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Field-induced entanglement in spatially superposed objects
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We discuss the generation of field-induced entanglement between two objects, each in a superposition of
two trajectories. The objects have currents coupled to local quantum fields, and the currents are evaluated
around each trajectory of the objects. The fields have only dynamical degrees of freedom and satisfy the
microcausality condition. We find that the superposed state of trajectories cannot be entangled when the
objects are spacelike separated. This means that the quantum fields do not generate spacelike entanglement
in the superposition of two trajectories of each object.

DOI: 10.1103/PhysRevD.104.046001

I. INTRODUCTION

The full picture of quantum gravity [1-4], which unifies
general relativity and quantum mechanics, is still unclear.
This is attributed to the lack of theoretical and experimental
approaches to connect gravitational and quantum phenom-
ena. However, with the recent development of various
quantum technologies [5-8], there have been attempts to
clarify quantum natures of gravity (see, for example, [9] and
the references therein, or the recent works [10-28]). In such
works, the quantum-gravity-induced entanglement of
masses (QGEM) proposal [20,29,30] has been attracting
attention. In their proposal, the authors considered two
objects each in a superposition of two trajectories and
assumed the Newtonian potential between them. The
gravitational interactions generate the entanglement
between the two objects. The detection of gravity-induced
entanglement can be a witness of quantum nature of gravity.

The interesting point in the QGEM proposal is that two
spatially superposed objects can probe quantum entangle-
ment induced by fields. This is analogous to entanglement
harvesting protocols [31-39] by the Unruh-DeWitt detec-
tor. The Unruh-DeWitt detector is constructed using a
particle with internal degrees of freedom, which locally
interacts with a quantum field. In this model, the source of
entanglement is the quantum field. In particular, it is known
that the spacelike entanglement of a vacuum state induces
the entanglement between the two spatially separated
detectors (see, for example, [31]).

In this paper, we investigate how capable two superposed
objects are to probe the entanglement of quantum fields. We
assume that the fields have only dynamical degrees of
freedom and no constraint equations are imposed on the
entire Hilbert space of the objects and the fields. We consider
the superposed objects which do not interact with each other
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and whose currents locally couple with the fields. By
evaluating the currents along the objects’ trajectory, we
compute the time evolution of the total system. For the case
where the objects are spatially separated, we show that the
state of trajectories remain disentangled if the microcau-
sality condition holds for the quantum fields. In other words,
such quantum fields cannot be mediators of spacelike
entanglement for superposed trajectories of the objects.
Our analysis also presents possible approaches and exten-
sions of the objects’ model to verify the spacelike entangle-
ment of fields; use of the internal degrees of freedom and
extended model with multiobjects or multitrajectories.
This paper is organized as follows. In Sec. 11, the QGEM
proposal to test quantum gravity and its theoretical
approach are reviewed. In Sec. III, we introduce the model
with the interaction given in a bilinear form of fields and
currents of two objects. We derive the solution of the
Schrodinger equation. In Sec. IV, we investigate the
separability of the two objects based on the solution. We
find the no-go result of generation of spacelike entangle-
ment and discuss its implications. In Sec. V, the conclusion
is devoted. We use the natural units # = ¢ = 1 in this paper.

II. QUANTUM-GRAVITY-INDUCED
ENTANGLEMENT OF MASSES

The experimental setting of two matter-wave interfer-
ometers to test quantum gravity was proposed, which is
called the QGEM proposal [20,29,30]. In each interferom-
eter, a single object is in a superposition of two trajectories.
Figure 1 presents a rough configuration of trajectories of
each object. We assume that the two objects interact with
each other by the Newtonian potential. The Hamiltonian of
the objects is

N N N N N Gmam
Hoeem =HA+Hg+ Vg, Vag= —A7E (1)
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FIG. 1. A configuration of the trajectories of the objects A and
B. For the QGEM proposal, the entanglement is generated
between the objects by the gravitational interaction.

where m, and my are the masses of the objects A and B, X o
and Xy are each position, and the Hamiltonians H, and Hy
determine each trajectory of the objects. Each of the two
objects at t = 0 is in the spatially superposed state,

) = % (we)a + W) ® % () + wL)s). ()

where |yR), and |y ), are the states with wave packets
localized around positions x = x4, (0) and x = x4 (0) at
t = 0, respectively. Also, |wgr)g and |y )y are defined in
the same manner. Those states satisfy , (wg|y1)a ~0 and
s(WrlwL)g 0 when each wave packet is sufficiently
separated. The evolved state |y;) at 1 = #; is

lyre) = e"foaem [y, )
GmAmB

S I
= e~ iti(HA+He) T exp [1/ dt — - [Win)
O INOESNO]
1 . 4 5 )
zie_nfwﬁ%) Z e lyrp) A lwo) s (3)

P.Q=R.L

where T is the time-ordered product and . () =
it =it (Hatfy)  and gL (1) = (Aatfn) gy x
e~i"Ha+Hs) are the position operators in the interaction
picture. The phase shift

It Gmpmg
®py = / dt———2 = (4)
PQ 0 oA, (1) — xp,(1)]

is given by the Newtonian potential between the two
objects on the trajectories x =x,,(#) and x =xp(7)
(P,Q = R, L). In the expression (3), we omitted the symbol
of the tensor product as |-), ® |-)g = |-)al")5- The approxi-
mation of the third line of Eq. (3) is given as

A

A wp)axa, (1) [wp) A
x5(1) W) #xp, () wo)s- (5)

These equations are valid when the size of each wave
packet is larger than the de Broglie wave length of each

object [40,41]. Choosing the masses, the distance between
a pair of trajectories, and the traveling time properly, we
find that the state (3) is entangled. Hence, the gravitational
interaction can generate quantum entanglement. The key
point in the QGEM proposal is that the spatially superposed
objects can probe quantum entanglement. In the following
sections, we will discuss the detection of entanglement of
dynamical fields by using such objects.

III. MODEL HAMILTONIAN FOR FIELDS
AND OBJECTS

In this section, we introduce a model of two objects and
fields to examine the detection of entanglement of the
fields. In the Schrodinger picture, we consider the
Hamiltonian of two objects A and B and fields as

il

IA{A + ﬁB + HF + ‘A/,
- / Ex(Ta(x) + Ts(®)) - d(x), (6)

where the Hamiltonians H,, Hy, and Hy determine the
dynamics of the objects A and B and the fields. The vectors
J 4 and Jp are current operators with respect to the objects
A and B, and (2} is the field operator. The inner product J - ¢
is defined by >, J¥¢, with labels k.

We assume that the fields have only dynamical degrees
of freedom and that there are no constraint equations on the
entire Hilbert space. The field operators are represented on
a physical Hilbert space Hy without negative norm states.
In gauge field theories, there are formalisms using an
unphysical Hilbert space of fields with gauge degrees of
freedom [42]. The fact that there are no negative norm
states will be used to derive our result in the next section.

We note that the Hamiltonian (6) does not completely
represent the one in the linearized Einstein theory. At first
glance, by choosing the component of currents J& and J&
and the fields (;Sk as the energy-momentum tensor 7 and
the metric perturbation fz,w properly, the local interaction V
seems to be the one in the linearized Einstein theory. This is
not correct since the fields and those Hilbert space Hp are
assumed not to have gauge degrees of freedom and negative
norm states. Also, even for the transverse traceless gauge
(h . have only physical modes), the Hamiltonian (6) is not
admitted in the linearized Einstein theory. This is because,
from the constraints of the Einstein equation, the non-
dynamical parts of the metric perturbation give nonlocal
interactions such as the Newtonian potential. However,
there are no nonlocal interactions between the two objects
in our model.

The almost same argument holds for the quantum
electromagnetic dynamics, but we can admit an effective
model described by the Hamiltonian (6). Let us consider
that the objects A and B without total electric charges and
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with the electric dipole moments d A and QB, respectively.
For the distant objects, the Coulomb potential between
them is neglected, and the local coupling to an electric field
E can be dominant. By assigning the field operator (;ﬁ and
the currents J, and Jy to E, d 5°(x—x,) and
dps® (x —xg), our model describes the objects with the
dipole coupling to the electric field at the positions x = x
and x = xg. In [35], a model similar to the Unruh-DeWitt
detector model with time-dependent couplings and spa-
tially smearing functions was considered.

We consider that each objectat = 0 is in a superposition of
two local states |wg) and |yy) with (wp|wp) ~ Spp
(P,P' = R,L). As mentioned above, the interaction term in
the Hamiltonian (6) can describe dipole coupling in the
quantum electrodynamics. Each object may have some
internal degrees of freedom such as electric dipole moments.
We assume that the internal degrees of freedom of each objects
at 7 = 0 is in states |a) ,; and |b)y;, respectively. The objects
move on the trajectories determined by the Hamiltonian A ,
and Hy (see Fig. 1). The current operators J (7,x) =
el ], (x)e=ot and Jh(1,x) = e Jy(x)e=Ho! in the
interaction picture defined with Hy = H + Hy + Hy are
approximated by the following local values:

j}\,l(tvx)|‘//P>A ® [a)ai ¥ lwp)a ®j}kp<t’x)|a>Ai’

Ts(t.x)lwo)s ® [b)s:i = [wq)s ®Ji, (1.%) (b, (7)
|

W) = e~ P,

where Ji (t,x) = 8§} (1)6°(x —x,,(r)) and f}gq(t,x) =
§5(1)8 (x —xp, (1)) (P,Q = R, L), with the internal physical
quantities § () and 8§ (7) acting on the Hilbert spaces H »; and
‘H; of internal degrees of freedom, respectively. For example,
if the objects have electric dipole moments and the fields are
electric fields, the classical cunrentf'kP (1,x) of the object A has
the form ji (r,x) = d (1) (x — x4, (1)) with the electric
dipole d'\ (r)(= 8% (¢)) in the interaction picture. The similar
argument is made for object B.

When the fields are in a state |y)g at t = 0, the state of the
objects and the fields at t = 0 is

|Pin) = |a>A®Ai |ﬁ>B®Bi|)(>F’ (8)

where

@) agai = (@r[WR)A +aLlWL)A) ® |a) ais
1B)sgri = (Brlwr)p +ALivL)s) ® D) )

where |ag|* + |ap |> = 1 and |Bg|* + |BL|* ~ 1 holds since
the state |wp) satisfies (yp|yp) ~ Spp. Note that the initial
product state may not be valid if there are constraint
equations on the objects and fields. The solution of the
Schrodinger equation is

=€_’ﬁ°’fTeXP[_i/tr dl/d%(j}x(ﬁx)ﬂLﬂa(hx))'fi)I(fvx) |Win)
0

~ e~iflots Z apfolye)alvq)s ® UPQ|)(>F|a>Ai|b>Biv (10)

P.Q=RL

where ¢'(¢,x) = efo'h(x)e=o!  In the third line, we used
the approximations (7) assigning the local currents and
defined the unitary operator as

{po = Texp {—i A " / (G, (10) 47, (1.)) - @ (2.0)
(11)

The unitary operator U pq acts not only on the field’s state
ly)r but also the states of the internal degrees of freedom of
the objects |a),; and |b)g;.

In the next section, we examine the entanglement
between the two objects A and B using Eq. (10). We will
show no generation of entanglement for the trajectories of
objects which are in spacelike regions. This argument
follows by the microcausality of fields, which is indepen-
dent of the dynamics of the fields.

IV. NO GENERATION OF SPACELIKE
ENTANGLEMENT BETWEEN TWO OBJECTS

In this section, we investigate the generation of entan-
glement between the two objects. Before mentioning
our result, we focus on two origins of the generation of
entanglement.

First, it is important to consider whether or not the
unitary evolution gives correlations between the objects.
The Hamiltonian A, = H, + Hy + Hy yields independent
dynamics of each system which give no correlations. On
the other hand, the unitary evolution U po [Eq. (11)] given

by the local interaction V leads to the following process: the
object A locally excites the fields, and the excitations then
propagate to object B and alter the potential around it. This
process gives effective interactions and induces correlations
between objects A and B. In fact, there are no such effects
when the two objects are in spacelike separated regions
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FIG. 2. A configuration of trajectories of each object, which is
in spatially separated regions.

(see Fig. 2). If the fields in spacelike regions commute with

each other (the microcausality condition; see, for example,
[43]), we have

{ / &y, (1.x) - $'(1,x), / dPyjp, (1) - §'(1.y)| =0,
(12)

where we note that jj, (¢,x) = §4(1)8*(x —x,,(¢)) and
jIBQ(t’,y) :§§3(t’)53(y—xBQ(t’)) with the internal quan-
tities §£\<t) and §5(7) of each object. Then the unitary
operator Upg 1s factorized into the local unitaries,

Upq = Un, ® Ug,, (13)

where U A, and UB o are
N 1 A n
Ua, = Texp {—il ' dt/ d3xjkP(t,x) ~¢I(t,x)}, (14)

A~ I ~ ~
Up, = Texp [—i [ar | d3yj}30(t’,y)~¢l(t’,y)} (15)

P = Z Z aPa;/ﬂQﬂaO(/lULP/ UAP ® UTQ, UBQ ) we)alwe | ® |’I/Q>B<1//Q’

PP=RLQQ=R.L

where we used Eq. (13) and introduced |y/) =
l¥)Ela) ilP)gi as a short notation. The evolution operator

e~ o't was ignored because each degree of freedom simply
evolves independently of the free Hamiltonian H,. The
unitary operator V{;P = IAJZP, U A, appearing in Eq. (17)
satisfies

Ve = Vi =1, ViR = Vil = (Vo)™ (18)
and hence all of the unitaries V&g, V&, . Vi, and Vi

commute with each other. This means that XA/QP has the
following spectral decomposition:

The local unitaries [/ A, and Ug , acton the Hilbert spaces
Hai ® Hg, and Hg; ® Hp,, where the total Hilbert space
Hp of the fields is described by Hy = Hg, ® Hp,. There
are no interactions induced by the fields for the factorized
evolution in Eq. (13), which does not generate entangle-
ment between the two objects.

Another important point is quantum entanglement of the
field’s state. A previous work [31] showed that a pair of
Unruh-DeWitt detectors, even if they are spacelike sepa-
rated, become entangled due to the entanglement of the
vacuum of a relativistic field. Also, there are many works
about the generation of entanglement for spacelike sepa-
rated detectors in the context of the entanglement harvest-
ing protocol [32-35]. These works indicate that the
entanglement of the state [y)p of the fields can be a source
of entanglement of the objects.

However, in the following we find that the spacelike
entanglement of fields cannot be generated in the state of
the trajectories. The definition of entanglement is as
follows: a given state is not entangled if the density
operator p of a system has a separable form [44—46],

p= ZPiPi ® o;, (16)

where p; is a probability and p; and o, are density operators
of the subsystems. A state which cannot be written in such a
form is called entangled. We show that the state of the
objects’ trajectories is written in a separable form. Tracing
out the fields and the internal degrees of freedoms from the
evolved state (10) for the case where the objects are in
spacelike regions, the reduced density operator for the
trajectories is

, (17)

P, — / 0 df g (). (19)

where fiigr, is an operator-valued measure on the Hilbert
space Ha; ® Hp, . The real phase Opp(4) has the antisym-
metric property Opp(1) = —6Opp (1), which reflects Eq. (18).
As the number of trajectories for each object is two, the
number of independent components of Opp(4) is one.
Hence, the phase is always written as

Opp(4) = Or(4)(np — npr), (20)

where ng = 0 and n;, = 1. From the above facts, we find
that the reduced density operator p is separable,
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p= Z Z aPa;'ﬂQﬁa’O{l‘V?’P ® [A]TQ, 0BQ ) lwe)alwe| ® lwo)s vyl

PP=RLQQ=RL

= > D waby

PP'=RLQQ=RL

[ el i, (2) ® U, n,o)elws)awe] ® welavol

— [ @A) © ().

(21)

where we used Egs. (19) and (20) and defined the probability measure y with du(d) = (y'|dfisigr, (4)|x'), and the state

lw(A)), and the density operator og(4) as

lw())a = Z ape' D yp) (22)
P=R.L
o5 = S BoBy(|dhnigr,(3) ® U, U, ) wo)alwol (23)
du(2) o 5= < * o

Here, we emphasize that the Hilbert space Hp. of the fields
has no negative norm states, which was mentioned below
Eq. (6). The fact leads to the inequalities u(4) > 0 and
og(1) >0 and guarantees that u(d) and op(4) are a
probability measure and a density operator, respectively.
Hence, the separability of the state of the objects’ trajecto-
ries holds. If gauge degrees of freedom are included in the
fields, the Hilbert space H may have a negative norm state
and the separability is not always guaranteed.

The separability of the objects does not depend on the
dynamics of fields or the details of classical trajectories.
Also, the separability holds even for the case where the
object’s state of the internal degrees of freedom and the
fields are initially in a mixed state. Our result indicates that
the fields do not play a role of quantum mediators to
|

generate the spacelike entanglement among the trajectories
of such objects.

We compare our result with the no-go theorems in
[30,47] on the generation of entanglement. The theorem
in [30] argued that two systems mediated by classical
systems with only a single observable (this is the meaning
of “classical” for that claim) have no entanglement. For our
model, the mediators are the fields, which may have
noncommutative observables, for example, the field oper-
ator and its conjugate. In this sense, the fields can be
quantum systems in general. However, there are no gen-
erations of spacelike entanglement.

The no-go theorem in Ref. [47] elucidates our result.
We can rewrite Eq. (10) for the spacelike separated two
objects as

W) = emithonn Z apfolwe)alvq)s ® UPQ|)(>F|“>Ai|b>Bi

P.Q=R.L

= ¢~iflon Z apBolwr)aly)s ® (U, ® 0BQ)|)(>F|a>Ai|b>Bi

P.Q=R.L

_ e_,-goff< S lwe)alwel ® U, @1, @15

P=R.L

where we used Eq. (13), and |¥;,) is the initial state given in
Eq. (8). In this formula, we find the controlled unitary U,

Unr = Z [wea(wel ® Ua, ® I, (25)

P=R,L

) ® (ﬁA b Z lwq)s (ol ®EFA ® UBQ)\‘Pin>,

Q=R.L

(24)

Exactly speaking, U, has inverse only when it acts on the
subspace spanned by |yg), and |y ) 4 of the Hilbert space
‘Ha. In Ref. [47], Simidzija et al. showed that the unitary
evolution U = (U s ® I3)(Is ® Ugs) with the exponen-
tial of a Schmidt rank-1 operator U,g = e~ "®Xs does
not generate entanglement between the systems A and B.
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The systems A, B, and S correspond to the objects A and B

and the fields F in our model. The controlled unitary Uap is
rewritten in the form

Upr = 0AR(|WR>A<WR| ® ﬁFA ® ﬁFB
+ lyLalv] ® VR ® ﬁFB)

= [A]ARe—iﬁ?A@f(F’ (26)

where V4, = U LR U A, » the self-adjoint operator Xr satisfies

e = VR ®l,, and itg =0 [y ) o (Wr|+1x y) o (WL |-
Since the entanglement between the two objects is invariant
under the local unitary transformation U/ A the controlled

unitary U,p plays the same role as the exponential of a
Schmidt rank-1 operator. Thus, our no-go result on gener-
ation of spacelike entanglement is a consequence of the no-
go theorem in [47]. Note that the no-go theorem can be
applied under the approximation assigning local currents (7)
and for the states of trajectories satisfying (yp|yp) ~ Sppr. If
these conditions do not hold, we need a further study of
entanglement generation.

We comment on the extension of our model. It is well
known that the spacelike entanglement of a field is
extracted by the Unruh-DeWitt detectors [31]. Further, in
Refs. [38,39], the authors discussed an entanglement
harvesting protocol using the Unruh-DeWitt detectors with
quantum superpositions of trajectories. The critical differ-
ence is that the states of trajectories are focused only on
showing the separability. This means that the information
of internal degrees of freedom are necessary for an
extraction of spacelike entanglement from the fields.
Further, it is worth considering a multipartite [27] or
multitrajectory [28] extended model of the QGEM pro-
posal, since our result is based on the fact that each of the
two objects is superposed in two classical trajectories. It is
interesting to characterize the advantage of many objects or

trajectories for the generation of spacelike entanglement of
fields.

V. CONCLUSION

In the QGEM proposal, it was demonstrated that two
spatially superposed objects can be a probe of gravity-
induced entanglement. We discussed how such objects
probe state entanglement of quantum fields. We considered
a pair of objects in a superposition of local states which
couple with quantum fields. In this system, there are no
constraints for the entire system and the fields have only
dynamical degrees of freedom. From the entanglement
analysis for the objects with the approximated currents
evaluated on each trajectory, we found that the state of the
trajectories cannot be entangled if the objects are in
spacelike regions. This result is independent of the dynam-
ics of fields and details of the objects’ trajectories, which
holds if the commutator of fields vanishes for spacelike
separated regions (microcausality). The limitation for
entanglement generation characterizes the behavior of
the fields as quantum mediators between the two super-
posed objects. In other words, the position space of such
objects cannot store the spacelike entanglement of fields.
We can imagine several strategies: use of information about
trajectories and internal degrees of freedom, and extensions
with multiple objects and an object superposed in multiple
trajectories. It is important to discuss how the extensions
are effective for the detection of spacelike entanglement.
We need further research on quantum objects, which play a
crucial role in probing the quantum nature of fields.

ACKNOWLEDGMENTS

We thank A. Mazumdar, J. Soda, S. Kanno, and K.
Yamamoto for useful discussions and comments related to
this paper.

[1] R.P. Feynmann, F.M. Morinigo, and W.G. Wagner,
Feynmann Lectures on Gravitation (Westview Press,
Boulder, CO, 1995).

[2] O. Aharony, S.S. Gubser, J. Maldacena, H. Ooguri, and Y.
Oz, Large N field theories, string theory and gravity, Phys.
Rep. 323, 183 (2000).

[3] C. Kiefer, Quantum gravity: General introduction and recent
developments, Ann. Phys. (Amsterdam) 15, 129 (2006).

[4] R.P. Woodard, How far are we from the quantum theory of
gravity?, Rep. Prog. Phys. 72, 126002 (2009).

[5] M. W. Doherty, N.B. Manson, P. Delaney, F. Jelezko,
J. Wrachtrup, and L. C. L. Hollenberg, The nitrogen-vacancy
colour centre in diamond, Phys. Rep. 528, 1 (2013).

[6] M. Aspelmeyer, T.J. Kippenberg, and F. Marquardt,
Cavity optomechanics, Rev. Mod. Phys. 86, 1391
(2014).

[7] N. Matsumoto and S.B. Catafio-Lopez, M. Sugawara,
S. Suzuki, N. Abe, K. Komori, Y. Michimura, Y. Aso,
and K. Edamatsu, Demonstration of Displacement Sens-
ing of a mgScale Pendulum for mm- and mg-Scale
Gravity Measurements, Phys. Rev. Lett. 122, 071101
(2019).

[8] S.B. Catafio-Lopez, J. G. Santiago-Condori, K. Edamatsu,
and N. Matsumoto, High-Q Milligram-Scale Monolithic
Pendulum for Quantum-Limited Gravity Measurements,
Phys. Rev. Lett. 124, 221102 (2020).

046001-6


https://doi.org/10.1016/S0370-1573(99)00083-6
https://doi.org/10.1016/S0370-1573(99)00083-6
https://doi.org/10.1002/andp.200510175
https://doi.org/10.1088/0034-4885/72/12/126002
https://doi.org/10.1016/j.physrep.2013.02.001
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/PhysRevLett.122.071101
https://doi.org/10.1103/PhysRevLett.122.071101
https://doi.org/10.1103/PhysRevLett.124.221102

FIELD-INDUCED ENTANGLEMENT IN SPATIALLY ...

PHYS. REV. D 104, 046001 (2021)

[9] D. Carney, P.C.E. Stamp, and J.M. Taylor, Tabletop
experiments for quantum gravity: A users manual, Classical
Quant. Grav. 36, 034001 (2019).

[10] C. Marletto and V. Vedral, When can gravity path-entangle
two spatially superposed masses?, Phys. Rev. D 98, 046001
(2018).

[11] M. Carlesso, A. Bassi, M. Paternostro, and H. Ulbricht,
Testing the gravitational field generated by a quantum
superposition, New J. Phys. 21, 093052 (2019).

[12] T. Krisnanda, G. Y. Tham, M. Paternostro, and T. Paterek,
Observable quantum entanglement due to gravity, npj
Quantum Inf. 6, 12 (2020).

[13] T.W. van de Kamp, R.J. Marshman, S. Bose, and A.
Mazumdar, Quantum gravity witness via entanglement of
masses: Casimir screening, Phys. Rev. A 102, 062807
(2020).

[14] A.Groardt, Acceleration noise constraints on gravity-induced
entanglement, Phys. Rev. A 102, 040202(R) (2020).

[15] S. Qvarfort, S. Bose, and A. Serafini, Mesoscopic entan-
glement through centralpotential interactions, J. Phys. B 53,
235501 (2020).

[16] T. Guerreiro, Quantum effects in gravity waves, Classical
Quant. Grav. 37, 155001 (2020).

[17] S. Kanno, J. Soda, and J. Tokuda, Noise and decoherence
induced by gravitons, Phys. Rev. D 103, 044017 (2021).

[18] M.J. Hall and M. Reginatto, On two recent proposals for
witnessing nonclassical gravity, J. Phys. A 51, 085303
(2018).

[19] A. Belenchia, R. M. Wald, F. Giacomini, and E. Castro-
Ruiz, C. Brukner, and M. Aspelmeyer, Quantum super-
position of massive objects and the quantization of gravity,
Phys. Rev. D 98, 126009 (2018).

[20] R.J. Marshman, A. Mazumdar, and S. Bose, Locality and
entanglement in table-top testing of the quantum nature of
linearized gravity, Phys. Rev. A 101, 052110 (2020).

[21] A. A. Balushi, W. Cong, and R. B. Mann, Optomechanical
quantum Cavendish experiment, Phys. Rev. A 98, 043811
(2018).

[22] H. Miao, D. Martynov, H. Yang, and A. Datta, Quantum
correlations of light mediated by gravity, Phys. Rev. A 101,
063804 (2020).

[23] A. Matsumura and K. Yamamoto, Gravity-induced entan-
glement in optomechanical systems, Phys. Rev. D 102,
106021 (2020).

[24] R. Howl, R. Penrose, and I. Fuentes, Exploring the uni-
fication of quantum theory and general relativity with a
BoseEinstein condensate, New J. Phys. 21, 043047 (2019).

[25] C. Anastopoulos and B.-L. Hu, Quantum superposition of
two gravitational cat states, Classical Quant. Grav. 37,
235012 (2020).

[26] H.C. Nguyen and F. Bernards, Entanglement dynamics of
two mesoscopic objects with gravitational interaction, Eur.
Phys. J. D 74, 69 (2020).

[27] D. Miki, A. Matsumura, and K. Yamamoto, Entanglement
and decoherence of massive particles due to gravity, Phys.
Rev. D 103, 026017 (2021).

[28] J. Tilly, R. J. Marshman, A. Mazumdar, and S. Bose, Qudits
for witnessing quantum gravity induced entanglement of
masses under decoherence, arXiv:2101.08086.

[29] S. Bose, A. Mazumdar, G. W. Morley, H. Ulbricht, M.
Toros, M. Paternostro, A. A. Geraci, P. F. Barker, M. S. Kim,
and G. Milburn, Spin Entanglement Witness for Quantum
Gravity, Phys. Rev. Lett. 119, 240401 (2017).

[30] C. Marletto and V. Vedral, Gravitationally Induced Entan-
glement between Two Massive Particles is Sufficient Evi-
dence of Quantum Effects in Gravity, Phys. Rev. Lett. 119,
240402 (2017).

[31] B. Reznik, Entanglement from the vacuum, Found. Phys.
33, 167 (2003).

[32] S.-Y. Lin and B. L. Hu, Entanglement creation between two
causally disconnected objects, Phys. Rev. D 81, 045019
(2010).

[33] G. Salton, R. B. Mann, and N. C. Menicucci, Acceleration-
assisted entanglement harvesting and rangefinding, New J.
Phys. 17, 035001 (2015).

[34] A. Pozas-Kerstjens and E. Martin-Martinez, Harvesting
correlations from the quantum vacuum, Phys. Rev. D 92,
064042 (2015).

[35] A. Pozas-Kerstjens and E. Martin-Martinez, Entanglement
harvesting from the electromagnetic vacuum with hydro-
genlike atoms, Phys. Rev. D 94, 064074 (2016).

[36] P. Simidzija and E. Martin-Martinez, Harvesting correla-
tions from thermal and squeezed coherent states, Phys. Rev.
D 98, 085007 (2018).

[37] N. Stritzelberger, L.J. Henderson, V. Baccetti, N.C.
Menicucci, and A. Kempf, Entanglement harvesting with
coherently delocalized matter, Phys. Rev. D 103, 016007
(2021).

[38] L.J. Henderson, A. Belenchia, E. Castro-Ruiz, C. Budroni,
and M. Zych, C. Brukner, and R.B. Mann, Quantum
Temporal Superposition: The Case of Quantum Field
Theory, Phys. Rev. Lett. 125, 131602 (2020).

[39] J. Foo, R. B. Mann, and M. Zych, Entanglement amplifi-
cation between superposed detectors in flat and curved
spacetimes, Phys. Rev. D 103, 065013 (2021).

[40] L. H. Ford, Electromagnetic vacuum fluctuations and elec-
tron coherence, Phys. Rev. D 47, 5571 (1993).

[41] H.-P. Breuer and F. Petruccione, Destruction of quantum
coherence through emission of bremsstrahlung, Phys. Rev.
A 63, 032102 (2001).

[42] See, e.g., S. Weinberg, The Quantum Theory of
Fields, Volume II, Modern Applications (University Press,
Cambridge, England, 1996).

[43] See, e.g., S. Weinberg, The Quantum Theory of Fields,
Volume I: Foundations (Cambridge University Press,
Cambridge, England, 1995).

[44] R. Werner, Quantum states with Einstein-Podolsky-Rosen
correlations admitting a hidden-variable model, Phys. Rev. A
40, 4277 (1989).

[45] M. A. Nielsen and 1. Chuang, Quantum Computation
and Quantum Information (Cambridge University Press,
Cambridge, England, 2002).

[46] R. Horodecki, P. Horodecki, M. Horodecki, and K.
Horodecki, Quantum entanglement, Rev. Mod. Phys. 81,
865 (2009).

[47] P. Simidzija, R.H. Jonsson, and E. Martin-Martinez,
General no-go theorem for entanglement extraction, Phys.
Rev. D 97, 125002 (2018).

046001-7


https://doi.org/10.1088/1361-6382/aaf9ca
https://doi.org/10.1088/1361-6382/aaf9ca
https://doi.org/10.1103/PhysRevD.98.046001
https://doi.org/10.1103/PhysRevD.98.046001
https://doi.org/10.1088/1367-2630/ab41c1
https://doi.org/10.1038/s41534-020-0243-y
https://doi.org/10.1038/s41534-020-0243-y
https://doi.org/10.1103/PhysRevA.102.062807
https://doi.org/10.1103/PhysRevA.102.062807
https://doi.org/10.1103/PhysRevA.102.040202
https://doi.org/10.1088/1361-6455/abbe8d
https://doi.org/10.1088/1361-6455/abbe8d
https://doi.org/10.1088/1361-6382/ab9d5d
https://doi.org/10.1088/1361-6382/ab9d5d
https://doi.org/10.1103/PhysRevD.103.044017
https://doi.org/10.1088/1751-8121/aaa734
https://doi.org/10.1088/1751-8121/aaa734
https://doi.org/10.1103/PhysRevD.98.126009
https://doi.org/10.1103/PhysRevA.101.052110
https://doi.org/10.1103/PhysRevA.98.043811
https://doi.org/10.1103/PhysRevA.98.043811
https://doi.org/10.1103/PhysRevA.101.063804
https://doi.org/10.1103/PhysRevA.101.063804
https://doi.org/10.1103/PhysRevD.102.106021
https://doi.org/10.1103/PhysRevD.102.106021
https://doi.org/10.1088/1367-2630/ab104a
https://doi.org/10.1088/1361-6382/abbe6f
https://doi.org/10.1088/1361-6382/abbe6f
https://doi.org/10.1140/epjd/e2020-10077-8
https://doi.org/10.1140/epjd/e2020-10077-8
https://doi.org/10.1103/PhysRevD.103.026017
https://doi.org/10.1103/PhysRevD.103.026017
https://arXiv.org/abs/2101.08086
https://doi.org/10.1103/PhysRevLett.119.240401
https://doi.org/10.1103/PhysRevLett.119.240402
https://doi.org/10.1103/PhysRevLett.119.240402
https://doi.org/10.1023/A:1022875910744
https://doi.org/10.1023/A:1022875910744
https://doi.org/10.1103/PhysRevD.81.045019
https://doi.org/10.1103/PhysRevD.81.045019
https://doi.org/10.1088/1367-2630/17/3/035001
https://doi.org/10.1088/1367-2630/17/3/035001
https://doi.org/10.1103/PhysRevD.92.064042
https://doi.org/10.1103/PhysRevD.92.064042
https://doi.org/10.1103/PhysRevD.94.064074
https://doi.org/10.1103/PhysRevD.98.085007
https://doi.org/10.1103/PhysRevD.98.085007
https://doi.org/10.1103/PhysRevD.103.016007
https://doi.org/10.1103/PhysRevD.103.016007
https://doi.org/10.1103/PhysRevLett.125.131602
https://doi.org/10.1103/PhysRevD.103.065013
https://doi.org/10.1103/PhysRevD.47.5571
https://doi.org/10.1103/PhysRevA.63.032102
https://doi.org/10.1103/PhysRevA.63.032102
https://doi.org/10.1103/PhysRevA.40.4277
https://doi.org/10.1103/PhysRevA.40.4277
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1103/PhysRevD.97.125002
https://doi.org/10.1103/PhysRevD.97.125002

