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Abstract A comprehensive study integrating the micro-
scopic structure of spacetime and the principle of quantum
superposition is capable of offering a fundamental bottom-
up approach for understanding the quantum aspect of grav-
ity. In this paper, we present a framework for the superposi-
tion of spacetime structures in the causal diamond spacetime
and analyze the behavior of quantum entanglement gener-
ated by spacetime superposition from the perspective of rel-
ativistic quantum information. For the first time, we com-
bine the concept of spacetime superposition with causal dia-
monds and derive the analytical expression of the Unruh-
diamond vacuum state for Dirac fields in the causal diamond
spacetime. Based on this, we analyze both initially correlated
and uncorrelated modes in superposed and classical causal
diamond spacetimes, and quantifying how quantum thermal
effects arising from spacetime structure alter entanglement.
Our findings reveal that quantum entanglement degrades in
classical diamond spacetime, while the superposed structure
generates additional entanglement resources between modes
in superposed diamond spacetimes. From a quantum infor-
mation perspective, our results suggest that the characteris-
tics of spacetime structural manifestations can serve as valu-
able resources for performing quantum information process-
ing tasks.

1 Introduction

The compatibility between quantum theory and general rel-
ativity constitutes one of the central dilemmas in contempo-
rary physics, as they propose distinct approaches to under-

standing reality in physics, and their unification might lead
to a completely novel understanding of the universe. It has
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also prompted physicists to develop a gravity theory that
aims to reveal the quantum behavior and microstructure of
spacetime, known as quantum gravity theory [1-7]. Some
of the current top-down complete theories, such as string
theory [8-10] and loop quantum gravity [11-13] are typi-
cal examples of attempts to establish that these two theo-
ries are self-consistent. Recent researchers have attempted to
combine fundamental features of quantum theory with those
of general relativity to gain a deeper understanding on the
quantum nature of gravity by taking a “bottom-up” approach
that investigates the structural features of spacetime. This
includes quantum features induced by periodically identified
Minkowski spacetime superpositions with different charac-
teristic lengths [14], and non-thermalization phenomena in
spatially translational superposition states explored in the
framework of quantum field theory in non-inertial reference
systems [15]. These findings deepen our understanding of the
quantum properties of gravity and furnish significant theoret-
ical support for the further advancement of quantum gravity
theory.

On the other hand, the theory of relativistic quantum infor-
mation discloses the profound relationship between gravity
and quantum systems, particularly the remarkable impact of
the causal structure of spacetime on quantum entanglement
between field modes [16-29]. It was found that the causal
diamond spacetime resulting from the conformal transforma-
tion of Rindler spacetime causes a fundamental decoherence
of the quantum system due to the presence of an apparent
horizon [21,22], which affects the efficiency of performing
quantum information processing tasks in the spacetime[30-
32], revealing a far-reaching effect of the spacetime struc-
ture on quantum correlations. As a result, we believe that
causal diamond spacetime can provide a unique and insight-
ful perspective to studying quantum gravity. On the contrary,
one can’t detect genuine quantum gravity effects by purely
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analyzing classical spacetime in the context of relativistic
quantum information.

In this paper, we investigate the generation of entangle-
ment for Dirac fields in superposed diamond spacetime [21].
For the first time, we integrate the conception of spacetime
superposition with causal diamonds and derive the analyti-
cal expression of the Unruh-diamond vacuum state for Dirac
fields in causal diamonds spacetime, thereby establishing a
foundational framework for the study of entanglement behav-
ior. We assume that Alice, an inertial observer, and David, a
stationary observer with a finite lifetime in causal diamond
spacetime, share an entangled state initially. It is demon-
strated that quantum entanglement degrades for the Dirac
fields in classical diamond spacetime due to the diamond
observers limited causal access. To investigate the nature
of quantum gravity induced by the geometrical structure of
spacetime, we apply the superposition concept of quantum
mechanics to the spacetime concept of general relativity. We
assume that the diamond observer is in the quantum super-
position of the diamond spacetimes’ localized stationary tra-
jectories, which also implies that the initial state undergoes
the superposition of quantum channels. In the superimposed
causal diamond spacetime, we conduct quantitative analyses
of entanglement degradation and generation for initial corre-
lated and uncorrelated modes. It is shown that the quantum
superposition’s diamond spacetime structure indeed gener-
ates entanglement. This has implications for improving the
efficiency of performing quantum information tasks.

The paper is structured as follows. In Sect.2, we give a
conformal transformation between Rindler spacetime coor-
dinates and causal diamond spacetime coordinates. In Sect. 3,
we analyzes the entanglement degradation of classical dia-
mond spacetime occurrences. In Sect.4, we examine the
entanglement of quantum systems in quantum superposi-
tion diamond spacetime and classical diamond spacetime for
initially correlated and initially uncorrelated modes, respec-
tively. In Sect. 5, we presents the conclusions.

2 Coordinates and quantum thermal effects in causal
diamond spacetime

The causal diamond’s geometry is the overlapping region
between the future light cone of the “birth” event and the
past light cone of the “death” event for the finite life-
time observer [22,33-35], as shown on the right side of
Fig. 1. In this spacetime area, the lifetime of the observer
is 7 = 2a, with causal access is restricted within the appar-
ent horizon bounded by the light cones. The fundamental
principle of parametrizing diamond geometry is a one-to-
one conformal mapping between the right Rindler wedge
R = {(xg;tg) : |tr| < xg and xg > 0} and the diamond
region D = {(xp;tp) : |tp| + |xp| < « in Minkowski
spacetime [36,37].

@ Springer

Fig. 1 Conformal mapping between Rindler and diamond spacetime
regions, the right wedge R = {(xg; tg) : |tr] < xg and xg > 0} (in
purple) maps into the interior region D = (xp; tp) : |tp| + [xp| < «;
the red portion of the left region of Rindler, L, is mapped to the exterior
region, D; the yellow region F and the brown region P wedges are

mapped onto the D region of the same color. In the picture on the right,
the diamond region D is defined by the intersection of the future light
cone of the “birth” event and the past light cone of the “death” event,
with the apparent horizon as its bounded interface

The geometric mapping is essential for understand-
ing Rindler spacetime, which is a non-inertial reference
frame describing the uniformly accelerated observer. Due
to the causal structure properties of accelerated observers,
Minkowski spacetime will be divided into four regions by
Rindler coordinates (1, £): R (right, & > 0), L (left, £ < 0),
F (future), and P (past) wedges, as shown on the left in Fig. 1.
The boundary between the R and L wedges renders these two
regions causally disconnected. This boundary corresponds
to the apparent horizon of the diamond spacetime, i.e., an
observer in the interior diamond region D cannot causally
access the information in the relevant exterior region D, and
vice versa. Thus, to the finite-lifetime observer, these two
regions are entangled.

The conformal mapping of the Rindler right wedge R to
the causal diamond region D is generally formed by the com-
posite of three modules: the special conformal transforma-
tion K (p), the scaling transformation A (1), and the spatial
translation T (¢ ), which are combined to construct the one-to-
one mapping (tg, xg) —> (fp, xp) of these two spacetime
regions coordinates. The mapping consists of the composite
M(a; ) = T(—a) o K (3-) o A(%) (see Fig.2), which yields

D= R/EF 12 —Gr/aR
(1/2a)(@? — xg% + 1)
Xp = — (1)

(xr/@ + 1)2 = (1))’

where X is scaling factor, and & = 2«//X. To define the dia-
mond coordinates, we need to get the inverse transformation
by inverting the composite mapping

_1 41p
A (xpla— 12— (tp/a)?’
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K(1/2a)

T(—a)

Fig. 2 The composite mapping of Egs. (1) and (2). The right Rindler wedge region R can be thought to an infinite-sized diamond, that is, a diamond

whose edges extend indefinitely

1 2/a)(@? = xp? +1p?)
Xp = — .
A (xp/o—1)? — (tp/a)?
The mapping between these two coordinates can then
be obtained by using the standard transformation relation

between the Minkowski coordinates (g, xg) of the wedge
region and the Rindler coordinates (1, &) [38—40]

@

1
tgr = X2eae2§/°‘ sinh(2n/a),
1
XR = X2601632‘?/‘” cosh(2n/a), (3)

where € = +1 for D and D respectively, 1, & € (—o0, 00),
and & = constant represents an uniformly accelerated observer
with acceleration 2(ae?/%)~!. Here a = % is the Rindler
acceleration. The (1, £) coordinates system is equally appli-
cable in causal diamond spacetime, since by the conformal
mapping, every possible value in (1, §) has a unique space-
time point in diamond spacetime.

Interchanging the above temporal and spatial coordinates
(tr <> xR), one obtains the regions D of the Rindler wedges
F and P conformally mapped with coordinates similar to
Eq. (3). Furthermore, this conformal transformations do not
affect the causal structure of the diamond spacetime, which is
a critical advantage of this method. Also, employing the con-
formal transformation, the mapping from the Rindler space-
time to the diamond spacetime is one-to-one, which covers
the whole Minkowski spacetime [38,40,41].

The aforementioned conformal mapping allows for a sim-
plified rewriting of the mapping between coordinates by
introducing light-cone variables, and facilitates the field
quantization of the diamond spacetime below. The light-cone
coordinates are expressed as

Uy =t +ox, Uy =tg +0xg, ug =€+ k), )

where 0 = =1 denotes the propagation direction, corre-
sponding to the left and right shifts, respectively, and € = %1
makes the diamond spacetime’s null coordinates always point
to the future. Also, for different values of o, it can represent
the light-cone coordinates of the Minkowski, Rindler, and
diamond spacetimes. Specifically, the light-cone coordinates

U=V =t+xand U_- = U =t — x of the Minkowski
spacetime, the light-cone coordinates ﬁ+ =V = tg+xgand
U =0 = tr — xg of the Rindler spacetime, and the light-
cone coordinatesuy = v =€e(n+&)andu_ =u = e(n—%§)
of the diamond spacetime, which are induced through the
Rindler coordinates. Then based on these coordinates, the
expression of Eq. (2) can be restated

_ U_ 1-U/a
1=V @ 14U/’

According to Egs. (2) and (5), we can obtain the corre-
sponding mapping of the other Rindler wedges to the coor-
dinates of the remaining region of causal diamond spacetime
under Minkowski coordinates, as shown in Fig. 1. Accord-
ing to Eq. (3), the light-cone variable u, of the diamond
spacetime with the light-cone variable U, of the Minkowski
spacetime has the following mapping connection in the dia-
mond’s internal region D

V_1+V/a )
o

eofe = LEVIC e 1H U/ ©
1-V/a 1-U/a

for the entanglement diamond exterior D

eZz‘)/ot:V/a_l’ eZﬁ/a:U/a_l' )
Vie+1 Uja + 1

Finally, the outer regions D can also be obtained by analytic
continuation from regions D and D, which corresponds to the
F and P regions of the Rindler spacetime.

In the following, we will consider the massless, minimally
coupled Dirac fields in (1+1)-dimensional Minkowski space-
time to investigate the entanglement nature of causal diamond
spacetime. The Dirac fields formula is [38]

(iy“0. —m)y =0, ®)

where  is Dirac spinor, y ¢ are Dirac matrices, m is the mass
of the particle, and 9, is the partial derivative operator.

We quantify fields in causal diamond spacetime using a
method similar to the study of Unruh effect [38—40]. Ini-
tially, we utilize the light-cone coordinates of Minkowski
spacetime (U, ) and diamond spacetime (i, ) to obtain the
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positive-frequency wave modes of these two spacetimes.
Subsequently, we can superpose and expand the mode func-
tion ¥ of the Dirac fields with the wave modes of the above
two spacetimes, respectively. Given that the regions D and
D within the causal diamond spacetime are causally dis-
connected, we establish a connection between them using
global Minkowski modes through the analytic continuation
technique previously applied by Unruh in Rindler spacetime
[42]. Subsequently, the Bogoliubov transformation relating
Unruh-diamond modes to diamond modes can be derived
by quantizing the Dirac fields using the obtained Unruh-
diamond modes. After normalizing the state vector, the
Unruh-diamond vacuum state is denoted as [43]

10)Y = cosr |0p, 05) + sinr | 1p, 1), )
where tan r = e~ 7®%/2_ The excited states are described as
Y =|1p, 0p). (10)

In the following we utilize italics (D and D) for modes
and Roman characters (D and D) for regions.

3 Entangled degradation of the causal diamond
spacetime

We consider the two-mode maximally entangled state of the
Dirac fields in causal diamond spacetime

L
V2

In this two-body system, we suppose that observer Alice
maintains inertia, while the causal access of the observer
David is limited to the causal diamond spacetime. Moreover,
Eq. (9) has shown that the Unruh-diamond vacuum state is
a two-mode entangled state, thus recalculating the |V)4p
yields

[V)av = —=(10)al0)y + [DalDy). (1)

1
V) spB = ﬁ<cosr|O)A|O)D|0)D+sinr|0)A|1)D|1>D
(12)

+ |1>A|1>D|0>D).

At this point, mode D is mapped to both the inner and
outer regions of the diamond spacetime. The system is further
divided into three parts: region A, where the inertial observer
Alice resides; region D, where the diamond observer David
resides; and region D, where the virtual observer Anti-David
resides. Since the inner region D and the outer region D of
the diamond spacetime are causally disconnected, and the
entanglement with the virtual observer Anti-David is physi-
cally inaccessible, it is necessary to trace over mode D and
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Fig. 3 a Logarithmic negativity on the variation of quantum states
pau (above) and p4p (below) with parameter . b Mutual information
on the variation of quantum states p4y (above) and p4p (below) with
parameter «

obtain

| =

pAD = (cosr2 100) (00] + cos  (J00Y(11] -+ |11){00])
(13)

+sinr2|01) (01| + |11) (11|>.

In this paper, we employ logarithmic negativity to quan-
tify the entanglement variations experienced by the two-body
quantum state. The logarithmic negativity value of zero indi-
cates that the quantum state is separable, meaning it lacks
entanglement characteristics. The logarithmic negativity is
denoted as [44,45]

N(p)=log,|Ip" |, (14)

where | p7 || is the trace norm of the partial transpose matrix
P’ [46].

In addition, we measure the overall correlations of any two
subsystems in the total system using the mutual information
[47-49]

I(paB) = S(pa) + S(pB) — S(paB). 15)

where S = — Tr(p In p) is the von Neuman entropy of the
corresponding matrix.
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Figure3a plots the entanglement variation of quantum
state pay and pap with parameter «. It is demonstrated
that for two inertial observers sharing the two-particle state
PAU, the logarithmic negativity remains invariant irrespec-
tive of the parameter «. However, when an inertial observer
and a diamond observer share the quantum state p4p, it is
observed that the logarithmic negativity serves as an entan-
glement monotone [44,45]. Specifically, as « — oo (i.e.,
infinite lifetime, as in Minkowski spacetime), the value is
LN (AD) = 1, which signifies that the quantum state retains
maximal entanglement. In contrast, when the parameter «
begins to decrease, the inter-system of entanglement under-
goes degenerates.

From the perspective of quantum field theory, it is known
that entanglement is observer-dependent. In diamond space-
time, a finite-lifetime observer is confined to the causal dia-
mond region and cannot access Dirac field modes outside
this region, leading to the formation of a thermal state. Addi-
tionally, from the relation Tp = % we observe that the
observer’s lifetime « is inversely proportional to the dia-
mond temperature Tp. Consequently, as the lifetime param-
eter o decreases, the temperature Tp increases, resulting in
the degradation of entanglement within the system. Figure 3
(b) analyzes the total correlation between the two subsys-
tems using mutual information, and the findings are consis-
tent with the entanglement analysis mentioned above.

We now know that the thermal effects of diamond space-
time can have an intuitively negative impact on entangle-
ment. If we represent the change from Eq. (11) to Eq. (13)
as a quantum channel, we may conclude that it is a decay
channel.

4 Spacetime superposition produces quantum
entanglement

4.1 Analysis of entanglement between initially correlated
modes

In the previous section, we have shown the entanglement
degradation of quantum systems in a single causal diamond
spacetime. In this section, we analyze the behavior of entan-
glement in the quantum superimposed diamond spacetime,
to find the nature of the spacetime structure.

Figure4 shows the zeroth diamond, whose center is at
the origin of Minkowski coordinates, and the nth diamond,
which corresponds to the 2na translation in the null coor-
dinate V = t 4+ x (that is when specializing in (1+1)-
dimensional). Notably, the physical conclusions drawn from
this configuration are generally applicable, and we can also
translate along the t-axis using a similar approach [34]. The
core of our study lies in highlighting the geometric depen-
dence of entanglement generation in the superposed dia-

(—a,0) (a,0) x

(—(l, 0)

Fig. 4 Schematic diagram of the diamond coordinates parameterized
by the «. The nth diamond is translated by 2n« in the null coordinate

mond spacetime; therefore, the chosen configuration is sim-
ply intended to provide a clear and tractable model for this
purpose. We assume the observer Alice remains inertial,
while the diamond observer David is in a quantum super-
position of the zeroth and nth diamond localized stationary
trajectories, each with the same lifetime value but shifted by
a constant offset 2n«. Simultaneous, we introduce a quan-
tum degree of freedom (DoFs) f to control the movement
trajectory followed by the diamond observer David, and the
control system is in the superposition case, indicating that
the diamond observer follows the superposition trajectory.

For convenience, we analyze David’s trajectory as a super-
position of zeroth and oneth diamond spacetime. So far, we
define the control system as a quantum superposition by |0)
and |1) states, and the overall system’s initial state is denoted
via

1
W) aye = —(|0 e 16
W) ave = [¥)av ® ﬁ(l ) +11) (16)

Atthis time, the quantum state |) 4y shared by the observers
Alice and David will undergo an action in the 1 and r, quan-
tum superposition channels. Naturally, after being affected
by the overlapping channel, we will get

1

V) apDe = ﬁ(II/n)ADﬁIO)chII/f2>AD5I1>c), (7)
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where

1 .
W) app = ﬁ(cosrl |000) 4 o5 + sinrq]011) , h15
+ |110) 4, H ),
1| )apD) (18)
[V2) spp = E(COSI’2|OOO)AD5 +sinr|011) , pp
+ [110) 4 p1)-

Similarly, tracing over the mode D in the exterior region of
diamond, one obtains

1
PADe = 5[811(%) ® 10)c(0] + e12(py) ® [0)c (1]

(19)
+ e21(py) @ [1)c (0] + e22(py) ® |1>c(1|],
where
eij(py) : = Trp [1Vi) 4 pp (Wil ]
1
. (20)
EZ in;owM]I'n,
n=0
with
cosr; 0 0 O
0O 1 0 O
Mio 0 Ocosr; O @D
0O 0 0 1
0 0 0 0
e ®sinr; 0 0 0
o= o] (22)

0 0e ®sinr; 0

here ! MM, = I andi, j € {1,2}.

Then, we perform a projection measurement on the control
system with the superposition basis |£), = \/LEOO) =+ [1)),.
Once the measurement is finished, the remaining particles
will collapse to

Pip = c(Eloy|E)e/Trle (£l oy |£)c]
__en (py) £ e12(py) £ e21(oy) + €22(py)
Trle11(py) £ €12(py) £ 21 (py) + £22(0y)]

(23)

Following the calculation, the quantum states pXD and p,
are explicitly denoted as

1
Pip = 337| (cosr +c0s72)? 100)4p (00)

+ 2 (cosry + cosrp)
® (100)4p (11| + [11)4p(00]) + ((sinry + sinrz)?

—4K) ® 01)4p(01] + 4[11)4p(11]],
4

@ Springer

Fig. 5 Plots showing a average entanglement of logarithmic negativity
and b average entanglement of mutual information for modes A and
D under the impact of quantum superposition channels (above) and
classical hybrid channels (below) varying with parameters r1 and r,, |
and r, have values between 0 — 7 /4

and
_ 1 5
pip = 2—[(cosr1 — 05 72)2[00) 4 p (00|
N (25)
+ ((sinry — sinr)? +4K) ® |01)AD<01|],
where p,  is a separable state, and
M = cosrjcosry + cos(¢py — ¢o) sinrysinry + 3,
N =1 —cosrjcosr, — cos — sinrj sinrs,
1 2 (1 — ¢2) 1 2 26)

P <(¢1—¢2)>2. .
= sin T sinry SInry.

The probability that measures |+)., |—). are py = M /4 and
p— = N /4, respectively.

Neglecting the phases and combining Egs. (14) and (15),
we can calculate the logarithmic negativity LN(AD) and
mutual information 7 (A D) between the initially correlated
modes A and D. Performing multiple measurements on the
control system and keeping the measurements, one can obtain
the average entanglement m[,oA pl = p+LN [,oXD] and
T[pA pl = p+l [pXD]. This contrasts with the entanglement
from the classical diamond spacetime. When the quantum

state |1) sy experiences the action of the classical mixing
channel, we have

_ 1
PAD =5 [e11 (paD) + €22 (PAD)]

1
= Z[(cos r12 + cos r22)|00)AD(00| + (cosry + cosrp)
® (100) A p (1] + |11) 4 p (00]) + (sinr? 4 sinr3)

®1[01) A p (01] +2|11>AD<11|].
(27)

Similarly, we can derive the logarithmic negativity LN[p 4 p]
and mutual information I[p4p] under the classical hybrid
channel. The entanglement varies of quantum superposition
channel and classical mixing channel is shown in Fig. 5.
We observe in Fig.5 that the average entanglement in
quantum superposition spacetime is always larger than the
average entanglement in classical spacetime between the
modes A and D, regardless of whether we use logarithmic
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negativity or mutual information. It is commonly known that
logarithmic negativity and mutual information between the
initially correlated modes are diminishing functions concern-
ing r,implying that LN (A D) and I (A D) would decrease as r
increases. Itis shown that the presence of the spacetime struc-
ture superposition in quantum superposition spacetime alle-
viates entanglement degradation between the initially corre-
lated modes due to quantum thermal effect of the spacetime,
so that LN[pap]l > LN[pspl (I[pap]l = I[papl), mean-
ing that the spacetime structure generates additional quan-
tum resources, which is important for performing quantum
information processing tasks in spacetime. Furthermore, we
discover that LN[pap] = LN[pspl (Ilpap]l = I[p4p)) at
r1 = ry, which means that limit » — 0 and w — ', one
recovers to a single spacetime. It is worth mentioning that
the greater the difference between the parameters r| and r7,
the more noticeable the increase in entanglement.

4.2 Analysis of entanglement between initially
uncorrelated modes

In the previous subsection, we analyzed the entanglement
between initially correlated modes in the context of space-
time superposition. However, in relativistic quantum infor-
mation theory, examining the behavior of initially uncor-
related modes provides a more intuitive understanding of
how spacetime structure influences entanglement generation.
This approach reveals deeper insights into the dependence of
entanglement on spacetime structure.

By tracing out mode A of Eq. (17), we can obtain the
correlation state between the modes D and D with the phase
neglected

1
PoDe = 5[£11000) © 10):01 + 812(0) ® [0 (1] o8

+ e21(0) @ 1)e{0] + £22009) @ [ (1],
where

eij(py) = Tra [1Vi) 4 pp¥il] . (29)

with i, j € {1,2}.
Likewise, after completing projection measurements on
the control system, we obtain the quantum states p;ﬁ and

,055 according to Eq. (23)

1
o = — [ (cosry + cos r2)2 |00} ,75(00] + (cosry sinry

+7
DD 2M
+cosrq sinry + cosry sinry + cosry sinrp)
® (100) {11 + [11) ,75(00]) + (sinry + sinr2)2
® |01) ,5(01] + 4|10>D5<10|]’
(30)

Fig. 6 Plots showing a LN[p pp) (@bove), LN[p 5] (below) and b
7[,0 ppl (@bove), I[p 5] (below) for the joint states of uncorrelated

modes D and D varying with parameters r| and 2, r| and r; is from O
torw/4

and

1
0 [(cos r1 — cos r2)2 |00) ,5(00] + (cos ry sinrq

pD ~ 2N
—Cosry sinry — cosrp Sinry 4 cosrp sinry)
® (100) 55 (11| + [11) 5,75(00]) + (sinry — sin r2)2

® (1) pp(111].
(31)

The probability measured in |+)., |—). bases between the
initial uncorrelated modes are p. = M /4 and p_ = N /4,
respectively. And when the joint state of modes D and D
undergoes the action of the classical hybrid channel, there
are quantum states

_ 1
Ppp = 5 [gll(pDE) + 822(:0D5)]

1
= Z[(COS r12 + cos r22)|00)D5(00| + (cosry sinry
+cosrp sinrz) (100) 5 (11| + [11) ,75(00])
+ (sinr12 + sin r22)|11)D5(11| + 2|10)DD(10|].

(32)

By combining the quantum states acquired above with
Egs. (14) and (15), we can calculate the average entanglement
LNIpppl = p+LNIp} 51+ p-LNI[p, 1 and I[p)5] =
p+1 ['02)_5] + p_1 ['OL_)E] under the quantum superposition
channel, as well as the logarithmic negativity LN[p 7] and
mutual information /[0 ;5] for the classical hybrid channel
in the initial uncorrelated modes.

In Fig.6, we find that when analyzing the joint states of
initially uncorrelated modes D and D under both the quan-
tum superposition channel and the classical hybrid chan-
nel, the entanglement in quantum superposition spacetime
is consistently greater than that in classical spacetime, i.e.
LNIpppl = LNIBppl Ulpppl = 15D 1tis well
established that increasing the value of the parameter r can
induce entanglement between initially uncorrelated modes.
Upon quantifying the conditions for entanglement genera-
tion, it becomes evident that the spacetime structure in quan-
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tum superposition spacetime provides additional resources
for quantum entanglement compared to classical spacetime,
where only the temperature parameter r promotes entan-
glement in initially uncorrelated modes. Consequently, this
results in higher levels of quantum entanglement in the quan-
tum superposition spacetime relative to classical spacetime.

5 Conclusion

In this paper, we investigate the dynamics of entanglement
in both superposed and classical causal diamond spacetimes
for massless Dirac fields. Our findings reveal that the finite-
lifetime-induced thermal effect experienced by an observer in
classical diamond spacetime leads to entanglement degrada-
tion, thereby diminishing the performance of quantum infor-
mation processing tasks. It is show that quantum entangle-
ment in superposed diamond spacetime exceeds that in clas-
sical diamond spacetime, which indicates that the superpo-
sition structure of diamond spacetime generates additional
entanglement resources, mitigates thermal-induced entan-
glement degradation, and enhances the efficiency of quantum
information processing tasks. The analysis presented herein
offers a bottom-up perspective on the quantum properties
arising from the superposition structure of spacetime, pro-
viding evidence that spacetime’s nature is inherently quan-
tum. This contributes to the unification of general relativity
and quantum mechanics, thus holding significant theoretical
implications.
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Appendix A: Superposition of phase channels

In this main paper, we consider the superposition of quantum
channels with different squeezing parameters r and ignore
the presence of phase (i.e., ¢ = ¢» = 0). Here, when quan-
tum channels are superimposed, we analyze the case where
the squeezing parameters r remain the same and the relative
phase condition is given by ¢ = ¢» + 7.

In this case, we also perform a projection measurement on
Eq. (19) using the measurement basis |£), = \%(lO) 1))
and obtain the following states

- 7[coszr|00>AD(00| +cos r(j00) 4 (11]
14 cos2r (A1)

+ 111) A p(00[) + |11)AD<11\}

+
PAD

and

Pap = 101)ap(01],

where p ), is a separable state and the probability that mea-
sures |+)¢, | —)¢ are p4 = %(cos2 r+1)and p_ = %sinzr,
respectively.

Similarly, we can compute the logarithmic negativity and

mutual information between the initially correlated modes A

(A2)
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and D in the presence of phase channel superposition. Apply-
ing the measurement probability py = %(cos2 r 4 1) of the
superposition basis, we can obtain the average entanglement
LNIpapl = p+LNI[pspland I[pap] = p+1lo4p]-

The quantum state in the classical hybrid of phase channel
is found to be

I
Bap = E[cos2r|oo>AD<00| +cosr(j00)ap(11]

+ 111)4p (00]) + sin® r[01) 4p (011 + [11)4p(11]].
(A3)

We can then derive the LN[p,p] and I[p,p] of this
quantum state. The variation of the entanglement in quantum
superposition and classical mixing of the phase channels is
visualized in Fig. 7.

It is observed that the entanglement of the quantum super-
position in the phase channel consistently exceeds that of the
classical hybrid in the phase channel, irrespective of whether
entanglement is quantified using logarithmic negativity or
mutual information. Consequently, it can be concluded that,
regardless of the presence or absence of phases, there exists a
common feature in the variation of entanglement: the entan-
glement in superimposed spacetimes invariably surpasses
that in the classical scenario.
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