)TA] = tr[£™ ww'] = v trjww!] = vwiw <0,  (35)
where Eq.(29) was used in the first equality, and the last inequality follows by v < 0. For

the density operator o = A[pi,] with a population-preserving non-entangling map A, whose
representation is specified by a separable 4 x 4 matrix F, we obtain

Tr[Wol] = tr[ FW] = tr[F (ww’) ™) = tr[ FT* ww'] = w! FTaw > 0 (36)

where in the first equality Eq.(31) was substituted, and the last inequality holds from the
fact that the partial transpose F 14 is non-negative because of the PPT criterion for the
4 x 4 separable matrix F. Hence, the matrix W given in (34) satisfies that tr[ W] < 0 for
the inseparable matrix £ and tr[F W] > 0 for any separable matrix F.

The next concern is whether we can get an entangling-map witness W from Eq.(30),
which is explicitly written as

[(ww) T4 ey, = (a'V; 0ut|W|ab; out) (ab; in|pin |’ ; in), (37)
where we used M2 = |a;out)a(a;in| and NP = |b;out)p(b;in| and defined |ab;in(out)) =
la;in(out))a|b;in(out))p. For a simple case (ab;in|pin|a’d’;in) # 0, we obtain the following
elements of the entangling-map witness W,

() ™y

{(ab;in|pi|a’b ;in)

(b ; out|W |ab ; out) = (38)

In the next section, we will find that Eq.(38) bridges the coherence of massive objects and
the entangling map due to gravity.
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4 Coherence as a source of entangling map due to gravity

For the setting in Sec.2, we have observed that the evolution of two gravitating objects
is described by Eq.(5). The evolution is regarded as a population-preserving CPTP
map, which is characterized by the 4 x 4 matrix &g with the elements (€g)aparyy =
¢t (®Pab=Parpr) (a,b,d’,b/ = L,R). Explicitly, we can write down £g and its partial trans-
pose Eg* with (E4%)aparyy = (£G)arbay a8

1 eH@LL—PLr)  HH(PLL—PRL)  Li(PLL—PRR)
e (PLrR—PLL) 1 eH(PLrR—PRL)  i(PLR—PRR)
fa = eHPrRL—PLL)  i(PRL—PLR) 1 H(PRL—PRR) | (39)
cH(PrRR—PLL) L H(PRR—PLR) (i(PRR—DRL) 1
and
1 eH@LL—PLr)  H(PRL—PLL)  i(PRL—PLR)
T e (PLrR—PLL) 1 eH(®rRR—PLL)  i(PRR—PLR)
&gt = eHPLL—PrL)  i(PLL—PRR) 1 eH(PRL—PRR) | - (40)
cH(PLrR—PRL)  H(PLR—PRR) (i(PRR—DRL) 1

For 0 < @1 + Pri, — P, — Prr < 27, the negative eigenvalue v and its eigenvector w of
EXA are
G

_e—%(¢LR—¢RL)

wrL ,
. (PrL + Pr — P — PRrR WLR 1 | je—3(PLL—PrR)
v = —2sin 5 ), w= R T et | - 4D
WRR e%(q’LR—‘PRL)

The matrix (ww')T4 with the elements [(ww") ™8], p0p = wapyw}y, is

1 ie*%(QLL*q’RR*q’LRJﬁPRL) Z'e*%(q)LL*(DRR+(DLR*‘I’RL) — e~ HPLL—PRR)
(wa)TA 1] 1 — e~ {(PLR—PRL) _ie%(¢LL—@RR+®LR—¢RL)
4 * * 1 _ie%(¢LL—¢RR—¢LR+¢RL) ’
* * * 1
(42)

where * s are determined by the Hermiticity of (ww')TA. To get a simple form of a witness,
we set the phases @11, PR, Prr, and Pry to zero. Then, the above matrix ('w'wT)TA is

1 o
o™= 70 1T (43)

-1 1 1
Assuming the initial state pin = pa ® pp given in Egs. (6), (7), and (8), we get the following

Hermitian operator as the candidate of entangling-map witness:

W= Z Z (a'b; out|W |ab ; out)|a’d’ ; out) (ab ; out|
a’,b/'=L,R a,b=L,R

T 'y
= Z Z [(wwl) Mopa la’b" ; out) (ab; out|

oL Rais LR (ab; 1n]pm\a’b’ in)

=T ' YAa®Zp —c3' Za @ Vi — (c1c9) ' XA ® Xp, (44)
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where X = |L;out)a (R ; out|+|R ; out) (L ; out|, Yo = —i(|L;out)a (R ;out|—|R;out) (L ; out|),
and Zx = |L;out)a(L;out| — |R;out)(R;out|. Xg, Y, and Zg are defined in the same
manner. The obtained operator (44) corresponds to the entanglement witness proposed in

[4] by reinterpreting L and R with the spin degrees of freedoms and by setting ¢; = ¢o = 1.

The expectation value of W is

- L, . . . .
Tl“[Wpout] =1- §(Sln[<I>LL — CI)LR] + Sln[q)LL — (I)RL} — SID[Q)RR — (I)RL] — Sln[q)RR — (PLR])

1
— §(COS[(I)LL — ORR| + cos[Prr — ‘I)RL]). (45)
Substituting the equations of @11, Prr, Prr, and Prg given in (20) into the above equation
and assuming a small T, we have
2L  GmampT

TWoowl ® 55 —735—7— <0- (46)

Hence, the expectation value of W can be negative, and the operator works as the entangling-
map witness.

The purple curve in the left panel of Fig.4 shows the behavior of Tr[Wpout] given in
(45) as a function of T in the unit 7hD/Gm? for fixed D = 2L and ma = mp = m.
The other plots present the negativity shown in Fig.2. The witness works well until T" ~
0.47hD/Gm?. The right panel of Fig.4 shows the geometric picture of the witness Eq.(44)
and the orbit of the evolved state poyt in the state space. Around T' ~ 0.4whD/ Gm?, the
orbit of pous crosses the hyperplane determined by W. In the left panel of Fig.4, we find
that the entangling map due to gravity is observed through the witness W even when the
entanglement negativity is not generated for a small coherence (small ¢; and cg).

200 TrWpoul
..... N for c1=c=1 i
DI E— N for c1=c,=0.6 W
........ N for cr=co= 2 -1

T [Wpout]) = 0
mwhD
Gm?2

t = tin

ol - at T ~ 0.4

0ol e SNE[pin]

00 05 10 15 20
T [7ThD/Gm?]

Figure 4: Left panel: the behavior of the negativity and the expectation value of the entangling-map
witness . The witness becomes zero around T ~ 0.47hD/Gm?. Right panel: the geometric picture
of the entangling-map witness and the orbit of the evolved state po,: in the state space.

We are in the position to explain the connection between the coherence of objects and
the entangling map due to gravity. According to (44), the witness W is well-defined for
the nonzero measures of coherence C'(pa) = |c1] > 0 and C(pg) = |c2| > 0. Then, the
witness W can test the entangling map due to gravity because Tr[Wpout] < 0 as shown
in Eq.(46). This means that the coherence of objects is essential to induce and probe the
entangling map due to gravity.

This statement is very intuitive and may not be surprising. However, its implication
is important in terms of the theorem that LOCC processes do not generate entanglement
[26]. In the community of gravity and quantum information, as mentioned in Ref.[1], the
theorem plays a key role to probe the quantum nature of gravity. If gravity generates
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entanglement, then gravity is not described by any LOCC process. Furthermore, when
locality holds (LO is satisfied), the theorem implies that gravity can communicate quantum
information content.

The theorem on entanglement and LOCC is very useful, but it should be noted that
the converse statement does not hold; a non-LOCC process does not always generate
entanglement. Entanglement generation may not be essential for verifying a non-LOCC
feature. The present result in this paper rigorously shows that not entanglement generation
but the coherence of objects is crucial for probing the entangling map (non-LOCC process)
due to gravity.

The present witness given in Eq.(44) verifies the entangling map due to gravity. In-
tuitively, such a quantum feature seems to be caused by the quantum superposition of
gravitational fields of objects with coherence. However, the authors in Ref.[37] demon-
strated that two quantum probes AB can be entangled via a classical mediator M when
they initially are entangled across A:BM or AM:B. Here, the meaning of “classical" is that
there is no quantum discord between AB and M and that M is not in a quantum super-
position. This statement says that the entanglement between gravitating objects (probes
AB) may be mediated by a classical gravitational field (a classical mediator M).

On the other hand, in Ref.|38], it was shown that the entanglement generation between
the probes AB signifies the nonclassicality of the mediator M in the absence of initial
entanglement for A:BM or AM:B. This says that entanglement generation can be a witness
for revealing the nonclassicality of mediator under such an initial condition. According to
this argument, it is expected that, under a suitable assumption on objects and gravitational
fields, the present approach can be used to test the quantum superposition of gravitational

fields.

5 Decoherence effect on superposed particles

In this section, we discuss the decoherence suppressing the interference effect of objects.
Such suppression can be modeled by introducing the damping factor as

IL;in)x(R;in| — e T |L;out)x(R;out|, |R;in)x(L;in| — ¢ *T|R;out)x(L;out|,

(47)
where x (> 0) is the damping rate for the interference term of X = A, B. Here, we assume
that the damping effect occurs during the time T keeping the superposition (see Fig.1).
The damping rate depends on the length scale of superposition, the temperature for the
internal degrees of freedom of objects, and other experimental parameters. In the present
analysis, the damping rate is treated as phenomenological parameters. Taking into account
the damping factor, we find the following total evolution map ® as

i>[,Oin] = Z Z (gG)aba’b’Ma & Nb Pin MQT/ by NJM (48)
a,b=L,Ra/,b/=L,R

where pj, is the initial state of objects A and B, and (gg)aba/b/ are

(EG)aba’b’ — ei((bﬂbi(ﬁa/b/)eiwATaaa/7WBTUbb/ (49)
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with the gravitational phase shifts @, (20), org = oL, = 0 and ogy, = opg = 1. The
matrix £ with the elements (Eg)apary 18

1 e(PLL—PLR)— VBt e(PLL—PRL)—7At H(®PLL—PrR)—(va+7B)T
- eH(PLR—PLL) BT 1 e(PLrR—PRL)—(va+7B)T cHPLR—PRR)—7AT
G~ e (PrL—PrL)—7aT et (PrL—=PLR)—(Ya+7B)T 1 e(PrRL—PrR) BT
H(@rrR—PLL)—(vA+78)T (PRR—PLR) VAT ei(®rRrR—PrL) =BT 1
(50)
and its partial transposition SN(T;A with (ggA)aba’b/ = (£a)atbay i
1 e (®LL—PLr) VBt eH(PrRL—PLL) VAl eH(PrL—PLR)—(va+7B)T
FTa _ e (PLr—PrL) BT 1 e ®rRrR—PLL)—(Ya+7B)T e(PrRrR—PLR) BT
G - U(PLL—PRL)—7AT e(PLL—PrR)—(YA+7B)T 1 e (PrL—PrR) VBT
e (PLrR—PrL)—(va+78)T e PLR—PRR) VAT e(PrR—PrL)—1BT 1
(51)

We examine the decoherence effect on the entanglement between the objects and the en-
tangling map due to gravity. We assume the same initial state py, = pa ® pp considered
in Sec II. The entanglement negativity is evaluated as

N = max[—), 0],
~ 1
A= [1 ~er|[ea]e(atm)T

) Orp — P, — P
_ \/(’Cﬂ@"?’AT — |eale=8T)2 + 4]cq || cale~(va+78)T sin? ( RL T 1R 5 LL RR)].
(52)
The expectation value of the entangling-map witness W is

A 1
TI‘[Wpout] =1- i(ei’yBT sin[CI)LL — q)LR] + e~ AT sin[@LL — (I)RL] — e T sin[CI)RR - (I)RLD

1 1
— Qe*VAT sin[Prg — PLRr] — ie*(VAJr'YB)T( cos[®rr, — Prr] + cos[PLr — PrL))-

(53)
We adopt the same masses ma = mpg = m, the same coherence ¢; = co and the same
damping rates yo = yg = 7. Fig.5 presents the behaviors of the negativity N for ¢; =
co = 1 (left panel) and ¢; = co = 0.6 (right panel). The negativity is suppressed by the
decoherence effect and does not appear when v = 0.8Gm?/whD.

e
05 §
05 g10f
f 0.10E y=0
N /- 0058
04 0.4 008 y T
- © | oo04f R R y =028
& S . ooz g o
S o3 sl 002 , g2
n & U t A B y=08 -
& S [ 000 =
S + 0.0 0.1 0.2 0.3 0.4 0.5
5 0.2 50 2>
2 £
0.1 ot
0.0/ £ 0.0l
T T E ]
0.0 05 1.0 15 2.0 0.0 05 1.0 15 20
T [thD/Gm?] T [;thD/Gm?]

Figure 5: The behaviors of the negativity A taking the decoherence effect into account. The left panel
and the right panel present the negativity for c; = co = 1 and ¢; = ¢ = 0.6, respectively. The upper
inset in the right panel shows the negativity during the time interval 0 < T < 0.57hD/Gm?.
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In particular, in the right panel of Fig.5, for the coherence ¢; = ¢ = 0.6, the negativity
does not appear when v = 0.2Gm?/7hD. On the other hand, according to the lower inset
in Fig.6, the expectation value of W can be negative even when v = 0.2Gm?/mhD. Hence
we can test the entangling map due to gravity for v = 0.2Gm?/7hD.

00 05 10 15 20
T [7TtAD/Gm?]

Figure 6: The behaviors of the expectation value of the witness W for the various damping rates 7.
The lower inset shows the behaviors for 0 < T' < 0.57AD/Gm?. As shown in Eq. (53), the expectation
value of the entangling-map witness obtained in the present paper does not depend on cjand cs.

We finally discuss an experimental perspective of the approach using entangling-map
witness. As discussed in Sec.2. B, for the setting of a massive object with a spin, the
parameters ¢; and ¢y are the coherence of each spin state of two objects A and B. To get a
maximal coherence of spin (|c1| = |c2| = 1), we need a quantum control to prepare such a
spin state. The approach in this paper works well even for a finite small coherence to verify
the entangling map due to gravity. Hence, we do not require the procedure to prepare the
state with high coherence. However, it is still important to manage the decoherence effect
to test the entangling map due to gravity.

6 Conclusion

We investigated the gravitational interaction between two quantum objects in terms of
coherence. It was observed that the entanglement between the objects does not occur
through their gravitational interaction, when they initially have a small amount of the /;-
norm of coherence. To explore the quantum nature of gravity sourced by the objects with
coherence, we analyzed their time evolution adopting the notion of an entangling map.
Identifying the evolution of the objects as population-preserving CPTP maps, we can use
the theorems for those maps to proceed with the analysis. We obtained the entangling-map
witness (the Hermitian operator) to judge whether the gravitational interaction between
the objects induces an entangling map. It was shown that the witness correctly tests the
entangling map due to gravity as long as the objects initially have a finite coherence. We
also found that the witness can capture such a feature of gravity even when the initial
coherence of the objects is small and they do not get entangled. This means that the
coherence of the gravitating objects is the source of the entangling map due to gravity.

In the last part of this paper, we discussed a decoherence effect and an experimental
advantage. Even in the present approach for testing the quantum nature of gravity, the
decoherence effect should be suppressed. However, we might not need the preparation of
an initial state with high coherence in the approach. For the approach to work well, it
only requires a finite coherence of the initial state of the objects. We hope that this paper
helps us to prove the quantum nature of gravity in future progress.
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