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Black holes, as characterized by the Hawking effect and Bekenstein-Hawking entropy, can be treated as
a compact object carrying nontrivial quantum information obscured behind the event horizon. This
quantum information, while hidden behind the event horizon, can be indirectly probed through the black
hole’s interactions with surrounding quantum fields. In this paper, we investigate how the quantum nature
of a black-hole influences the correlations harvested by a pair of static Unruh-DeWitt (UDW) detectors. To
provide a comprehensive analysis, we employ various correlation measures: concurrence, quantum
discord, and the violation of Bell’s inequality, thereby shedding light on the quantum nature of the black
hole as perceived by local probes. By treating the black hole as a tidally deformable thermal body under the
quantum fluctuation of the mediator fields, as observed by Goldberger and Rothstein [J. High Energy Phys.
04 (2020) 056; Phys. Rev. Lett. 125, 211301 (2020)] and Biggs and Maldacena [arXiv:2405.02227], we
employ a post-Newtonian effective field theory (PN-EFT) to derive the final states of the two UDW probes
analytically. A key advantage of our approach is the ability to analytically derive all these correlation
measures without encountering the complicated Matsubara sum of infinite thermal poles, as in the
conventional approach based on quantum fields in curved spacetime. By tuning the relative strengths in the
action of PN-EFT, we can extract the effects of the black hole on the entanglement harvesting, quantum
correlation, and nonlocality bound of the UDW probe systems. Furthermore, our PN-EFT approach can be
extended in future studies to include backreaction on black holes by accounting for higher-order PN

corrections.
DOI: 10.1103/1dcl-y21d

I. INTRODUCTION

Black holes are simple yet nontrivial classical solutions
to Einstein’s theory of gravity. However, when combined
with the quantum effects of quantum field theory in curved
spacetime, they led to important discoveries such as
Hawking radiation [1] and the Bekenstein-Hawking
entropy [2,3]. These new ingredients transform a classical
black hole into a quantum one that resembles a thermal
body and contains nontrivial quantum information, thereby
resolving the information paradox [4,5]. Long-term efforts
have been made to resolve the information paradox by
studying the quantum nature of black holes using various
approaches (see Refs. [6—10] and references therein).
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The information paradox suggests that quantum black
holes may exist in nontrivial quantum states characterized
by nontrivial quantum information measures, such as
quantum entanglement. In the absence of a complete
quantum theory of gravity to directly probe these mysteri-
ous quantum states of black holes, one may rely on probe
systems that interact with black holes via mediator quantum
fields to observe how their existence induces changes in
their quantum information content. In this way, one may hope
to peek at the mysterious quantum states of black holes. To
extract additional intrinsic properties of black holes, one
typically uses simple probes, such as the Unruh-DeWitt
(UDW) detectors [11,12], which are pointlike qubit systems.
Employing these probes, one can study how the black hole
destroys the quantum coherence of a superposition state of
UDW probes in a which-paths experiment [ 13—18] or induces
the entanglement among a pair of UDW probes [19-27].
Along similar lines, one can also study the changes in other
quantum information measures of the UDW probes to explore
different aspects of the black hole’s quantum nature.

In the conventional approach of studying quantum fields
in curved spacetime, a black hole is usually treated as a

Published by the American Physical Society
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FIG. 1.

EFT picture

Comparison of the conventional approach (a) based on quantum fields in curved spacetime and the PN-EFT approach (b) in

studying reduced states of UDW probes near a black hole. In the conventional approach, the black hole is treated as a background
spacetime, which thermalizes the mediator field ®. However, in the PN-EFT approach, the black hole is treated as a pointlike object with
induced multipole moments and interacts with the pointlike UDW probes via PN-type interactions, the higher-order terms of which

characterize the backreaction effects.

background spacetime. The interactions between the black
holes and the UDW probes are mediated by the surrounding
quantum fields. To study the change in the information
content of the UDW probes due to the presence of a black-
hole horizon, we need to obtain the probes’ reduced states,
from which we can calculate some quantum information
measures. In this approach, the reduced states are dictated
by the Wightman functions of the mediator quantum fields
in the Hartle-Hawking vacuum. This conventional
approach, which has been typically adopted in most
studies, has two major disadvantages. The first point is
that black holes are compact objects; treating them as the
spacetime background will miss situations in which they
are moving, driven by external forces or backreaction. In
fact, in the usual post-Newtonian (PN) approach [28-30]
by integrating out the weak gravity field, black holes are
treated as point particles, with the gravitational effect
encoded in higher-order interactions beyond the
Newtonian approximation. The second disadvantage is
that the Wightman functions of the mediator fields in the
Hartle-Hawking vacuum are usually plagued by the
Mastubara sum of an infinite number of thermal poles;
this makes it hard to find the analytical forms for the
reduced states of the UDW probes, which need delicate
treatment even when just evaluating the reduced states
numerically. This obstacle also makes it difficult to
compute other quantum information measures, apart
from concurrence, which characterizes entanglement
harvesting.

On the other hand, the universal feature of black holes
shown in the Hawking effect and Bekenstein-Hawking
entropy implies that the reduced states of UDW probes
should also be universal, at least in the low-energy regime,
i.e., when the black-hole size is much smaller than the
distance between probes and the black hole, and also the
interaction timescale. Motivated by this, we may begin with
some effective field theory (EFT) by integrating out the
mediator fields, treating the black holes as pointlike objects

on the same footing as the UDW probes. The only thing
missing from this EFT approach, as described, is how to
incorporate the black hole’s internal degrees of freedom,
which can explain the Hawking effect and the Bekenstein-
Hawking entropy. Fortunately, these degrees of freedom
were introduced in Refs. [31,32] by requiring their
Wightman functions to yield the Hawking effect dictated
by the Wightman functions of the mediator fields.
Furthermore, it was realized in Ref. [13] that these degrees
of freedom can be understood as the multipole moments
caused by the dynamical tidal deformations of black holes
as a thermal body at Hawking temperatures under the
action of the fluctuations of the surrounding mediator
fields. Note that, even though black holes are known to
be perfectly rigid under static external fields [33—39], they
can be tidally deformed universally under low-energy
dynamical external fields [36,40-42]. This low-energy
universality also yields the universal reduced states of
the UDW probes.

In this paper, we employ the post-Newtonian effective
field theory (PN-EFT) approach to investigate changes in
the quantum information content of two static UDW probes
arising from their interactions with the black hole’s induced
degrees of freedom. In Fig. 1, we schematically compare
the conventional approach and the PN-EFT approach
adopted for our study in this paper. We show that the
low-energy universality of the Wightman function for the
black hole’s tidally induced dynamical multipole moments
yields an analytical form for the reduced states of the UDW
probe. This also enables a straightforward derivation of
entanglement harvesting, eliminating the need to perform
the Matsubara sum numerically, as in the conventional
approach. Our results on the patterns of entanglement
harvesting are consistent with those of previous studies
[22]. This verifies the validity of the PN-EFT approach.
Based on the simple form of the reduced states, we further
study the change of quantum discord [43,44] and the
nonlocality bound [45-47] of the UDW probes to reveal
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the effects due to the presence of a black hole. Moreover,
the PN-EFT action encompasses probe/probe interactions
and probe/black-hole interactions, with the strength con-
trolled by the size of the multipole moments and the
interdistances between them. By appropriately tuning these
parameters, we can observe how each interaction, or
combinations of interactions, affects the entanglement,
quantum correlations, and nonlocality bounds of the
UDW probes. This helps to extract the effects of black
holes on the quantum information content of probes.

For comparison with the quantities obtained by the
conventional approach based on quantum fields in curved
spacetime, we will use the PN-EFT to compute entangle-
ment harvesting [21,22] by the UDW probes from the
environmental field. One advantage of the PN-EFT
approach over the conventional approach is that it yields
nearly all results analytically. Furthermore, we can observe
how the different interaction terms in the PN-EFT influence
the pattern of entanglement harvesting. For example,
suppose that we neglect the direct interaction between
the multipole moments of two UDW probes. In that case,
the remaining direct interactions between the UDW probes
and the black hole will always yield no entanglement
harvesting. This implies that direct interaction between
UDW is relevant to reproducing the effect arising from their
interaction with the mediator fields and can be seen as an
interesting result of PN-EFT.

In addition to entanglement harvesting, we consider
quantum discord and the nonlocality bound in Bell-type
experiments to characterize the impact of each interaction
term in the PN-EFT on these quantum information mea-
sures. The quantum discord [43,44] characterizes non-
classical (or pure quantum) correlations of bipartite
states. The nonlocality bound [45-47], on the other hand,
examines whether any PN-EFT interaction, such as the
direct Coulombic interactions, can yield nonlocality in the
sense of the Bell inequality or not. As elaborated, in the PN-
EFT framework, one can study the effect of each interaction
on various quantum information measures, particularly for
interactions with the black hole. These effects are infor-
mation-type responses that probe black-hole quantum
states via UDW detectors. Examining these effects may
help to understand the black hole’s quantum states.

The remainder of the paper is organized as follows. In
Sec. II, we describe the PN-EFT for the black hole and the
static UDW probes by treating the black hole as a thermal
body with the universal low-energy dissipative transport
phenomenon [13]. In Sec. III, we analytically derive the
low-energy reduced final states of UDW probes for three
setups: I) without the black hole, II) neglecting direct
interactions between UDW probes, and III) including all
the leading-order PN interactions. Based on these reduced
states for the three setups, we derive the corresponding
entanglement harvestings in Sec. IV, the quantum discords
in Sec. V, and the nonlocality bounds in Sec. VI. Finally, we

summarize our results in Sec. VII and provide a brief
discussion.

II. EFT FOR UDW PROBES AND BLACKBODY

This section reviews and extends the EFT approach of
Ref. [13,31,32] to incorporate the interaction between the
two UDW probes and a blackbody via an ambient mediator
field. Such a blackbody can be a quantum black hole or a
generic blackbody at a fixed temperature. Based on this
formulation, we aim to study entanglement harvesting,
quantum correlations, and Bell’s nonlocality bound
between the UDW probes.

We consider two UDW probes and the blackbody, each
endowed with multipole moments denoted by Qf, where 1
is the tensor index characterizing the types of multipole
moments and i = 1,2, B labels the two detectors and the
blackbody, respectively. These multipole moments Q! act
as sources for and interact via the corresponding ambient
massless tensor fields ®;. Moreover, the blackbody is
treated as a quantum object; hence, its multipole moments
Q% are promoted to quantum operators, whose spectral
properties govern the dynamical evolution. In contrast, we
treat the multipole moments Q1 , of the UDW probes as
classical quantities for simplicity. In addition to the multi-
pole moment, the UDW probes can also possess internal
quantum spin J,_, acting on the associated spin Hilbert
space H;_,,. For example, we can think of the UDW
detector as a realistic atom that carries both the quantum
(iso)spin and the multipole moment and interacts with the
Maxwell field. Similarly, the blackbody can also own
quantum spin denoted by Jp, formed from the coherent
fermion condensation. A black hole with quantum spin is
not a Kerr black hole with classical angular momentum due
to the self-rotation.

At low energies, the dynamics of the above system can
be described by the following EFT action:

1
S = SBlackbody T ?SCD + Stow
T

+2 / dioy(1) ) 0f(1) ® Ji(1).

i=12,B

(2.1)

Here, Sgiackpody @and Sypw are the kinetic actions of the
pointlike blackbody and UDW probes with energy gap €,
respectively. Since we focus exclusively on static cases in
this work, these terms will not play a dynamic role in the
analysis. The term #’ So 1s the kinetic action for the ambient

mediator field ®;. We follow the convention adopted in
Ref. [13] by normalizing it by the square of the dimension-
less universal coupling constant g;. In this paper, we
consider only massless fields ®;, such as the scalar field
with coupling constant gy, the Maxwell field with ¢,
corresponding to the fine structure constant, and
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Einstein’s gravity field with g, := % where G is Newton’s
constant and R is the typical size of the blackbody. The last
term of (2.1) encodes the interactions between the field ®;,
the multipole moment Q,’» , and the auxiliary internal
quantum spin J;. This interaction is crucial in extracting
quantum information measures from the vacuum states of
@, by the quantum spins of the UDW probes.

We can integrate out the ambient fields to induce direct
interaction among the multipole-moment operators of the
same type. Moreover, due to the massless nature of ®;, after
subtracting the self-energy part, the leading-order action of
the PN-EFT reads [30]

SPN-EFT = Zgl/df
T

+01(1)J1(1) ® Jz(f)] .

> 0L (0)]4(1) ® T5(1)

a=1.2

(2.2)

The key ingredient of (2.2) is dictated by the effective
coupling operators O ;()’s, which are given by

I A I
QilNlllz(rij)sz
21+1 ’
rii

OL (1) = i,j=12,B  (23)

where /| and I, are two different sets of the type / indices, and
the distance vectors are

- .
rl’j = rl’jrl‘j = ri rj, Wlth

The multipole-moment structure tensors N'-/' for the monop-

ole, dipole, and quadrupole are given, respectively, by [13]

N() =1, (2.5)
Niju(F) = 2646, + 357,774 7y — 2076 3.7 (2.7)

We observe that the quantum spins of different entities now
interact directly with each other via Coulombic power-law
interactions, which reflect the massless nature of the mediator
fields.

For simplicity, we only consider the interactions of the
same tensor types by assuming the correlators among
different tensor types are negligible. Moreover, for the
EFT of (2.1) to be valid, we shall assume

FLrgp<T, a=12, i=12B, (2.8)
where 7; is the typical size of the blackbody or UDW
probes and T is the duration of interaction between UDW
probes and the blackbody.

The action (2.2) is the leading-order (0-PN) action, i.e.,
instantaneous and Coulombic, because we integrate out the
off-shell mediator fields and hold the entities static without
following their geodesics. According to the PN formalism
[28-30], one can systematically derive higher-order PN
interactions within the velocity expansion for moving enti-
ties. For example, the 1PN effective action in gravity is the
famous Einstein-Infeld-Hoffman action [48]. With such an
EFT, which can also include radiation reactions at half-
integral PN orders, one can study various quantum informa-
tion measures for moving UDW probes and black holes in
their full dynamic aspect. For a preliminary study, we restrict
our attention to the leading order-EFT action of (2.2). Before
we can adopt this PN-EFT to study the reduced states of
UDW probes, we have one more issue to resolve regarding
the multipole moments associated with the black hole.

In the above description of PN-EFT, the multipole
moment Q% of the blackbody can be either intrinsic or
extrinsically induced by the source fields ®;. However, if
the blackbody is a black hole, it does not seem easy to
understand such multipole moments as the intrinsic quan-
tities due to the no-hair theorem. It raises the question of
whether multipole moments can be extrinsically induced by
tidal deformation in the ambient fields. The answer appears
to be no, as it is known that black holes cannot be tidally
deformed. However, this holds only for static ambient
fields, not for dynamic ones. Thus, Qg can be understood
as the multipole moments induced by the dynamical ®;, so
they are related by the linear response relation characterized
by the dynamical tidal Love number (TLN).

From now on, we will consider only the extrinsic Q% for
either a blackbody or a black hole. In such a case, the linear
response relation between QL and ®; in the frequency
domain is just the Kubo formula [49,50] for the tidal
deformation,

I
(05 (0))g = 1" (w0)@, (@), (2.9)
where the response function y/1’>(w) is the Fourier trans-
form of the retarded Green’s function'

G (1) = =i®(1)([Q4 (1). QF (0)]).  (2.10)
If the blackbody is in a thermal state pp of inverse temper-
ature f3, e.g., the Hartle-Hawking state when considering a
quantum black hole, then the imaginary part of y/1> () is the
dissipation kernel due to thermal or quantum transport. By

the Kubo-Martin-Schwinger condition [49,51] on the ther-
mal state, it leads to the fluctuation-dissipation theorem,

'Note that our convention for the retarded Green’s function
differs from the one used in Ref. [13] by an overall minus sign, so
the fluctuation-dissipation relation (2.11) also differs by a sign
accordingly, similarly for the minus sign in front of B/1> of (2.14)
to take care of the convention difference.
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§12 (@) = =2y (@) + 1) Im g% ().

1

np (a)) = oho

— (2.11)

where the fluctuation kernel S'12 () is the spectral density of
Q% defined by

Siiw) = [ dre Q) (050, (212)
with the Wightman function
(05 (105(0)) = Trp[ppQ5 (1) Q5 (0)]. (2.13)

At low energies, y (w) manifests a universal form (see the
extensive checks in Ref. [13]) as

£1(@) = (A1 + O((po)?)] ~ ilB" o+ O((p))),
(2.14)

with A’'%2 real and B'"> > 0, and their detailed expression
depends on the blackbody and the ambient fields. The
positivity B/'"2 is a signature of the dissipative transport.
From (2.11), this then implies that
Shh(w) = B2 (2 + pw) + O((Pw)?).  (2.15)
In the case of the black hole, A’t”> and B/1> are nothing
but, respectively, the static and dynamical TLNs, which can
be determined by the linearized field equation of ®; around
the black-hole spacetime [36,40-42]. By imposing the
ingoing condition at the horizon for the radial solution
@, (r), one can determine the ratio between the coefficients
of 1/r'*! and r! terms at r — oo to yield the TLNs. The
result gives A1"> = 0, and B'12’s take the form for a black
hole with radius rg,

3

where ¢, are some O(1) constants determined by the
black-hole background.2 However, their values will not
affect the qualitative results obtained in this paper.
We shall point out an important property that S1/2(0)
is nonvanishing if B/1"> # 0. It implies a finite portion of
zero modes, which can facilitate the transport of
quantum information, e.g., quantum entanglement, and
yield nontrivial reduced final states of UDW probes, as
we will see later. From (2.14), we notice that the
dissipation kernel Imy/1"2(0) = 0. However, due to the
appearance of n,(w) in (2.11), and the fact that n,(w) ~

/%w as w — 0, one then has S""2(0) = 2B1%2, In the case
of the black hole, this combines the classical tidal
deformation and the quantum effect of Hawking

radiation.

III. REDUCED DYNAMICS OF UDW PROBES

To study the reduced dynamics of the static UDW
probes under the influence of the ambient field around a
blackbody such as a black hole or a thermal body at a
fixed temperature, we start with an initial state p’ =

pi, ® pp with p, a pure product state in ® Hs for the
a=12

quantum spins of UDW probes and pjp the blackbody’s
thermal state. Without loss of generality, in this paper,
we will always assume pi, = |0); ® 0),(0|, ® (0], =
|00)(00| with |0), being the lowest weight state of spin
J,. The thermality of the black hole is due to the
quantum effect of ®; in a curved background, i.e.,
Hawking radiation. In our PN-EFT, this thermal feature
is inherited by pp and encoded in the spectral den-
sity S22 ().

The reduced final state of the UDW probes for
their lifetimes along the whole worldlines can be
obtained by

r .. T .. i
B:c()g_B7 BY :Clg_Bal]v p{Z :TrB[UWT(pIZ ®pB)UE/1]’ (31)
0 1
5

Bikil — Czr_B <5ik51'l + Silsik — %5ij5kl>’ (2.16) ~ with the evolution operator in the interaction picture

9 3 constructed from the EFT action (2.2),

|

U,, :Te—iz,ngf;dIW’T(t) [Za:LZOﬂB(t>Ja(t)®JE(t)+0{z(t)Jl(t)®12(t>]’ (3.2)

where wk (1) is a switching function with an effective time
interval T, ie., [ |wh(1)]*dt =T, to characterize the
turn-on profile of the type-/ interaction. Conventionally,
one chooses the Gaussian-type switching function for some
time interval during which the interaction is effectively
turned on. We must note that 7 is required to satisfy (2.8)
for the EFT to be valid.

For example, for a Schwarzschild black hole with the inverse
of Hawking temperature f = 4zrg, co = 1, ¢ = %, and ¢, = ﬁ
[13,31,36,40,52,53]. Note that these coefficients may slightly
differ from the ones in the literature due to the different
conventions adopted for the fundamental units.
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To proceed, we select a specific setup to simplify the
calculation while preserving the key ingredients. We
consider no quantum spin for the blackbody and choose
the UDW probes as identical two-level qubits with the
energy gap €2, that is,

— Q| —iQt —
J, =e"o,; +e oy,

0)y = [1)a, 0a|1)a =
fora =1, 2.

(3.3)
|0), and (¢7)* = (6)* =0

A. Case I: Without black hole

We begin by examining a seemingly simple scenario: the
absence of a black hole, by setting Qfg to zero. This is
simply the case with two static UDW detectors interacting
via quantized Coulombic mediator fields, which are
sourced by the corresponding charge, dipole moment, or
quadrupole moment, as discussed previously.3

In this simplified setting, the time-evolution operator
(3.2) of a specific type I in this case is reduced to

U, = Te o J2, w0001 0850 (3 4)

We assume the two-detector system is initially in its
ground state, |w); = |00). Under the actlon of the operator
(3.4), the system evolves to the final state’

ly) p = cos0]00) —isind|11), (3.5)

where the parameter 6 is expressed as

H = 910{210)7 Iw - /oo WT(t)eizgtdt. (36)

To ensure the finite interaction time, we employ the
Gaussian switching function,
2
e a1’

wr(1) :W’

(3.7)

such that [®_|wy(t)|>dt = T. With this choice, one obtains

v = (V2m) /AT e 4T, (3.8)

3In this paper, we consider the quantum mediator fields, even
for the (linearized) gravity. One can find in Ref. [54] the cases
with classical mediator fields and their (in)ability to entangle the
well separated UDW detectors.

“Expanding J, () ® J,(1), weobtain > o7} 65 + e 2% 67 05 +
6{o;+o70y. Acting on |00), the rmxed terms o 0y and
o705 annihilate the state, and 6705 vanishes because o7 |0), = 0.
Thus, the only surviving contribution is the pair-excitation term
¥ 67[00) = ¢*|11), so the dynamics is confined to the
{]00),|11)} subspace.

Even though the initial state is a product state, the final
state is generally an entangled state with Schmidt rank two
except for the magic points with @ = nx/2 with n e Z

The resulting density matrix for the final state p12 =
ly) (]| takes the form

cos? @ 0 O isinfOcosd
0 0 0 0
f
— 3.9
P12 0 0 0 0 ( )
—isinfcos® 0 O sin% 0

B. Case II: Neglecting direct interaction between
UDW probes

In this case, we assume the condition

|Q{,2| < |03,

or

(3.10)

so the term of Of,(1)J, (1) ® J,(¢) in (3.2) can be neglected
compared to the >, , O!5(1)J,(t). We are interested in
the relevance of mutual interactions among UDW probes to
reproducing entanglement-harvesting patterns using the
conventional approach. The evolution operator of (3.2)
given a specific type I is reduced to

UWT _ Te_igl fj; leT(I)anllz023(’)111(0‘ (3.1 1)
To obtain the final reduced state of UDW probes, we also

assume no background value of QF, i.e., (QF) = 0. Itis just
the statement of the no-hair theorem if the blackbody is

a black hole. Up to (’)( O ) the result takes the form of

X-state [55] as
2
g1
+ O( 4(21+1)>’
rij

(3.12)

l1-P,-P, 0 0 X

; 0 P, C 0
P2 = “

0 ct P 0

X* 0O 0 O

where

MallMalz 1,1

P,=gj WPTI Q).

;)

(3.13)

M111M212 PI 12(9)
I 21+1 21+1 ’
1B "2B

Ci=g (3.14)

» My Moy,

—97 20T 20
g T2

X = X (@), (3.15)
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with
aII: QaNIII( ) (316)

and
P7(Q) = / i / " dtwr(wr(¢)e QR (00 (1), (3.17)
X / dt/ di'wr(Dwr(1)e (01 (1 QR (1)). (3.18)

Note that this form of X-state has also been obtained in Refs. [20-22] by the conventional approach. Moreover, from (3.13)

and (3.14), we have an exact relation,

C2

PPy,

(3.19)

which will be helpful when evaluating certain quantum information measures later on.
Adopting the Gaussian window function (3.7) for wy(7), and using the following fact when performing the change of

time variables by t. = ¢ & ¢ to obtain the following identity,

/oo dt/oo dtwy(Hwy (1) e ) =

we can simplify (3.17) and (3.18) into

Py@) = ) [ ar e () @05 00,

X7"(Q) = 2n) /A Te T /

In the above, we have used the fact that (Q% (z ) 2(1))
1y

t
5 (N05(1) =

is time-translation invariant so that (
! !
(05 (1-)Q5(0)).

Furthermore, using the convolution theorem, we have

[ e () @05 0

2 [T doiy Va0 - ) 0). (323)

where the spectral density S''2(w) is assumed to be
bounded below, i.e., it vanishes for w < 0, and the
Fourier transform of wy(r) is

Wrlw] = (87) /4 Te T (3.24)
Thus, Wy[v2(w — Q)] is roughly a window function in
frequency domain centered around @ = € with the window

size of O(1/T). We are in the low-energy regime con-
strained by (2.8) so that S'1"2(w) for the blackbody is nearly

/ di. / dt+w7< ) ( \%).e-i%, (3.20)
3.21
7 (3.21)
® dr wr<t—_>( I (1)0%(0)). (3.22)
- - \/E B \*= B
|
o independent as discussed in (2.15), ie., S (w) ~

S (0 ) if fw < 1. Thus, combining all the above, P}"

and X T‘ 2 can be approximated to be

P (Q) = #T[1 + erf(v2QT)|S"%2(0), (3.25)
X2 (Q) ~ 2T e 27§12 (0). (3.26)
It implies that
X Q) < Ph Q). (3.27)
Thus, also by (3.13) and (3.15), it yields
X|> < PP,. (3.28)

We shall remark that the reduced final state of (3.12) is
evaluated up to O(g;) instead of O(g?). Formally, P,, C,
and X are (’)(g%) as shown in (3.13) to (3.15). However,

they are in fact O(g;) because P4 and X} contain a
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factor of 1/g; inherited from B'1"> of (2.16), which is the
low-energy expression of S'2(w), i.e., (2.15).

C. Case III: Including all direct interactions

Finally, in our third example, we consider the full
evolution operator (3.2) of a particular / type without
any truncation as adopted in the previous two examples.
The reduced final state takes the form of the full X-state as

/ 0 P, C 0
P2 =
0 c* Py 0
X"+ X 0 0 P,
gi
r..
ij
where
P12 - X()XS, (330)

and the other variables are defined earlier.

We now consider the dependence of the matrix elements
in (3.29) on the scales such as T, 7;, Fijs and Q. Note that
these scales should satisfy (2.8) for the low-energy EFT to
be valid. From dimensional analysis,

04l = q.Fa. a=1.2, (3.31)
where the dimensionless g, denotes the strength of the
corresponding multipole moments. Along with the scaling
relation of B/'2 of (2.16), the scale dependence can be
expressed as

= 21 [/ 7 21+1
p > Ta g + T
a ™~ 9194 >
TaB r'aB T'aB

PR\ T
Xo~ 919192 <%) — T (3.32)
) Tiz

c P\ (7 O\ ([ 7T
~ 919192 ,
BB BT"2B BB

X~ CeXT  p= X,

(3.33)

Note that P, is one order higher in g; than the other
elements. Thus, we can neglect it if we restrict to g; < 1 by
considering just the leading-order EFT. Based on the above
scaling relation, we have

Xo _ ("1Br23>1 <r13r23>1 (r13723> 20T
2 =) =
X s g rarp
ra\ 2 oo
~ | — e .
’'p

(3.34)

In arriving at the last expression, we have assumed
rip~rp~rp. To ensure (3.11) and (3.12), we have
assumed (3.10). With the help of (3.34) and the conditions
(2.8) for PN-EFT to be valid, we can now turn (3.10) into a
more precise one by requiring Xy <« X. From (2.8), one
should require r,5 > 75 so that X; <« X holds only if 7 or
QT is sufficiently large, i.e.,

— — 272
Xo <X = 7> 2 o207

or 2(QT)*> (21 +1)In (r—3> (3.35)

I'p

It can, however, be achieved without any problem in
our setup.

D. Features of reduced final states and quantum
information measures

The properties of the final state of the UDW detectors,
denoted as p{z, differ significantly across the three cases
considered:

(1) For case I, the final state is pure, as the evolution is

unitary.

(2) For cases II and III, the final reduced state is a
mixed state due to tracing out the black hole’s
Hilbert space. Specifically, it belongs to the class
of X-states, which are characterized by the param-
eters X, Xy, P;, and P,. A key constraint for these
cases is that the parameters are related by |C|* =
PP, due to the positivity of the density matrix.

An useful way to characterize these X-states is through
their eigenvalues {4, .}, which are accurate up to order

O(9):

Aoa+x =0, 1 =P, =P,

1
S(Pi+ Pyt /(P = P2 +4ICP). (336)
These eigenvalues are notably independent of the param-
eters X and X,, which means the eigenvalue spectrum is
identical for both case II and case III.

By applying the constraint |C|> = P, P,, the eigenvalues
simplify significantly to

A=0, 1—-P,—P,,

P +Py 0. (3.37)

The presence of two zero eigenvalues reveals that the final

state p{z for cases II and III is, at most, a rank-2 state.

In this work, to study the nature of correlations present in
the final state, we will utilize the following quantum
information measures:

(1) To quantify the entanglement harvesting from the
quantum field, we compute concurrence. For cases 11
and III, the final reduced state is a mixed X-state,
and we evaluate concurrence C to characterize the
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entanglement harvesting [56] from the ambient
quantum field. For X-states considered in this paper,
the concurrence is given by [21,22]

C(p{z) = 2max{0, |X| — /P P,}.

(2) To characterize the nonclassical quantum correla-
tions, we evaluate quantum discord [44,45], denoted
by D. For the pure state (case [), D
coincides with the entanglement entropy.
For the X-states, D is independent of the terms

(P1))14 = (P) a1, i€, X and X,,. Consequently, D is
identical for cases II and IIT up to O(g).

(3) Bipartite nonlocality bound S, for CHSH-type ex-
periment [45-47] characterizes the nature of corre-

lations. It depends on all the parameters in p{z of
X-states considered.

In the subsequent sections, we provide a detailed
analysis of the aforementioned quantum information mea-
sures for the final state of the two-detector system across all
three cases. For simplicity, when presenting the numerical
plots of the quantum information measures, we will
consider only the scalar-type environmental field; that is,
the tensor index / will be absent. Also, we choose gy =
0.01 to ensure the validity of perturbative results, along
with fixing 7 =7 =7 =1, ¢, = ¢, = 1 for conven-
ience. We also fix a tiny energy gap © = 0.001 so that T
can be large enough to satisfy the condition (2.8) for the
validity of PN-EFT. Thus, the quantum information mea-
sures shown below are just the functions of the interaction
time 7', the interdistances ry, and r; . Finally, to ensure the
physical validity of our results, our analysis is restricted to

(3.38)

parameter regimes in which the final reduced state p{z
is a valid density matrix. This is ensured by verifying
that its purity remains within the physical bound,

ie., Tr(p),)? < 1.

IV. ENTANGLEMENT HARVESTING

Given an unentangled initial state of the two-detector
system, the entanglement harvesting due to the mutual
interactions among detectors and black holes can be
measured by concurrence which is an entanglement mono-
tone and equal zero if the bipartite states are separable
(unentangled).

A. Case I

In this case, the final state of the two-detector system,

p{z, is a pure state given by (3.9) due to the absence of the
black hole. We quantify the entanglement harvesting by
measuring concurrence, which reads

sin (290‘1 1q1(V27) 1/4Te_4QZT2>

2

C=|sin20| = . (40)

where we have used the definition of the parameter € in
(3.6). A nonzero value of C indicates that the pair of UDW
detectors can successfully harvest entanglement from the
vacuum, a process mediated by their mutual Coulombic
interaction. The behavior of the concurrence is depicted in
Fig. 2. Notably, the amount of harvested entanglement
reaches a maximum value when the interaction time and the
energy gap approach QT ~ O(1). This condition corre-
sponds to an energy-conserving process, which enhances
the probability of detector transitions and thus optimizes
the transfer of quantum correlations from the field to the
detectors. As noted before, there are magic points 6 =
nn/2 with n € Z where the concurrence vanishes, and they
deserve further attention.

B. Case I1

We now turn to the second case of entanglement
harvesting, specifically in the presence of a black hole,

0.5F

04}

0.3}

0.2} -

0.1}

0.0}

(b)

FIG.2. Concurrence C for p-{z of (3.9): (a) C vs T for various r,: rj, = 10 (solid blue), |, = 20 (green dashed), and r;, = 30 (red dot-
dashed). (b) C vs r|, for various T: T = 800 (solid blue), T = 850 (green dashed), and T = 900 (red dot-dashed). In this figure and the
other ones shown later on, we fix gy =0.01, Q =0.00l and 73 =7 =7 =1,q, = ¢, = 1.
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Three placement configurations of UDW probes (small black dots) relative to the black hole (big black dot): (a) placement a of

line-up configuration with a black hole at the leftmost; (b) placement b of line-up configuration with a black hole in the middle; (c)
placement ¢ of configuration with a black hole at right-angle vertex.

while neglecting the direct interaction between the UDW
probes. As mentioned before, due to the relation (3.28), i.e.,
|X|> < PP, in the low-energy regime fw < 1, we can
conclude

Clpl,) =0 for pl,=(3.12).

We can go to O(fiw) of (2.15), and the above result will not
change. This result implies that one cannot harvest entan-
glement from a quantum blackbody, such as a quantum
black hole, in the low-energy regime. Our findings contrast
with those obtained via the conventional approach, which
predicts nonvanishing entanglement harvesting from the
ambient field thermalized by the event horizon [22,27,57].
This suggests that entanglement harvesting near the event
horizon may arise from the high-energy regime. However,
as we will demonstrate in the subsequent case, these
features of entanglement harvesting can be recovered by
incorporating the mutual Coulombic interaction between
the UDW probes. This implies that all the EFT interactions
at the same PN order are relevant toward reproducing the
full result obtained from the conventional approach.

(4.2)

C. Case III
This subsection considers entanglement harvesting for
the third case, in which all EFT interactions are included.
The harvested entanglement is quantified by concurrence,
which is given as

X + Xo| = /P P>}

Cpl,) = 2 max{0,
for pl, = (3.29).

(4.3)

We examine three placement configurations of UDW
probes relative to the black hole. In configuration a,
illustrated in Fig. 3(a), both UDW probes are positioned
along a straight line on the right side of the black hole.
Configuration b, depicted in Fig. 3(b), places the black hole
between the two UDW probes. Finally, in configuration c,
shown in Fig. 3(c), the detectors and the black hole form a
right triangle. We will also consider some of these
configurations when evaluating the quantum discord

(Sec. V) and nonlocality bound (Sec. VI). The placement
configuration a can be compared with the case considered
in Ref. [22] using the conventional approach, in which the
UDW probes are separated only along the radial direction
near a Banados-Teitelboim-Zanelli (BTZ) black hole.

1. Configuration a

The setup illustrated in Fig. 3(a) is characterized by two
key parameters: the distance r| g between the black hole and
the closer of the two UDW probes and the separation r,
between the detectors themselves. We analyze the behavior
of concurrence as a function of 7, r, and r;,, keeping all
other parameters fixed to the values specified earlier.

In Fig. 4, we present the concurrence for this configu-
ration described by the state p{z (3.29) as a function of T in
Fig. 4(a), of rip in Fig. 4(b), and of ry, in Fig. 4(c). The
behavior of concurrence in Fig. 4(a) resembles the one in
Fig. 2(a) with a maximum around Q7 ~ O(1), but with a
subtle difference: there exists a “sudden death” at suffi-
ciently large T in Fig. 4(a), a feature absent in Fig. 2(a). It
indicates that the presence of an event horizon can
qualitatively alter the patterns of entanglement harvesting.

The sudden death of the concurrence also occurs when
r1p 1s smaller than a critical value, as shown in Fig. 4(b), or
when r, grows beyond some critical value, as shown in
Fig. 4(c). Note also that the concurrence approaches a
constant value as the detectors move farther from the black
hole. All of the patterns of entanglement harvesting, as
shown in Figs. 4(b) and 4(c) are qualitatively the same as
the one observed in Ref. [22] by evaluating the entangle-
ment harvesting with the conventional approach based on
quantum fields in curved spacetime, and there, the region of
vanishing concurrence was coined as the “entanglement
shadow.” Notably, the size of the entanglement shadow
increases with the detector’s energy gap. These agreements
can be seen as a consistency check of the PN-EFT
approach. However, in the PN-EFT, we can derive ana-
lytical expressions for the reduced states of the UDW
probes using the universal transport of the black hole in the
low-energy regime. This is beyond the reach of conven-
tional approaches, which require the numerical treatment of
the thermal correlators of the mediator fields.
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FIG. 4. Concurrence C of configuration Fig. 3(a) for p{z of (3.29): (a) C vs T for rip = 10 and various ry,: r;, = 20 (solid blue),
r1, = 25 (green dashed), and 1, = 30 (red dot-dashed). (b) C vs r,p for r;; = 25, and various T: T = 900 (solid blue), T = 950 (green
dashed), and T = 1000 (red dot-dashed). (c) C vs ry, for T = 100, and various rz: ;5 = 20 (solid blue), r|z = 25 (green dashed), and

rig = 30 (red dot-dashed).

The existence of the entanglement shadow is interesting
and requires some explanation. Some possible interpreta-
tions may follow. As shown in Refs. [13,15-17], the cat
state of a UDW probe will decrease due to the thermal noise
of Hawking radiation. The analog of the cat state for a pair
of UDW probes is the entangled state, as the quantum
entanglement is a coherent quantum resource. We expect
that the strong thermal noise will also destroy the quantum
entanglement. Therefore, when one of the UDW probes
moves too close to the black hole, i.e., entering the
entanglement shadow, the two UDW probes cannot become
entangled, resulting in sudden death, as shown in Fig. 4(b).
Similarly, the coherence for the entanglement cannot be
maintained due to the thermal effect if the two UDW probes
are separated far enough, as shown in Fig. 4(c).

2. Configuration b
For simplicity, when considering the configuration of
Fig. 3(b), we set rjp = ryp so that rj, = 2r|g. Thus, we
will consider the concurrence as a function of 7" and ;5 =
72 by fixing all the other parameters to the values

mentioned before. We then plot C vs T for a given rip
in Fig. 5(a) and C vs r;p for a given T in Fig. 5(b). The
pattern shown in Fig. 5(a) is almost the same as in Fig. 4(a).
As in Fig. 4(b), there also exists entanglement shadow in
Fig. 5(b). By comparison, we find that the size of the
entanglement shadow for a given T is larger in Fig. 5(b)
than in Fig. 4(b). This behavior is expected since, in the
current configuration, both UDW probes move together
toward the black hole so that the thermal noise that causes
decoherence is stronger in inhibiting entanglement harvest-
ing than in the configuration of Fig. 3(a). Furthermore, the
concurrence no longer saturates to a constant at large rp
but instead decays to zero. This behavior is attributable
to the fact that ri, = 2r;p in this setup, so increasing
rip also increases the separation between the detectors.
Consequently, the behavior of C at large r;, mimics that
observed in Fig. 2(b).

3. Configuration c
For a given set of (ryz,r2p), r1o = r1p + rop for con-
figuration of Fig. 3(b), and r, = \/(r}p) + (r2p)* for
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FIG. 5. Concurrence C of configuration Fig. 3(b) for p-{z of (3.29): (a) C vs T for various rz: rip = 20 (solid blue), rz = 25 (green
dashed), and r,z = 30 (red dot-dashed). (b) C vs ryp for various 7: T = 900 (solid blue), T = 950 (green dashed), and 7 = 1000 (red

dot-dashed).

configuration of Fig. 3(c). Thus, the difference between
configurations b and ¢ will only cause a difference in X,. If
we further set riz = r,p, as in configuration b, we expect
the results to be qualitatively similar. This is the case when
comparing Figs. 5 and 6, which consists of C vs T for a
given r; g in Fig. 6(a) and C vs r for a given T in Fig. 6(b).
Consequently, in the subsequent analysis of quantum
discord and the nonlocality bound, we restrict attention
to the configuration shown in Fig. 3(b), omitting further
discussion of Fig. 3(c).

V. QUANTUM DISCORD

In this section, we examine quantum correlations
among the UDW probes, which may not necessarily
involve quantum entanglement. Quantum discord is a
measure that excludes classical correlations from the total

correlations between two subsystems (UDW probes) of a
quantum system. These quantum correlations arise from
quantum effects, not necessarily involving entanglement;
that is, discord can be nonzero for separable states, which
have zero concurrence. Thus, quantum discord can serve
as a measure of quantumness other than quantum entan-
glement, as proposed in Refs. [43,44]. The notion of
“quantumness,” characterized by quantum discord, can be
contrasted with the quantumness of QFT, defined by the
quantum fluctuations of the quantized fields. The com-
parison can highlight the contextual difference of
quantumness.

For a bipartite system composed of two subsystems A
and B, the quantum discord is defined by [43,44]

D(pap) :=mingz,y D _piS(A|By) = S(A|B) 2 0. (5.1)
k

0.004

0.003

© 0.002

0.001

0.000

10 50 100 500 1000

FIG. 6. Concurrence C of configuration Fig. 3(c) for p{z of (3.29): (a) C vs T for various rg: riz = 20 (solid blue), ;5 = 25 (green
dashed), and r,p = 30 (red dot-dashed). (b) C vs ryp for various 7: T = 900 (solid blue), T = 950 (green dashed), and 7' = 1000 (red

dot-dashed).
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where the relative entropy S(A|B) := S(AB) — S(B) with
the von Neumann entropy S(A) := —Tryp, Inpy, {B;} is a
projective measurement basis for performing measure-
ments on subsystem B, and p; = Trz(Bipap). The quan-
tum discord vanishes when p,p is a pointer state, i.e.,
Pa = Y BipapBy. Usually, evaluating quantum discord
is tedious for a general X-state, as it requires carrying out
minimization over possible measurement bases [58—60].
However, in Ref. [27], we find that the quantum discord for
the X-state (3.12) up to O(g) is independent of the
measurement basis, and the result is

1
D(P{z) =52 [(Pl + P,) In(P,P, — C?)

—2P11nP1—2P21nP2

+ \/(Pl — Py +4C?
I1P1 + P, + /(Py — P,)* +4C?

x 1

P+ Py— /(P = P> +4C?]

50 100 500 1000

Note that when C?> = P, P, Eq. (5.2) is simplified to

1
D(p{z) :m[—Pl lﬂpl —P21HP2

On the other hand, if P, =P, :=P, Eq. (5.2) can be
reduced to

Dipfy) = o5 [(P+ [ In(P + 1)

In
+ (P—1C|)log(P—|C|)—2PInP], (5.4)

which can be further reduced to D(p/,) = 2P if addition-
ally C = P.

A. Case I

Since the final state is pure in this case, all bipartite
correlations are expected to be inherently quantum. Indeed,
the discord is precisely equal to the entanglement

0.4f.

0.3

0.1

0.0, . . . A
10 20 50 100 200

10 20 50

(c)

100 200 500

FIG.7. Quantum discord D of configuration Fig. 3(a) for p{z of (3.29): (a) D vs T for rip = 10 and various r,: rj, = 20 (solid blue),
r1o = 25 (green dashed), and ry, = 30 (red dot-dashed). (b) D vs r;p for T = 1000 and various r,: rj, = 20 (solid blue), r|, = 25
(green dashed), and ry, = 30 (red dot-dashed). (c) D vs r|, for T = 100 and various r;: r| g = 20 (solid blue), r| 3 = 25 (green dashed),

and r; = 30 (red dot-dashed).
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FIG. 8. Quantum discord D of the configuration in Fig. 3(b) for p-{z of (3.29): (a) D vs T for various rp: r;3 = 20 (solid blue),
rig = 25 (green dashed), and |z = 30 (red dot-dashed). (b) D vs r;p for various 7: T = 800 (solid blue), 7 = 900 (green dashed), and

T = 1000 (red dot-dashed).

entropy of either detector. This can be seen as follows. For a
bipartite pure state, quantum discord is expressed as
D(A:B) =I(A:B) — J(A:B), where the mutual informa-
tion is I(A:B)=S(A)+S(B)—S(AB)=2S(A)(or2S(B))
and the classical correlation is J(A:B) = S(A).
Consequently, the quantum discord reduces to D(A:B) =
S(A) (or S(B)).

B. Cases II and III

As discussed before, for the X-states up to O(g), the

quantum discord is independent of (p!,) ., = (p},)1» ice.,
X or X, and thus it will be the same for cases II and III,
even though only the latter can have nonzero concurrence.
Furthermore, using (3.19), we notice that the quantum
discord for both cases is given by (5.3).

In the following, we present the corresponding quantum
discord for the configurations of Figs. 3(a) and 3(b),
respectively.

1. Configuration a

The results of quantum discord for the configuration of
Fig. 3(a) obtained by (5.3) are presented in Fig. 7 with D as
a function of T in Fig. 7(a), of r|, in Fig. 7(b), and of 5 in
Fig. 7(c) by fixing rest of the parameters.

We observe that the results for quantum discord are
consistent with expectations. Specifically, the pure quan-
tum correlation increases monotonically with the interac-
tion time and decreases monotonically with the
interdistance between UDW probes. Unlike the bump
behavior of concurrence shown in Fig. 5(b), quantum
discord decreases monotonically as the UDW probes with
a fixed separation move away from the black hole. Besides,
the key feature distinguishing the concurrence and quantum
discord is the absence of sudden death behavior for the
latter. This implies that the UDW probes are quantum

correlated with the black hole, and the thermal noise
of Hawking radiation will not affect the pure quantum
correlations but may affect the classical ones. Furthermore,
from Figs. 7(b) and 7(c), we find that discord decays more
rapidly with r g than with ry,.

2. Configuration b

The results of quantum discord for the configuration of
Fig. 3(b) with rg = rpp = rjo/2 are presented in Fig. 8: D
vs T for various rp in Fig. 8(a) and D vs r;p for various T
in Fig. 8(b). The patterns found here are similar to those of
Fig. 7 and bear analogous implications.

VI. NONLOCALITY BOUND

The Einstein-Podolsky-Rosen (EPR) paper [61] raised
the issue of the nonlocal nature of the quantum entangled
states, now recognized as the quantum resource [47,62] to
achieve nontrivial tasks such as quantum teleportation or
dense coding [63,64]. In a broad context, nonlocality is
examined through Bell-type experiments, which analyze
correlations in measurement outcomes in a bipartite com-
munication channel and derive algebraic inequalities that
characterize the nonlocal resource of the channel. If there is
no nonlocal resource, then the joint probability of the
bipartite measurement outcomes takes a form admitted by
the local hidden variable model

x,A)p(b

y.4),  (6.1)

p(ablxy) = /A diq(2)p(a

where x and a are, respectively, Alice’s measurement
choice and outcome and y and b are Bob’s ones and
q(2) is the probability distribution of local hidden variable
A. On the other hand, in quantum mechanics, the joint
probability is constructed by
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P(ab|xy) = tr(pABMa\be|y>v (62)
where {M,} are the positive operator-valued measure.

Then, there exist some nonlocality measures characterized
by the following kinds of inequalities [46]:

Z SepayP(ablxy) < Sy (6.3)

{abxy}

Many such inequalities labeled by k may exist. If one of the
above inequalities is violated, nonlocal resources will exist
in the communication channel.

We will only consider bipartite communication tasks
with two-level systems, i.e., a, b, x,y = {—1,+1}. In such
a case, the inequality characterizing the nonlocality is the
Clauser-Horne-Shimony-Holt (CHSH) inequality

Si=(a_1b_1) + (a_1byy) +{apby) —(a1by1) <2,
(6.4)

with {(a,b,) = > . abp(ab|xy). Thus, the CHSH non-
locality bound is S;_cpysy = 2. One can also extend the
above inequality study from nonlocality to no signaling
[46,65-67], i.e., with the no-signaling conditions: p(a|x) =
plalxy) =3,y plablxy) and  p(bly) = p(b|xy) =
_{a} P(ab|xy). The no-signaling inequality for the bipar-
tite qubits’ guantum communication turns out to be the
same as (6.4) but replacing Scysy = 2 with the Tsirelson
bound Stgireison = 2\/z

In this paper, we will adopt the reduced final state p{z of
UDW qubits as the communication channel for CHSH
inequality and then examine its (non)locality. In this case, if
a quantum state is separable, i.e., pap = >, paph ® ph. its
corresponding p(ab|xy) can be put into the form of (6.1),
and thus it is local. According to the example considered in
the EPR paper, one may infer that all entangled quantum
states are nonlocal. In Refs. [68—70], it has been proven that
all entangled pure states are nonlocal. However, this is not
the case for entangled mixed states; for example, some
Werner states [71] are local. For a quantum state p of
bipartite qubits, the quantity S in the CHSH inequality
(6.4), denoting it by S, since it is evaluated for a quantum
state, is given by [45]

Sp =24/ 1)+ 13y,

where 73, and 73, are the two largest eigenvalues of the
matrix 7,7, with the 3 x 3 matrix (7,);; := tr[p(o; ® ;)]
fori,j=1,2,3.1f S, > Scusy = 2, then the state p can be
utilized as a nonlocal quantum resource. Unlike concur-
rence or negativity, S, is not an entanglement measure as it
is not a monotone under Local Operations and Classical
Communications (LOCC) [72]. Thus, it is possible to have

(6.5)

local entangled mixed states, such as will be seen for the p{ 5
considered in this paper. Below, we will evaluate S, up to
O(g) to be consistent with the perturbation theory and show
its behaviors for cases I, II, and III.

A. Case I

For this case, we find that S, = Scysy = 2, indicating
that the CHSH inequality is saturated but not violated for
any values of T and rq,. It implies that the reduced final

state p‘lf2 (3.9) obtained from evolution by Coulombic
interaction is entangled but does not violate the CHSH
inequality. The local nature of the correlations in Bell-type
experiments contrasts sharply with the inherently nonlocal
and acausal nature of Coulombic forces in a field-theoretic
context.

B. Case I1

We now examine the nonlocality bound for case II with a
black hole, but not the mutual Coulombic interaction
between UDW probes. We will only consider the configu-
rations of Figs. 3(a) and 3(b).

1. Configuration a

In Fig. 9(a), we plot S, as a function of 7', where we see a
monotonic decreasing behavior of S,. The nonlocality
bound is not violated for any value of 7. Furthermore,
we present S, in Figs. 9(b) and 9(c) with ry, and ryp,
respectively, where we notice S, increases monotonically
as ry, and rp grows. Again, the nonlocality bound is not
violated for any value of r|, and riz. As §, is not a
monotone measure under LOCC, it is unclear if these
monotonic behaviors can be interpreted as the degrees of
nonlocality of the underlying quantum state. Despite that,
these patterns are some physical characteristics of these
quantum states.

2. Configuration b

We present S, as a function of 7" and r in Figs. 10(a)
and 10(b), respectively. The patterns shown here are
qualitatively the same as in Figs. 9(a) and 9(c). In particular,
the CHSH nonlocality bound is not violated for all the
parameter ranges considered. It implies that the quantum
locality of case II is configuration independent.

C. Case II1

This subsection considers the case by including all the
EFT’s interactions. Again, S, of the configurations of
Figs. 3(a) and 3(b) will be presented.

1. Configuration a

We first plot S, as a function of 7 in Fig. 11(a), where it
exhibits a monotonic decreasing behavior. Furthermore, in
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FIG. 9. Quantum nonlocality S, for p{z of (3.12): (a) S, vs T for ry, = 20 and various ry5: 3 = 50 (solid blue), 5 = 75 (green
dashed), and r |z = 100 (red dot-dashed). (b) S, vs r|, for r;3 = 10 and various T: T = 150 (solid blue), T = 200 (green dashed), and
T = 250 (red dot-dashed). (¢) S, vs ryp for rj; = 10 and various T: T = 150 (solid blue), T = 200 (green dashed), and T = 250 (red
dot-dashed).
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FIG. 10. Quantum nonlocality S, for p{2 of (3.12): (a) S, vs T for various ryg: riz = 50 (solid blue), r;5 = 75 (green dashed), and
rig = 100 (red dot-dashed). (b) S, vs ry for various 7: T = 150 (solid blue), T = 200 (green dashed), and 7" = 250 (red dot-dashed).
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Figs. 11(b) and 11(c), we plot S, with r, and rg,
respectively. We see no violation of the nonlocality bound
in all three plots, and the patterns are qualitatively the same
as in case IL.

2. Configuration b

Here, we plot S, with T and ry in Figs. 12(a) and 12(b),
respectively. We notice the pattern of the nonlocality bound
analogous to previously observed: in particular, S, is
always bounded by Scysy = 2. It again indicates the local
nature of the correlations. Thus, the quantum state in cases
I and III is local in Bell’s sense but can produce non-
classical correlations because quantum discord is
nonvanishing.

VII. CONCLUSION

In this paper, we investigated the extraction of quantum
information from a quantum black hole using a pair of
UDW detectors as probes. These results shed light on the
structure of quantum information hidden behind the event
horizon. Instead of using the conventional approach based
on quantum field theory in curved spacetime, we adopted a
new framework that treats black holes as tidally deformable
thermal bodies under the dynamical quantum fluctuations
of the surrounding massless mediator fields. Based on this,
we have developed a post-Newtonian-type effective field
theory that describes the interactions between the black
hole’s tidally induced multipole moments and the intrinsic
multipole moments of the UDW probes. The black holes’
multipole moments were derived by combining dynamical
tidal effects with thermal Hawking effects. They can be
regarded as the quantum degrees of freedom of black holes.
More importantly, the low-energy behavior of their
Wightman functions is universal, partly due to the no-hair
theorem. Using this simple universality, we derived the
analytical form of the reduced states of the UDW probes
from PN-EFT.

From the analytically reduced states, we obtained three
quantum information measures: entanglement harvesting,
quantum discord characterizing pure quantum correlations,
and Bell’s nonlocality bound—in a straightforward manner,
without encountering the delicate thermal correlators of the
mediator fields, as in the conventional approach. This may
be part of the reason why quantum information measures
around a black hole, other than entanglement harvesting,
have not been considered previously. By properly tuning
the relative interaction strengths in the leading-order action
of PN-EFT, we have considered three cases: I) without the
black hole, II) without the direct mutual interaction
between UDW probes, and III) with both. We summarize
the qualitative results for all three quantum information
measures in all three cases in Table L.

From Table I, we can see that in all three cases the
nonlocality bound is not violated. Furthermore, the detailed

TABLE L. Summary of three quantum information measures of
the UDW probes, which characterize the entanglement harvest-
ing, pure quantum correlations, and Bell’s nonlocality, for the
three cases: I) without black hole, II) without the direct mutual
interaction between UDW probes, and III) with both. By
comparing the items in each row of the table, we recognize
the relevance of various interactions of the PN-EFT to the
corresponding quantum information measure.

Case | Case II Case III
Entanglement Yes No Yes
Harvesting
Quantum correlation Yes Yes Yes
Bell’s nonlocality No No No

plots in Sec. VI reveal that the nonlocality measure exhibits
qualitatively similar patterns across all scenarios. This
suggests that, within our framework, quantum black holes
do not violate the nonlocality bound. Regarding entangle-
ment harvesting, our results indicate that mutual interaction
among the Unruh-DeWitt detectors is essential, whereas the
presence of the black hole is not. The reason is that the
mediator fields are quantized; thus, by themselves, they
carry quantum information that entangles the two detector
systems. One can find a more thorough discussion in
Ref. [54]. On the other hand, thermal noise from black
holes can counteract the quantum nature of the contribution
to entanglement harvesting. This comparison demonstrates
the advantage of our PN-EFT approach over the conven-
tional approach, in which such comparisons cannot be
made directly because the black hole is treated as a
background spacetime. We also note that in case II nonzero
quantum correlations persist even in the absence of
entanglement harvesting. If these features of the quantum
information measures are interpreted as arising from
communication with the quantum black hole, they may
reflect the intrinsic properties of the information content
within the black hole.

The results presented herein are based on the leading-
order action of the PN-EFT. Further investigation that
incorporates higher-order PN interactions, which account
for radiation and backreaction effects, is therefore a
promising direction for future work. As a precursor study,
this work aims to open a new avenue for exploring quantum
black holes with novel tools and perspectives.
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