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Abstract: We present a systematic and complementary study of quantum correlations near a black
hole by considering measurement-induced nonlocality (MIN). The quantum measure of interest is
discussed for the fermionic, bosonic and mixed fermion-boson modes on equal footing with respect
to the Hawking radiation. The obtained results show that in the infinite Hawking temperature limit,
the physically accessible correlations do not vanish only in the fermionic case. However, the higher
frequency modes can sustain correlations for the finite Hawking temperature, with mixed systems
being more sensitive towards the increase in the fermionic frequencies than the bosonic ones. Since
the MIN for the latter modes quickly diminishes, the increased frequency may be a way to maintain
nonlocal correlations for the scenarios at the finite Hawking temperature.
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1. Introduction

The behavior of quantum information in relativistic settings gained significant at-
tention over recent years [1-5] and the advent of this interest can be associated with the
pioneering work of Peres, Scudo and Terno, showing that the spin entropy is not Lorentz
invariant [1]. Since then, the quantum information theory faced important revisions in
contact with the relativistic world. This led to the creation of the relativistic quantum infor-
mation (RQI) domain and the emergence of the new effects [6]. For example, it was shown
that the entanglement phenomenon [7,8] is an observer-dependent entity [9,10] and fidelity
of teleportation is affected by the uniformly accelerated observers [11]. This is to say, both
entanglement and teleportation appear to be sensitive to the so-called Unruh effect, saying
that the notion of vacuum (as measured by an observer) depends on the observer’s space-
time path [12,13]. As a result, the RQI arises as an interdisciplinary field that may cover
various aspects of the relationship between gravity and the quantum world. This includes,
but is not limited to, the security in quantum cryptography against gravitational attacks [14],
efficient simulations of quantum systems when relativistic effects are required [15], fast and
precise quantum information processing at large distances [16], quantum communication
and metrology in gravitational fields [17,18], as well as the fundamental considerations,
e.g., investigations of the gravitationally-induced entanglement [19].

In the RQI field, there is also a particular interest in the quantum correlations and their
quantifiers, with special attention given to the nonlocality [4,20]. The rationale behind this
is based on the nonlocality being some form of a correlation. As a physical concept, the
nonlocality goes beyond Bell’s theorem and there is the possibility to obtain nonlocality with-
out quantumness and nonlocality without entanglement [21-23]. Thus, related investigations
are conducted not only for the conventional Bell-like nonlocality measures [24] but also for
more general concepts initiated recently [4]. One of such novel measures is known as the
measurement-induced nonlocality (MIN) and amounts for the maximum global effect caused
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by locally invariant measurements [23], being somewhat dual to the quantum discord [25].
Specifically, the MIN was originally introduced via the Hilbert-Shmidt norm as the quan-
tification of nonlocality from a geometric perspective, for consideration of the quantum
information processing problems [23]. Later on, this approach was developed further
based on the relative entropy [26], the trace norm [27], the fidelity measure [28] or the skew
information [29] in order to avoid some of the limitations of its initial formulation, e.g., the
noncontractivity. As a result, the MIN may currently serve as a suitable platform for the
analysis of bi- and multi-partite systems, allowing the comparison of various correlations
as well as the discussion of related quantum effects such as the teleportation [30] or the
quantum steering [31].

In the relativistic frame, the MIN was so far studied for the Unruh observers [32] and
in the dilaton space-time setup [33]. It was shown that at the infinite Unruh temperature
limit, the correlations are non-vanishing for fermions, contrary to the bosonic modes [32,33].
Although mentioned studies considered only limited cases, they pointed to the importance
of addressing nonlocality and mutual information in the non-inertial systems, similar to the
investigations based on other than the MIN measures [20,34,35]. They have also shown that
MIN is a general framework that may capture aspects of nonlocality not accessible by means
of the Bell-inequality [33]. In light of these results, essential objects to investigate MIN
for the non-inertial observers appear to be black holes with their quantum-gravitational
foundations [5,36,37]. The pivotal role in this respect is played by the Hawking radiation,
a manifestation of the quantum mechanics in the space-time of a black hole (BH) [38],
which is somewhat related to the mentioned Unruh effect [12,39,40]. By employing this
phenomenon, it was already possible to show that quantum correlations and similar
effects are core for the BH thermodynamics and the information loss problem [41,42].
Moreover, the Hawking radiation allowed studies on the behavior of quantum information
in the vicinity of a BH, such as the investigations of entanglement and teleportation in
the background of the static [43] or the high-dimensional and rotating BHs [44]. In what
follows, the BHs established themselves as a source of strong gravity field that can be
employed for various investigations within the RQI field, e.g., toward future advances in
quantum computation and information processing [45,46].

In this work, we attempt to present our contribution to the above domain of research
by providing the general, unified and comprehensive description of the MIN in a BH space-
time. Therefore, the results presented here are relevant to a large class of BHs, including
the nonsingular ones [47]. For this purpose, we conventionally consider a setup composed
of the Alice and Bob archetypes, where the first observer is away from the BH and the latter
one within its space-time. They both share a maximally entangled Werner state. Such a
setup allows us to extend previous discussions given in [32,33], by describing the MIN
not only for the homogenous fermion—fermion or boson-boson correlations but also in the
mixed fermion-boson case, on the same footing. Moreover, the analysis is conducted here
directly with respect to the Hawking radiation by considering the MIN dependence on the
Hawking temperature (Ty) for the Werner states of choice. To this end, the generality of our
approach additionally permits us to investigate MIN as a function of the fermionic/bosonic
frequency, in analogy to the similar studies conducted previously for the entanglement [44].

The work is organized as follows: in Section 2 we describe the vacuum structure of the
fermionic and bosonic fields in the BH space-time. Next, in Section 3, we derive MIN for
the three correlation scenarios of interest. Finally, we conclude our discussion with some
pertinent remarks and perspectives for future research.

2. Vacuum Structure of a Black Hole

The starting point for the analysis is the static and spherical metric of the following
form [48,49]:

ds> = —A(r)dt* + B(r) 1dr* + r*(d6* + sin® 0d¢?), 1)
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with A(r) = B(r) = f(r), where f(r) is the radial function of choice, whose form varies
depending on the considered BH type. To keep our considerations as general as possible,
we do not assume any specific form of the f(r) function. Note that due to Birkhoff’s
theorem, the Equation (1) metric will correspond to the Schwarzschild BH [50]. Naturally,
it is still possible to consider BH of an arbitrary type. However, in such a generic case it
may be necessary to include the influence of environmental matter on the various aspects
of the analysis. Herein, particularly important are the quantum states of interest, as being
potentially sensitive to such effects.

Afterward, the line element can be rewritten in terms of the Eddington—Finkelstein
coordinates [51]:

1 1
u:t—/mdr, v:t—l—/mdr, )

to permit propagation of signals through space-time [36].

We also note that for any asymptotically flat BH space-time, the event horizon will
be the Killing horizon, which is a null hypersurface whose vector field (the Killing vector
field) is null at the surface [52]. In what follows, the normal vector (k*) will be the Killing
vector that satisfies [52]:

,Ckg,x‘g = Vﬁka + V,Xkﬂ =0, 3)

where Vg denotes the usual covariant derivative, while £y is the Lie derivative along the
k#. The surface gravity for the Killing vector relates the covariant directional derivative of
the horizon’s vector (along itself) to k*, i.e., k*V k" = xk" [53]. Note that x stands for the
surface gravity of the horizon and in Planck’s unit system (¢ = 1 = G = kp = 1) its unit
is 1/t%, where t% is the Planck time. With this in mind, when a BH radiates, the Hawking
temperature is given by [36]:

K

Ty = —.
H 27

@)
We point out that Equation (4) is pivotal to our analysis, since it relates general relativity to
the quantum field theory and allows the inclusion of the BH characteristics in the employed
theoretical approach. By limiting ourselves to the present framework, the consequences of
considering an arbitrary BH, as briefly discussed above, may be actually visible via Equation (4).
As an example, we refer readers to the case of the so-called dirty BHs, showing the notable
influence of environmental factors on the corresponding Hawking temperature [54,55].

2.1. Fermionic Modes

In order to describe the vacuum state of the curved space-time for fermions, one can
start with the following Dirac equation:

(iv"eh Dy —m)yp =0, ®)

with D, = 9, — éwﬁh%b, O = %{’ya, Yy}, el being vierbein and w;’f’ the spin connection.
The solutions of such Dirac equation in regions I (the Universe) and II (a black hole) (i.e.,
outside and inside the event horizon (v = rp), respectively) are:

Pt = vem i, pllt = gelwim, (6)

where w; stands for the monochromatic frequency of the Dirac field (having the unit 1/1p,
where Ip is the Planck length) and ¢ is the 4-component Dirac spinor composed of the
spinorial spherical harmonics.
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Since solutions of Equation (6) are analytic inside and outside the event horizon, they
completely span the orthogonal basis. Thus, the Dirac field can be written as [56]:

Yout = Z/dk [a{gpl +aflpll + byl + blt”t,b{f‘}, @)
1

where a{( (all(l ) and bltl (bl‘:I Iy are the fermion annihilation and antifermion creation operators
for the exterior (interior) region of a BH. Note that summation in Equation (7) is over the
frequencies (see Equation (6)).

In addition to the above, it is required to describe quantum fields near the event
horizon. For this purpose, after discussing the vacuum structure of a BH space-time [36,57],
we follow the formalism developed in [10,56]. Note that this theoretical approach has its
roots in the pioneering works on the quantum field theory [12,40,41,57]. Specifically, by
using the light-like Kruskal coordinates [48,58,59]:

1 1
U=—=¢™, V== (r>rp),
K K
u= 1e"” V= —le*’“’ (r<ry) 8)
K 7 K 7 H 7

we rewrite the solutions of the Dirac equation as follows:
P = o(U)e i, It = 9(—Ux)e /", )

Next, to construct a complete basis for the positive energy modes, the analytic continuation
is performed for Equation (9) by using Damour’s technique [44,57]. We arrive at the
following solutions:

YLt = 0(xU)e “i/* = @(—U)(~Ux)“i’*, It =8(-Ux)e™/* = @(U)(Ux) “i’*, (10)

where ©(£U) is the Heavside step function. After that, the complete basis of interest can
be expressed as the following linear combination of the modes:

¢ TP = O(—U) (—UK) W * + R (U) (Uk) i, (11)
)(k _ +¢II+ (_u)(_ux)fiw,'/x_'_efmui/K@(u)(uK)fiwi/xl (12)

with:
lfpll(l+ _ efnwi/x<ux)7iwi/1(. (13)

Hence, the complete basis for the normalized modes reads:

gll(Jr — enw,-/(ZK)X]l( _ eﬁw,—/(ZK)@(_u)(_uK)iwi/x _i_efnwi/(ZK)@(u)(uK)iwi/K

= i/ () plt | =i/ (26) yl1— (14)
§11<I+ _ efm,‘;i/(ZK)Xi _ e*mﬂi/(z’f)@(_u)(_uK)*iwi/K + errwi/(ZK)@(u)(uK)fiwi/x
_ 677-[“;1./(21{)1#1[(7 + eﬂwi/(ZK).lplI(1+. (15)

Finally, based on the Equations (14) and (15), the outgoing Dirac fields can be expanded in
the Kruskal space-time:

Y, = Cll(gll(+ +C]I( 11+ —|—d k _|_dII+ , (16)

Zd 2cosh(mu /%) {

where ¢’s and d} ’s are creation and annihilation operators applied to the Kruskal vacuum.
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To this end, via the Bogoliubov transformation, the creation and annihilation operators
in the BH and the Kruskal space-times can be related to each other [36]:

k. = aal — Bbilt, (17)
with the following Bogoliubov coefficients:

1 1

“= (e=wi/Ti +1)1/2’ p= (ewi/Tn 4 1)1/2

(18)

Therefore, the vacuum and excited states of the Minkowski space-time will be related to
Kruskal’s one via the following relationships:

100 = a[0k){ 10—1) 7 + Bl 1) 1) ™ = 1)1 10-1) 17 (19)

2.2. Bosonic Modes

In the case of the bosonic field, one is required to deal with the massless scalar field in
the curved space-time, being the solution of the Klein-Gordon equation [36,43]:

T (V) =0 @)

In detail, by considering Equation (20) near the event horizon, we can arrive at the incoming
wave function, which is analytic for the entire space-time and given as:

(Pin — Ylmeiﬂu' (21)
Similarly, the outgoing wave functions for the regions I and II of the event horizon are [43]:
PO = Yine ™, @8 = Yye M (22)

In Equations (21) and (22), Y},,(6, ¢) denotes scalar spherical harmonic and Q) is the bosonic
frequency of the mode with the units 1/Ip. Analogously to the fermionic case, the ¢! and
¢'! solutions span orthogonal basis for the Klein-Gordon field [43]:

ot = Y, [ A0 [ahh + aligl) + biloli + b ol"], (23)
Im

where al, (ag ) and bg (b;r)H ) are the bosonic annihilation and creation operators for the
exterior (interior) region of the considered BH. Note again that summation in Equation (23)
is over the spherical harmonics (see Equation (22)).

By introducing the following abbreviations:

1
coshr = ———— tanhr =¢ ¥/Tn, (24)

V1 — e /Th
and
tanhr =t, coshr=1/(\v1—12), (25)

one can write down the vacuum and excited bosonic modes in a more convenient form:

e} e}
Ohe = V1= Y ") ln)yy,  [he= (=)} Vot 1t n+1)[n),.  (26)
n=0 n=0
3. Measurement-Induced Nonlocality

The main setup employed here is conventional and follows scenarios originally pre-
sented in [9,33,44]. In detail, we consider two observers: first Alice equipped with the
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particle detector sensitive only to mode |n) , and second Bob detecting only mode |n) ; by
using his device. In such a framework, both observers initially share an entangled state for
the same event in the flat region of Minkowski space-time. Next, it is assumed that Alice
remains stationary at the asymptotically flat region of the space-time (r — c0), while Bob
first freely falls in the direction of a BH and at some point starts to hover near the event
horizon. As a result, Bob becomes affected by the thermal bath of the particles associated
with the Hawking radiation [12,38,39]. Therefore, to describe what Bob will detect, mode
|n) g is specified in the coordinates of a BH.

Here, it is instructive to elucidate several aspects of the above setup. First, since
entanglement is sensitive to the environment, we note that Bob's trajectory may alter the
description of the state. This potential issue is avoided by assuming that Bob is free-falling
toward a BH, slowly decelerating before becoming stationary [44]. Second, it is noted that
the states are constructed here in analogy to the so-called single-mode approximation [60].
Although such an approach has its limitations, it has been found to recover the most
important qualitative features of more sophisticated models [61]. To this end, we remark
that additional details of the method employed here can be found in previous studies such
as [33,43] or in the recent review by Hu et al. [4].

3.1. Fermionic Modes
We begin with the Werner state as our initial state [33,62]:

1 _
PAB = PAB;B; = 77|¢+><qb+\ + TUI, (27)

which is based on the following Bell state:

47) = Z5100) + [11) = == (a]040:00) + B0aL L) + 1410u), @)
and Z = |00) (00| + |11)(11|. We remark that p 43 is in the Minkowski basis |00), [01),]10),
|11) (Jab) = |a) 4|b) p). Letters A and B indicate modes related to Alice and Bob, respectively.
Then, the state seen by Alice and Bob experiencing Hawking radiation will be given by
expanding Bob’s states into Kruskal modes. Thus, the new basis for the p4p,p,, state
is |000), |001), |010), |011), [100), [101), [110), [111) where [abc) = |a),|b)p |c)p,,. Such a
procedure is standard for describing similar setups in the field of RQI [10,11,33,43,44,56].
Note, that Bob’s transition to the Kruskal vacuum is analogous to the Minkowski-Rindler
transition studied before in the literature [11,32,56]. To further back up the consistency of
such quantum states, we note that the stress—energy tensor will be regular for the Kruskal
as well as the Schwarzshild coordinate system. Moreover, for the singular Boulware case,
the divergence near the event horizon does not matter since the domain of integration for
the associated stress—energy tensor does not include the event horizon [63]. We also remark,
that there is some freedom in the choice of the initial Bell-type state and herein we choose
the above form to allow comparison with the results presented in [32,33].
In order to obtain physically accessible correlations of interest, we have to trace over
the region I which is causally disconnected from the exterior. Such trace over the region
IT gives:

}Itxz(l—kiy) 0 0 S0
0 1B2(1+ 0 0
pAB[ = 0 4ﬁ (0 rl) 0 0 (29)
3407 0 0 $(1+7)
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For the bipartite state p, which is shared by A and B, the MIN is defined by the following
expression:

A
MIN(p) = Max;pa || 0~ [ 1(0) |12 (30)

In Equation (30), the maximum is taken over the local von Neumann measurements
T4 = {IT'} (I = 1,2) that do not disturb p* locally. It means that [T{ p? [T{ = p# and
the norm of the states is arbitrary, depending on the context. In this work, we will use the
Hilbert-Schmidt norm || x? ||:= trX'X. Note, however, that the MIN measure based on
the trace norm has some potential shortcomings (see [4,64] for more details).

To proceed, it is convenient to define arbitrary states composed of the two qubits in
the Bloch decomposition:

p:3(1®I+2x10—1®I+Zyl®10}+2t1]0—1®0})/ (31)
i i L]

where [ is the 2 x 2 identity matrix and o0; are the Pauli matrices (i,j € {1,2,3}) with
x1, X2, x3 and y1, Y2, y3 being the Bloch vectors and t;; = tr[o; ® (ijx} denoting the tensor of
correlation. We notice that Equation (29) is of the following X-shape form:

pir 0 0 p1g
X 0 px p3 O
= , 32
P 0 p3 p33 O (32)
par 0 0 pgq

where p;; are the real parameters for the two-qubit state. We can express the parameters of
state pX of the Bloch decomposition as below:

X1 =Xy =y =tp =1ty =hz =tz =tn=1in=0,
x3 = tr(cp™) = p11 + p22 — P33 — pass

y3 = tr(cPp™) = p11 — p22 + p33 — pas,

t = tr(070P0™) = 2014 + 2023,

ty = tr(O’fO’pr) = 72p14 + 2p23,
tss = tr(c20BpX) = p11 — 22 — 033 + pas- (33)

In accordance with the Theorem 3 presented in [23], the MIN of the two-qubit states X can
be given by:

(2, +t3,) forx #0

34
(£, + 12, + 2, — Omin) for x =0, (34)

1

MIN (p%) = { i

1

where 6pmin = min{t, t3,, 2, }. Applying this method to Equation (29) we arrive at the
MIN for the physically accessible correlations:

2

_ n
MIN(ps,) = 2(1 1 e-w/Tn)" (35)

Note that the MIN will depend on the parameter 7 as well as on the Hawking temperature,
thus being sensitive to the parameters of a BH (mass, charge, etc.). This fact is presented in

Figure 1A where the behavior of the MIN as a function of T for the specific values of  is
depicted. Analogously to the MIN studied for the Unruh effect in [32], one can observe

2
there that the MIN will not be vanishing since limr,, ;.o MIN(p 4 B) = %. This statement
holds for the entire range of the 77 parameter. It is additionally worth remarking that for
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MIN(p4p,) < 0.25, Bell’s inequality is obeyed, whereas for the MIN(p4p,) > 0.25 it is
violated, leading to the nonlocal quantum correlations [33]. This is to say, the violation
of Bell’s inequality as the Hawking temperature increases will be #-dependent. Hence, it
will depend on the choice of the initial state. On the other hand, the case when the Ty
is fixed is presented in Figure 1B for the selected values of the parameter 7. Therein, an
increase in the fermionic frequency clearly leads to the increase in the MIN(p4p,), thus
high values of the MIN can be sustained. This can also be observed when noting that

2
lime 00 MIN(p45,) = -

MIN(p43,) MIN(py43,)
0.5k 05F e mem
\ E '/"
04F 04F -
‘\. P
03 el _ 03F. e
SN T e - [ ’,/
" e
02F  Ttveeeo_ 02F.
¥
0.1F 0.1
TH T I I I 1
2 4 6 8 10 20 40 60 80 100
(A) B)
n=0.2 n=0.4 n=0.6 ————— n=08 -—-—- - n=1

Figure 1. The measurement-induced nonlocality (MIN) as a function of (A) the Hawking temperature
(Ty) and (B) the fermionic frequency (w) for the physically accessible correlations in the case of the
fermionic modes (0 4p,). The results are presented for the selected values of the entanglement param-
eter (17), assuming (A) the fixed fermionic frequency (w = 1) or (B) the fixed Hawking temperature
(Ty = 10).

3.2. Bosonic Modes

The starting point of the analysis of the MIN for bosons is the following Bell state:
1

+\
|‘P >_ \/E
= \}E<V 1-—1¢#2 Z t”|0,n1,n11> +(1- tz) Z \/mt”|l,n + 1[,7111>). (36)
n=0 n=0

(00) +11))

In this context, to study the MIN for the bosonic state given by the p4p,, one needs to
use projective measurement on Alice’s state. Such measurements can be taken over the
single-qubit system. Thus, it is possible to parametrize it by the unit vector ¥ = (x1, x2, x3)
with the aid of the projectors [65]:

Iy = -(I+%-7). (37)
Next, these projectors can be rewritten in the following form:
1 . ,
M = 2 [(14 23) 0)(0] + (15 ) [1){1] (31 — i) 0) {1 (1 + i) [1)(0]]. @8)

Based on Equation (38) one can obtain the post-measured final state:

P, = Y, (T @ Doap, (I @ 1) = Y pally ® pp,|a, (39)
==+ a==
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where:

OB e = Tr ((I1y @ Ip)pap,(I1x @ Ig)) / Pas (40)

is the post-measured state of Bob’s system conditioned on the outcome « with the probabil-
ity pa. Moreover, with the aid of Equation (38) one can obtain (p+ = 1/2) [65]:

1—t%
PBil+ =~ PI (41)

where
01+ = (1 + X3)M00 + (1 F X3)M11 + (x1 — ix2)M01 + (X1 + ix2)M10, (42)

and with the following matrices for Bob’s Hilbert space:

1
Moy = 3 (1 +1)2"|m) (],

My = nvn+1V1 — 262" n + 1) (n|,

+
M01 = MlO/

My = 50+ 1)+ 1) (1= 2) 2+ 1) n +1] 3)

After the above preparations, we can now calculate the quantity of interest:

Tr (048, — Pap,)) = % [Tr (Xgo) + 2 Tr(Xo1 X10) + Tr (Xﬁ)} (44)
with the X’s given by:
Xoo = Moo — i[(l +x3)p+ + (1 —x3)p-],
X1 = M — 31[(1 —x3)py + (1+x3)p-],

1 . - <
Xo1 = M — Z(xl —ixa) (P4 —P-),
1 . ~ ~
X10 = Mig — Z(xl +ix2) (p+ — p-). (45)

We note that traces of the X’s will be given by the linear combinations of the matrices
M, reducing Tr ((pap — p'4z)?) to [65]:

_ 2y
Tr ((0aB, — Plag,)?) = %[(1 - x%)(Tr(M%())

+Tr(M3) — 2Te(MaoM1)) +2(1 + 53) Te(Mo1 Muo)) ], (46)

with their traces equal to:

1
T(MOO):Z 1"‘77 Zt4n
1— 2
(Mo1Myg) = U(tg 132),
2 (44
Tr(M%l) __+D)AE) 47)

42 —1)(2+1)°
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For the x3 = 1, one can finally obtain the MIN for the bosonic case:

P22 1) (6 4 1)

8(tt —1)° 49

Tr (048, — ap,)”) =

We remark that setting x3 = 0 in Equation (39) leads to the quantum discord [32,65].

The behavior of the bosonic MIN is presented in Figure 2A for the Hawking tempera-
ture in the range Ty € (0,10) and with fixed 77 € (0,1). In accordance with the results pre-
sented in [32,33], the MIN(p4p,) vanishes rapidly and limr,, ..o MIN(p4p,) = 0. However,
by increasing the frequency of the bosonic modes it is again possible to maintain relatively
high values of the MIN. This scenario is presented in Figure 2B where for Ty = 10, the

frequency () takes values in the range () € (0, 100). Interestingly, lima_,.o MIN(p43,) = g
and coincides with the result previously obtained for the fermionic modes with frequency
w. Thus, for high frequencies of the modes, the behavior of the bosonic and fermionic
modes for the finite Ty will be similar.

MIN(p43,) MIN(p45,)
0.5 £~
\
04F \
F ‘\,
03} \\‘ \
LY
02F %y
\\ ‘\
01tk Ml Seo
_ ----.'-:.'.::.:.-.:.-..—.-.:.-.1 7
5 4 6 8 10 &
(A)
n=02 n=0.4

Figure 2. The measurement-induced nonlocality (MIN) as a function of (A) the Hawking temperature
(Ty) and (B) the bosonic frequency (Q2) for the physically accessible correlations in the case of the
bosonic modes (0 43,). The results are presented for the selected values of the entanglement parameter
(17), assuming (A) the fixed fermionic frequency (0 = 1) or (B) the fixed Hawking temperature
(Ty = 10).

3.3. Mixed Boson—Fermion Modes

In order to describe the mixed boson—fermion case, we slightly change the setup used
in the previous sections. In particular, Alice is still equipped with the fermionic mode
detector, while Bob can detect bosons. However, Alice, just like Bob after the free fall, will
now hover near the horizon of a BH. Both of them will detect Hawking temperature in their
corresponding detectors. This allows us to directly compare the bosonic and fermionic
parts, extending and supplementing previous results available in the literature [4]. An
analogous situation but with two accelerated observers and in a different context can be
found in [66] or for a tripartite system with two noninertial observers in [67]. However,
in the case of correlations near a BH, the analysis for the mixed modes was not hitherto
conducted. In the case of both parties experiencing Hawking radiation, the fermionic
modes of Alice in the black hole coordinates will be given via Equation (19), while the
bosonic modes of Bob are written according to Equation (26):

1 o0
97) = 7(\/ 1—£2Y t"ng,n,11,0p))
2 n=0

+ (1 =) Y Vn+ 18 n + 1, ) («|0,01) + Bl115)). (49)
n=0
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In correspondence to the previous cases, state pa,4,,8,8,, have to be traced over region
II, which is inaccessible for both Alice and Bob. The obtained density matrix p4,p, will
be treated in a manner similar to the Equations (37) and (48). We would like to note that
for the singlet Bell state, |p~) = % (]01) — |10)) it is not possible to calculate MIN based
on the trace norm [23]. Terms required to obtain the MIN given by Equation (39) are
vanishing for the x3 = 1. In what follows, the coefficient of the decomposition will have
the following shape:

Moofzfx (1+n)5 t2n| n)(n|,

n=

My = Z V1+ny1—Bagt|n)(n+1|,
n=0
[o0]

My = Y V1+nV1—2ant™|1+n)(n|,
n=0

My = é;(1+q)(1+n)(1 — )1+ n)(1+n| +%(1+n)t2"(1+17)52|n><n|, (50)

where « and t are specified by Equations (18), (24) and (25). Hence:

ot

Tr(Mf, ) = aam
2
Tr(Mo1Myg) = 0”14()2),
2 28
Tr(MooM11) = “4((7:;))2,
(M) - DB+ (17+1)2(f4+1)3_ 1)
4 —1)° 482 —-1)(£2+1)
Assuming x3 = 1, one obtains:
2,2(42 _
Tr ((PA[B[ - p,AIBI)z) = %(1 - t2)2( - M) (52)

(2+1)

The MIN behavior for the boson—fermion case as a function of the Hawking temper-
ature for different values of the parameter 7 is presented in Figure 3A. Interestingly, for
the small Hawking temperature, the MIN initially behaves similarly to the fermionic case.
Then, the MIN quickly decreases, leading to the lim7,, . = 0. As the Ty increases, the
bosonic contribution dominates. An interesting situation is depicted in Figure 3B, where
for the fixed Ty = 10 and 17 = 1 we plot the behavior of the MIN(p4p,) as a function of the
bosonic (2) and fermionic (w) frequencies, respectively. Just like in the fermionic case, by
increasing w it is possible to achieve rather high values of the MIN(p4, 5, ).
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Figure 3. The measurement-induced nonlocality (MIN) as a function of (A) the Hawking temperature
and (B) simultaneously the fermionic (w) and bosonic (Q)) frequencies for the physically accessible
correlations in the case of the mixed modes (p4,p,). The results are presented for (A) the selected

values of the entanglement parameter (1) and (B) for the fixed entanglement parameter (7 = 1) and
the fixed Hawking temperature (Ty = 10).

3.4. Physically Inaccessible Correlations

The conducted analysis can be further supplemented by the discussion of the physi-
cally inaccessible correlations. Specifically, to describe the possibility of the destruction or
the transfer of correlations, in the following part we trace over the region B;. In this way,
the MIN for the physically inaccessible correlations can be obtained [33].

For the fermion—fermion state, we obtain the following density matrix:

102(1+7) 0 0 0
0 PP+ np 0
= 53
P 0 fp - i+1) 0 )
0 0 0 0

Next, the steps analogous to the ones conducted for the physically accessible correlations,
but with the partial trace over region B instead of region Bjj, lead to the MIN(p4p,, ):

;72
MIN(PAB”) =

m. (54)

On the other hand, for the boson—fermion situation we have the following matrices M:

My =Y [%tz”a2|n><n\ + %(1 +m) (1= )1+ )|+ ) (1 +n],

n=0
© 1
Mp =), 5(1 + 1)t (14 1)pB|n) (n,
n=0
My = Y (1+n)*"V1—2yBln+1)(n|, M= M. (55)
n=0

Straightforwardly repeating the procedure presented in Equations (37) and (48), with
the trace over Ay and By, one can arrive at the MIN(p 4,p,,) of the mixed state:

(-2 ()
MIN(p4,85,,) = 2(t4 —1)° |

(56)
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By inspecting Figure 4A, one can observe that the physically inaccessible correlations
increase under the effect of the Hawking radiation for the fermionic case, contrary to the
previously analyzed region AB; with the limr,,_,co MIN(p4,5,,) = 77*/4. On the contrary, in
the mixed fermion-boson case, the result will be finite for the infinite Hawking temperature,
lim7, 0o MIN(p4,8,,) = 1#%/16, as depicted in Figure 4B. Moreover, an increase in the
frequencies w for the Dirac modes leads to the destruction of the correlations for the
physically inaccessible correlations. However, this is not the case for the mixed fermion—
boson correlations for the region A;Bjj, where lim,, 3 .o MIN(p04,5,,) = n%/2(1+ e(/Th)),
The results presented here confirm that nonlocality is highly dependent on the choice of
the modes.

MIN(p43,) MIN(p4, 5,)
025 - B 0.25
020 f P 020 ¢
‘/
o1sf ./ . 015
:I PO
Ve
0.10f ! 0.10F ..
1/ L
Y, r T Emct s m s s e e —————
005 ¥ 0,05 477
T T N N iy ; T,
2 4 6 8 0 2 4 6 8 10 7
() ®)

Figure 4. The measurement-induced nonlocality (MIN) as a function of the Hawking temperature
(Ty) for the physically inaccessible correlations in the case of (A) the fermionic and (B) the mixed
modes. The results are presented for the selected values of the entanglement parameter (17) and for
the fixed fermionic (w = 1) and bosonic frequencies (2 = 1).

4. Concluding Remarks and Future Perspectives

In this work, we have presented an extended and unified discussion of nonlocality
for the fermionic and bosonic fields under relativistic effects. Similarly to the discussions
presented in [32,33], the nonlocality was investigated via the quantum measure known
as the measurement-induced nonlocality (MIN) [23]. However, by using a relatively
generic black hole (BH) metric and relating our analysis to the corresponding Hawking
temperature (T}), we were able to present a general discussion of the MIN measure in the
relativistic setting. In what follows, the employed procedure may be also viewed as a well-
suited tool to consider various forms of BHs, e.g., described by the metrics incorporating
environmental factors [54,55]. Thereby, our general framework not only provided broad
insight into the behavior of different excitations on the same footing but also constituted
context and starting point for future investigations.

In detail, it was found that the MIN in the fermionic case takes a finite value (equal
to 172 /2, where 7 is the entanglement parameter) when Ty approaches infinity. On the
other hand, the MIN for the bosonic and mixed modes is equal to zero at the same infinite-
temperature limit, indicating that the corresponding quantum correlations vanish. This is
to say, fermions appear to be more robust toward the Hawking radiation than the bosons, in
analogy to the resistance against acceleration as discussed in [66]. Strictly speaking, the
reason behind such behavior is that the bosonic and mixed correlations will vanish from
the unboundedness of the bosonic partition function that composes the MIN. This fact
is particularly interesting for the mixed modes since both considered detectors witness
Hawking radiation. As a result, it can be argued that the loss of quantum correlation is
due to the bosonic part. Nonetheless, in addition to the above, we have shown that for the
higher mode frequencies, it is still possible to sustain high values of the MIN for the finite
Hawking temperature and physically accessible correlations. In particular, the MIN for the
bosonic and fermionic modes was observed to coincide with the finite 772 /2 value at the
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infinite-frequency limit, being independent of the Hawking temperature. Thus, the modes
characterized by the relatively high vibrational frequencies (energies) appear to be favored
in terms of preserving quantum correlations. We find that this behavior is analogous in the
case of the mixed modes. Hence, in the context of previous related studies on entanglement
and teleportation in the BH space-times [44], our results show that mode frequency is also
of crucial importance in terms of the nonlocality behavior near a BH. For convenience, our
results are summarized in Table 1. Note that these findings partially confirm previous
specific studies (see [32,33]) and for the first time provide a unified picture of the interplay
between different mode types in the context of the MIN.

Table 1. The limits of the measurement-induced nonlocality (MIN) for the accessible and inaccessible
correlations in the case of the fermionic, bosonic and mixed modes. In the table, Ty stands for the
Hawking temperature, w((2) is the fermionic (bosonic) frequency and # denotes the entanglement
parameter. The regions are described in detail in the main text.

Fermionic Modes Bosonic Modes Mixed Modes
lim7,, 0o MIN(pap,) n>/4 0 -
limTH_m MIN(PA,B,) — — 0
limg, 000 MIN(0 45, ) /2 /2 -

limg, 0500 MIN(0 4, 5,) — - /2
lim7,, e MIN(04p,;) n*/4 - -
limw/Qﬁoo MIN(pAB”> 0 - -
limr,, 00 MIN(p4,5,,) - - n?/16
limg, 000 MIN(04,8,;) - - n?/2(1+ et/ i)

In fact, the discussed effects are the subject of further inspection based on the mixed
mode case, hitherto not considered in the literature in terms of the MIN. In general, the
behavior of MIN for the mixed modes seems to be qualitatively closer to the bosonic case,
as described above. Hence, it can be stated that the bosonic part of the mixed mode takes
a dominant role in shaping the nonlocality behavior near a black hole. This suggests
the negative effect of the Bose—Einstein statistics on the quantum correlations related to
the nonlocality. Such an observation is reinforced by the results obtained here for the
physically inaccessible correlations. Specifically, the fermionic MIN tends to be partially
transferred from region I to region II and the magnitude of this transfer increases along
with the temperature. However, for the mixed modes, the amount of the MIN transferred
from region I to II is significantly lower. It can then be concluded that when the MIN
for the physically accessible modes vanishes, the remaining correlations are stored in the
inaccessible correlations. In what follows, the impact of the bosonic modes on correlations
appears to be much stronger than previously anticipated [66].

Moreover, we note that the MIN may change rather arbitrarily through the uncorre-
lated action of the unmeasured part. Therefore, we would like to remark that there are other
forms of the MIN as well as alternative measures of nonlocality [26,28,68,69]. The potential
study of such quantifiers in relativistic setups may shed new light on the details and the
conceptual differences between existing forms of correlation. In this manner, our study can
be considered as a reference point for future comparisons with various quantum measures
within the general theoretical framework adopted here. For example, since nonlocality is
a broad concept and there may be quantum nonlocality without entanglement [21] and quan-
tum nonlocality without quantumness [22], the quantum measures of nonlocal phenomena
are expected to capture different correlations than those based on the entanglement and
quantumness [23]. However, other forms of measuring nonlocality may also be distinct
from each other due to the asymmetry of the gedanken setup used here, in analogy to
the discord-like form of correlations affected by the Unruh effect [70]. In other words,
no universal measure of nonlocality may be available for systems affected by the black
hole geometry. Note that such predicted direction of research is certainly intriguing not
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only in terms of the four-dimensional static black holes but also when considering their
higher-dimensional or rotating counterparts, which were already extensively studied in
other contexts [9,33,43,44].

Lastly, since our work employs single-mode approximation, the approach that is still
raising some concerns among researchers, it would be worthwhile to extend the analysis
of nonlocality measures in a relativistic context beyond this approximation [4,61]. By
doing so, one may establish not only a more refined theoretical model but also transfer
the entire analysis from the thought experiments to somewhat realistic settings. This is
also related to the assumption when detectors are considered localized and see specific
modes of the field. In order to work with these kinds of observers, the specific form of
coupling between the field and the detector ought to be considered. Some works are
already pointed in that direction, with reference to the cavities or the Unruh-DeWitt
detectors [70,71]. Another possible approach may be even more fundamental and related to
solving the Dirac or (and) Klein-Gordon equations with a smaller number of assumptions
and approximations [72]. Moreover, the introduction of localized projective measurements
may properly describe localized modes of quantum fields in curved space-times [73,74].
As it was shown, a detector of this kind may be used for the projective measure of the
single mode of the quantum field, resolving some issues with the standard single-mode
approach. As a summary, the work presented here also attempts to gain insight into the
setup-building procedure, which the vast literature on RQI still lacks [32,33,43,44,67]. The
perspectives listed above should be properly addressed, which will be the next task of the
authors in the ongoing research.

Author Contributions: Conceptualization, A.Z K., D.S. and S.K.; methodology, A.ZK. and D.S,;
software, A.Z.K; validation, A.ZK,, D.S. and S.K,; formal analysis, A.Z.K. and D.S.; investigation,
A.ZK.and D.S,; data curation, A.Z K.; writing—original draft preparation, A.Z.K. and D.S.; writing—
review and editing, A.Z K., D.S. and S.K.; visualization, A.Z.K.; supervision, D.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was partially funded by National Science Foundation grant number 1955907.
Data Availability Statement: Not applicable.

Acknowledgments: One of us S.K. would like to acknowledge the financial support in part by the
National Science Foundation under award number 1955907. All Authors are thankful to Cosmin
Crucean (West University of Timisoara, Romania) for a fruitful discussion on the selected parts of the
employed theoretical framework.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Peres, A,; Scudo, PF; Terno, D.R. Quantum entropy and special relativity. Phys. Rev. Lett. 2002, 88, 230402. [CrossRef] [PubMed]

2. Ahn, D; Lee, H.; Moon, YH.; Hwang, S.W. Relativistic entanglement and Bell’s inequality. Phys. Rev. A 2003, 67, 012103.
[CrossRef]

3.  Terashima, H.; Ueda, M. Relativistic Einstein-Podolsky-Rosen correlations and Bell’s inequality. Int. J. Quantum Inf. 2003,
1,93-114. [CrossRef]

4. Hu,M.L,; Hu, X.;; Wang, ].; Peng, Y,; Zhang, Y.R.; Fan, H. Quantum coherence and geometric quantum discord. Phys. Rep. 2018,
762-764,1-100. [CrossRef]

5. Lanzagorta, M. Quantum Information in Gravitational Fields; Morgan & Claypool Publishers: San Rafael, CA, USA, 2014.

6. Fuentes, I. Lecture Series on Relativistic Quantum Information. In Diversities in Quantum Computation and Quantum Information;
Nakahara, M., Wan, Y., Sasaki, Y., Eds.; World Scientific: Singapore, 2013; pp. 107-147.

7. Amico, L,; Fazio, R,; Osterloh, A.; Vedral, V. Entanglement in many-body systems. Rev. Mod. Phys. 2008, 80, 517-576. [CrossRef]

8.  Horodecki, R.; Horodecki, P.; Horodecki, M.; Horodecki, K. Quantum entanglement. Rev. Mod. Phys. 2009, 81, 865-942. [CrossRef]

9.  Fuentes-Schuller, I.; Mann, R.B. Alice falls into a black hole: Entanglement in noninertial frames. Phys. Rev. Lett. 2005, 95, 120404.
[CrossRef]

10. Alsing, PM.; Fuentes-Schuller, I.; Mann, R.B.; Tessier, T.E. Entanglement of Dirac fields in noninertial frames. Phys. Rev. A 2006,
74,032326. [CrossRef]

11.  Alsing, PM.; McMahon, D.; Milburn, G.J. Teleportation in a non-inertial frame. J. Opt. B Quantum Semiclassical Opt. 2004,

6, S834-5843. [CrossRef]


http://doi.org/10.1103/PhysRevLett.88.230402
http://www.ncbi.nlm.nih.gov/pubmed/12059340
http://dx.doi.org/10.1103/PhysRevA.67.012103
http://dx.doi.org/10.1142/S0219749903000061
http://dx.doi.org/10.1016/j.physrep.2018.07.004
http://dx.doi.org/10.1103/RevModPhys.80.517
http://dx.doi.org/10.1103/RevModPhys.81.865
http://dx.doi.org/10.1103/PhysRevLett.95.120404
http://dx.doi.org/10.1103/PhysRevA.74.032326
http://dx.doi.org/10.1088/1464-4266/6/8/033

Universe 2023, 9, 199 16 of 17

12.
13.
14.
15.
16.
17.
18.
19.
20.

21.
22.

23.
24.
25.

26.
27.
28.

29.
30.
31.
32.
33.

34.
35.

36.
37.
38.
39.
40.

41.
42.
43.
44.
45.
46.

47.
48.

49.
50.

Unruh, W.G. Notes on black-hole evaporation. Phys. Rev. D 1976, 14, 870-892. [CrossRef]

Hollands, S.; Wald, R M. Quantum fields in curved spacetime. Phys. Rep. 2015, 574, 1-35. [CrossRef]

Plaga, R. A fundamental threat to quantum cryptography: Gravitational attacks. Eur. Phys. J. D 2006, 38, 409-413. [CrossRef]
Veis, L.; Visnak, J.; Fleig, T.; Knecht, S.; Saue, T.; Visscher, L.; Pittner, J. Relativistic quantum chemistry on quantum computers.
Phys. Rev. A 2012, 85, 030304(R). [CrossRef]

Sidhu, J.S.; Joshi, S K.; Giindogan, M.; Brougham, T.; Lowndes, D.; Mazzarella, L.; Krutzik, M.; Mohapatra, S.; Dequal, D.; Vallone,
G.; et al. Advances in space quantum communications. IET Quantum Commun. 2021, 2, 182-217. [CrossRef]

Ahmadi, M.; Bruschi, D.E.; Sabin, C.; Adesso, G.; Fuentes, I. Relativistic quantum metrology: Exploiting relativity to improve
quantum measurement technologies. Sci. Rep. 2014, 4, 4996. [CrossRef]

Kohlrus, J.; Bruschi, D.E.; Louko, J.; Fuentes, I. Quantum communications and quantum metrology in the spacetime of a rotating
planet. EP] Quantum Technol. 2017, 4, 7. [CrossRef] [PubMed]

Krisnanda, T.; Tham, G.Y.; Paternostro, M.; Paterek, T. Observable quantum entanglement due to gravity. Npj Quantum Inf. 2021,
6,12. [CrossRef]

Friis, N.; Kohler, P.; Martin-Martinez, E.; Bertlmann, R.A. Residual entanglement of accelerated fermions is not nonlocal. Phys.
Rev. A 2011, 84, 062111. [CrossRef]

Walgate, J.; Hardy, L. Nonlocality, Asymmetry, and Distinguishing Bipartite States. Phys. Rev. Lett. 2002, 89, 147901. [CrossRef]
Bennett, C.; DiVincenzo, D.P,; Smolin, ].A.; Wootters, W.K. Mixed-state entanglement and quantum error correction. Phys. Rev. A
1996, 54, 3824-3851. [CrossRef]

Luo, S.; Fu, S. Measurement-induced nonlocality. Phys. Rev. Lett. 2011, 106, 120401. [CrossRef] [PubMed]

Genovese, M. Research on hidden variable theories: A review of recent progresses. Phys. Rep. 2005, 413, 319-396. [CrossRef]
Ollivier, H.; Zurek, WH. Quantum discord: A measure of the quantumness of correlations. Phys. Rev. Lett. 2001, 88, 017901.
[CrossRef] [PubMed]

Xi, Z.; Wang, X.; Li, Y. Measurement-induced nonlocality based on the relative entropy. Phys. Rev. A 2012, 85, 042325. [CrossRef]
Hu, M.L,; Fan, H. Measurement-induced nonlocality based on the trace norm. New |. Phys. 2015, 17, 033004. [CrossRef]
Muthuganesan, R.; Sankaranarayanan, R. Fidelity based measurement induced nonlocality. Phys. Lett. A 2017, 381, 3028-3032.
[CrossRef]

Zhang, L.; Ma, T.; Yu, C. Measurement-induced nonlocality in arbitrary dimensions in terms of the inverse approximate joint
diagonalization. Phys. Rev. A 2018, 97, 032112. [CrossRef]

Bennett, C.H.; Brassard, G.; Crépeau, C.; Jozsa, R.; Peres, A.; Wootters, W.K. Teleporting an unknown quantum state via dual
classical and Einstein-Podolsky-Rosen channels. Phys. Rev. Lett. 1993, 70, 1895-1899. [CrossRef]

Brunner, N. Steered towards non-locality. Nat. Phys. 2010, 6, 842-843. [CrossRef]

Tian, Z.; Jing, ]. Measurement-induced-nonlocality via the Unruh effect. Ann. Phys. 2013, 333, 76-89. [CrossRef]

He, J.; Xu, S.; Ye, L. Measurement-induced-nonlocality for Dirac particles in Garfinkle-Horowitz-Strominger dilation space-time.
Phys. Lett. B 2016, 756, 278-282. [CrossRef]

Smith, A.; Mann, R.B. Persistence of tripartite nonlocality for noninertial observers. Phys. Rev. A 2011, 86, 012306. [CrossRef]
Doukas, J.; Brown, E.G.; Dragan, A.; Mann, R.B. Entanglement and discord: Accelerated observations of local and global modes.
Phys. Rev. A 2013, 87, 012306. [CrossRef]

Navarro-Salas, J.; Fabbri, A. Modeling Black Hole Evaporation; World Scientific: Singapore, 2005.

Kiefer, C. Quantum Gravity; Oxford University Press: Oxford, UK, 2012.

Hawking, S.W. Black hole explosions? Nature 1974, 248, 30-31. [CrossRef]

Davies, P.C.W. Scalar production in Schwarzschild and Rindler metrics. J. Phys. A Math. 1975, 8, 609-616. [CrossRef]

Fulling, S.A. Nonuniqueness of canonical field quantization in Riemannian space-time. Phys. Rev. D 1973, 7, 2850-2862.
[CrossRef]

Hawking, S.W. Particle creation by black holes. Commun. Math. Phys. 1975, 43, 199-220. [CrossRef]

Terashima, H. Entanglement entropy of the black hole horizon. Phys. Rev. D 2000, 61, 104016. [CrossRef]

Pan, Q.; Jing, ]. Hawking radiation, entanglement, and teleportation in the background of an asymptotically flat static black hole.
Phys. Rev. D 2008, 78, 065015. [CrossRef]

Ge, X.H.; Kim, S.P. Quantum entanglement and teleportation in higher dimensional black hole spacetimes. Class. Quantum
Gravity 2008, 25, 075011. [CrossRef]

Friis, N.; Lee, A.R.; Bruschi, D.E. Fermionic-mode entanglement in quantum information. Phys. Rev. A 2013, 87, 022338.
[CrossRef]

Blasco, A.; Garay, L.].; Martin-Benito, M.; Martin-Martinez, E. Violation of the strong Huygen'’s principle and timelike signals
from the early Universe. Phys. Rev. Lett. 2015, 114, 141103. [CrossRef] [PubMed]

Hayward, S.A. Formation and evaporation of nonsingular black holes. Phys. Rev. Lett. 2006, 96, 031103. [CrossRef]

Hobson, M.P;; Efstathiou, G.P.; Lasenby, A.N. General Relativity: An Introduction for Physicists; Cambridge University Press:
Cambridge, UK, 2006.

Das, A. Lectures on Gravitation; World Scientific: Singapore, 2011.

Faraoni, V,; Giusti, A.; Fahim, B.H. Spherical inhomogeneous solutions of Einstein and scalar-tensor gravity: A map of the land.
Phys. Rep. 2021, 925, 1-58. [CrossRef]


http://dx.doi.org/10.1103/PhysRevD.14.870
http://dx.doi.org/10.1016/j.physrep.2015.02.001
http://dx.doi.org/10.1140/epjd/e2006-00045-y
http://dx.doi.org/10.1103/PhysRevA.85.030304
http://dx.doi.org/10.1049/qtc2.12015
http://dx.doi.org/10.1038/srep04996
http://dx.doi.org/10.1140/epjqt/s40507-017-0061-0
http://www.ncbi.nlm.nih.gov/pubmed/31179199
http://dx.doi.org/10.1038/s41534-020-0243-y
http://dx.doi.org/10.1103/PhysRevA.84.062111
http://dx.doi.org/10.1103/PhysRevLett.89.147901
http://dx.doi.org/10.1103/PhysRevA.54.3824
http://dx.doi.org/10.1103/PhysRevLett.106.120401
http://www.ncbi.nlm.nih.gov/pubmed/21517284
http://dx.doi.org/10.1016/j.physrep.2005.03.003
http://dx.doi.org/10.1103/PhysRevLett.88.017901
http://www.ncbi.nlm.nih.gov/pubmed/11800986
http://dx.doi.org/10.1103/PhysRevA.85.042325
http://dx.doi.org/10.1088/1367-2630/17/3/033004
http://dx.doi.org/10.1016/j.physleta.2017.07.031
http://dx.doi.org/10.1103/PhysRevA.97.032112
http://dx.doi.org/10.1103/PhysRevLett.70.1895
http://dx.doi.org/10.1038/nphys1808
http://dx.doi.org/10.1016/j.aop.2013.02.001
http://dx.doi.org/10.1016/j.physletb.2016.02.073
http://dx.doi.org/10.1103/PhysRevA.86.012306
http://dx.doi.org/10.1103/PhysRevA.87.012306
http://dx.doi.org/10.1038/248030a0
http://dx.doi.org/10.1088/0305-4470/8/4/022
http://dx.doi.org/10.1103/PhysRevD.7.2850
http://dx.doi.org/10.1007/BF02345020
http://dx.doi.org/10.1103/PhysRevD.61.104016
http://dx.doi.org/10.1103/PhysRevD.78.065015
http://dx.doi.org/10.1088/0264-9381/25/7/075011
http://dx.doi.org/10.1103/PhysRevA.87.022338
http://dx.doi.org/10.1103/PhysRevLett.114.141103
http://www.ncbi.nlm.nih.gov/pubmed/25910106
http://dx.doi.org/10.1103/PhysRevLett.96.031103
http://dx.doi.org/10.1016/j.physrep.2021.04.003

Universe 2023, 9, 199 17 of 17

51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.

64.
65.

66.

67.
68.

69.

70.

71.

72.
73.

74.

Penrose, R. Gravitational collapse and space-time singularities. Phys. Rev. Lett. 1965, 14, 57-59. [CrossRef]

Faraoni, V. Cosmological and Black Hole Apparent Horizons; Springer: Berlin/Heidelberg, Germany, 2015.

Damour, T. The entropy of black holes: A primer. Prog. Theor. Phys. 2004, 38, 227.

Visser, M. Dirty black holes: Thermodynamics and horizon structure. Phys. Rev. D 1992, 46, 2445. [CrossRef] [PubMed]
Medved, A.; Visser, D.M.M. Dirty black holes: Quasinormal modes. Class. and Quant. Grav. 2004, 21, 1393. [CrossRef]

Alsing, PW.; Milonni, PW. Simplified derivation of the Hawking-Unruh temperature for an accelerated observer in vacuum. Am.
J. Phys. 2004, 72, 1524-1529. [CrossRef]

Damour, T.; Ruffini, R. Black-hole evaporation in the Klein-Sauter-Heisenberg-Euler formalism. Phys. Rev. D 1976, 14, 332-334.
[CrossRef]

Kruskal, M.D. Maximal extension of Schwarzschild Metric. Phys. Rev. 1960, 119, 1743-1745. [CrossRef]

Hemming, S.; Keski-Vakkuri, E. Hawking radiation from AdS black holes. Phys. Rev. D 2001, 64, 044006. [CrossRef]

Alsing, PM.; Milburn, G.J. Teleportation with a uniformly accelerated partner. Phys. Rev. Lett. 2003, 91, 180404. [CrossRef]
[PubMed]

Bruschi, D.E.; Louko, J.; Martin-Martinez, E.; Dragan, A.; Fuentes, I. Unruh effect in quantum information beyond the single-mode
approximation. Phys. Rev. A 2010, 82, 042332. [CrossRef]

Werner, R.E. Quantum states with Einstein-Podolsky-Rosen correlations admitting a hidden-variable model. Phys. Rev. A 1989,
40, 4277-4281. [CrossRef]

Visser, M. Gravitational vacuum polarization. IV. Energy conditions in the Unruh vacuum. Phys. Rev. D 1997, 56, 936-952.
[CrossRef]

Wu, S.X,; Zhang, J.; Yu, C.S.; Song, H.S. Uncertainty-induced quantum nonlocality. Phys. Lett. A 2014, 378, 344-347. [CrossRef]
Brown, E.G.; Cormier, K.; Martin-Martinez, E.; Mann, R.B. Vanishing geometric discord in noninertial frames. Phys. Rev. A 2012,
86,032108. [CrossRef]

Richter, B.; Omar, Y. Degradation of entanglement between two accelerated parties: Bell states under the Unruh effect. Phys. Rev.
A 2015, 92, 022334. [CrossRef]

Wang, J.; Jing, ]. Multipartite entanglement of fermionic systems in noninertial frames. Phys. Rev. A 2011, 83, 022314. [CrossRef]
Hu, M.L; Fan, H. Dynamics of entropic measurement-induced nonlocality in structured reservoirs. Ann. Phys. 2012, 327,
2343-2353. [CrossRef]

Li, L.; Wang, Q.W.; Shen, S.Q.; Li, M. Measurement-induced nonlocality based on Wigner-Yanase skew information. EPL 2016,
114,10007. [CrossRef]

Céleri, L.C.; Landulfo, A.G.S.; Serra, R.M.; Matsas, G.E. Sudden change in quantum and classical correlations and the Unruh
effect. Phys. Rev. A 2010, 81, 062130. [CrossRef]

Lee, A.R; Fuentes, I. Spatially extended Unruh-DeWitt detectors for relativistic quantum information. Phys. Rev. D 2014,
89, 085041. [CrossRef]

Crucean, C. (West University of Timisoara, Timisoara, Romania). Personal communication, 2023.

Dragan, A.; Doukas, J.; Martin-Martinez, E.; Bruschi, D.E. Localized projective measurement of a quantum field in non-inertial
frames. Class. Quant. Grav. 2013, 30, 235006. [CrossRef]

Dragan, A.; Doukas, J.; E. Martin-Martinez, E. Localized detection of quantum entanglement through the event horizon. Phys.
Rev. A 2013, 87, 052326. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1103/PhysRevLett.14.57
http://dx.doi.org/10.1103/PhysRevD.46.2445
http://www.ncbi.nlm.nih.gov/pubmed/10015174
http://dx.doi.org/10.1088/0264-9381/21/6/008
http://dx.doi.org/10.1119/1.1761064
http://dx.doi.org/10.1103/PhysRevD.14.332
http://dx.doi.org/10.1103/PhysRev.119.1743
http://dx.doi.org/10.1103/PhysRevD.64.044006
http://dx.doi.org/10.1103/PhysRevLett.91.180404
http://www.ncbi.nlm.nih.gov/pubmed/14611272
http://dx.doi.org/10.1103/PhysRevA.82.042332
http://dx.doi.org/10.1103/PhysRevA.40.4277
http://dx.doi.org/10.1103/PhysRevD.56.936
http://dx.doi.org/10.1016/j.physleta.2013.11.047
http://dx.doi.org/10.1103/PhysRevA.86.032108
http://dx.doi.org/10.1103/PhysRevA.92.022334
http://dx.doi.org/10.1103/PhysRevA.83.022314
http://dx.doi.org/10.1016/j.aop.2012.04.003
http://dx.doi.org/10.1209/0295-5075/114/10007
http://dx.doi.org/10.1103/PhysRevA.81.062130
http://dx.doi.org/10.1103/PhysRevD.89.085041
http://dx.doi.org/10.1088/0264-9381/30/23/235006
http://dx.doi.org/10.1103/PhysRevA.87.052326

	Introduction
	Vacuum Structure of a Black Hole
	Fermionic Modes
	Bosonic Modes

	Measurement-Induced Nonlocality
	Fermionic Modes
	Bosonic Modes
	Mixed Boson–Fermion Modes
	Physically Inaccessible Correlations

	Concluding Remarks and Future Perspectives
	References

