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I INTRODUCTION

An intriguing idea of D. Glavan and C. Lin [1] is to multiply the Gauss-Bonnet term by
the factor 1/(D — 4) and then took the limit D — 4, might be useful in determining
a non-trivial 4-dimensional theory of gravity. However, it was shown in several papers
that perhaps the idea of the limit D — 4 is not clearly defined, and several ideas
have been proposed to remedy this in-consistency, as well as the absence of proper

action [2, 3, 4, 5, 6]. It was explicitly confirmed by a direct product D-dimensional
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spacetime or by adding a counter term, before taking the limit D — 4, which can be
seen as implied by a class of Horndeski theory [7] but with 2 + 1-dofs. Although the
EGB gravity is currently debatable, the spherically symmetric black hole solution is still
meaningful and worthy of study [8]. In contrast, in [9] the black hole solution of EGB
gravity considered as a theory of gravity by including the electric charge in AdS spaces.
In [10, 11] it was shown the thermodynamics of this novel solution by studying the phase
transition and microstructures. By focusing on the GB coupling constant, the validity

of the weak cosmic censorship conjecture for a near-extremal black hole depends on the
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Gauss—Bonnet coupling constant have also been studied [12]. In this basis, the shadow
behaviors and photon sphere around such black hole [13]. In parallel, there have also been
numerous proposals to directly modeling the black hole evaporation and calculations of
the entanglement entropy [14, 15]. The ER = EPR [16] has given a new perspective
on the gauge/gravity correspondence. Under this paradigm, a pair of entangled black
holes are joined by an Einstein-Rosen (ER) bridge. This suggests that there is a relation
between quantum entanglement and geometric spatial. In [17], we are interested in the
entanglement between the particles near the event horizon and antiparticle near the
Cauchy horizon of EGB black hole. Here we propose that the solution based on the
work of Glavan & Lin, describes a 4D EGB black hole, but there is still a vast part of
EGB gravity in D > 4, (?7). In order to make the EGB combination dynamical in four

dimensions, we can use the GB coupling as o — a/(D — 4).

ll.  PARTICLE-ANTIPARTICLE IN EGB BLACK HOLE

Consider now the Einstein-Gauss-Bonnet-Maxwell theory in D-dimensions with a nega-

tive cosmological constant [10, 9]

1
I=— [ d°zy/—g (R—2A+

B (6%
167

579~ FWF“”> , (2.1)

where « is a finite non-vanishing dimensionless Gauss-Bonnet coupling have dimensions
of [length]®, that represent ultraviolet (UV) corrections to Einstein theory, and G =
R? — 4R, R*" + R, 0 R*P° is the Gauss-Bonnet invariant with a negative cosmological
constant A = — (D — 1) (D —2) / (20?), tere [ is the AdS radius. F,, = 9,4, — 0,4,
is the Maxwell tensor of the real vector field A, of the form A,dx* = Aydt, with the
time component of the current density j¥ = V,F*. In addition, we introduce a vector
charge: Qpep = Qu+ 1= [ v—9j°da®, where Qy denotes the horizon charge. At infinity,
the charge vanishes Qrpgp = 0. To solving the field equation we obtain the black hole
solution ds? = —f(r)dt? + +=dr? + r* (d9* + sin® §d¢?). Taking the limit D — 4, we

f(r)
obtain the exact solution in closed form

2
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This last solution could be obtained directly from the derivation done in [11]. In the
limit » — oo with vanishing black hole charge, we asymptotically obtain the GR
Schwarzschild solution. The event horizon in spacetime can be located by solving the
metric equation: f(r) =0 [12]. The extremal case correspond to f(r;) = 0. In the limit
a —> 0, we can recover the Reissner-Nordstrom-AdS solution. If a@ < 0 the solution is
still an AdS space, if @ > 0 the solution is a de Sitter space, [9]. The solutions show that

the event horizon is located at:

ri:Mi\/M2—Q%EGB—a, (2.3)

where r, and r_ are the event horizon and the Cauchy horizon radius of the EGB black
hole [1]. Next, we want to give a physical interpretation to the two horizons solutions. For
an extremal black hole, one get r, = r_ (degenerate solution) and |Qgrap| = vV M? — «.

First, we introduce the particle and antiparticle charges in the horizon [17]

g+ = tVM? — a. (2.4)

The charge of every particle (or antiparticle) near the horizon depends directly on the
black hole mass and the Gauss-Bonnet coupling. Each particle of the charge ¢, =
+v/M? — o, is entangled with another antiparticle of the charge ¢_ = —v/ M2 — o by the
entangled state | ) in the basis {|+), ,|—) } of the Cauchy horizon H,, and {|+) 5, |—) z}
a basis of the event horizon Hg. The entangled state | ) can be expressed as | ) =
\% (+) . 1= r £ 1)1 [4+) 5)- We can simplify the Egs.(2.3,2.4) by

(re — M)2 = Qi - QQEGB' (2.5)

We notice that ¢3 > Q%55. The charges ¢, are located on the Hpg, on the other hand,
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the charges of antiparticles ¢_ are located on the Hy. The Eq.(2.5) behaves like virtual
gravitational dipoles in the framework of the gravitational repulsion between matter
and antimatter [19]. If we assume that there is a complete disappearance of an AdS
black hole (o < 0), we obtain the position of the two charges ry = ¢+ = +v/—a.
The problem of the negative radius r_ = —y/—a, indicates a disappearance of the
antiparticles with the disappearance of the black hole singularity, on the other hand,
the particles escape the singularity. This aspect is equivalent to the position of the two
horizons; the horizon r_ exists on the singularity and r, is the edge of the black hole.
Which agrees with the violation of CP symmetry between matter and antimatter [20].
This complete disappearance of the antiparticles looks like a scenario of the disappearance

of antimatter after the big bang.
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. CHARGE OF EGB BLACK HOLE

We consider that the EGB black hole charge is the sum of the charges of the pairs by
two different ways, given by Qe = q+ +q- +q+ + ... or Qe =q- +q+ +q- + ...,

or equivalently

Qrap = £q4 (—1)k7 (3-1)

where N denotes the number of the particles and antiparticles.

Figure 1: Two direction of the summation on the charges of N particles-antiparticles.

If N is even (1), one obtain Qgep = 0 (Schwarzschild black hole), which shows that
the number of particles on Hpg is equal to the number of antiparticles in the singularity
of Schwarzschild black hole, which corresponds exactly with the proposition (2.4) of
entangled pairs. If N is odd, one get Qpep = £g¢+ and if N is infinite, and by
using the analytic continuation of the Riemann zeta function of 0 ({(0) = 1/2), one get

NoR>® = i%\/m. The calculation has been already carried out in detail in [17].
This procedure can represent by the quantification of the total charge of the EGB black

hole according to

QEGB =nVM? -« ; n = {_17_1/2707 1/27 1}7 (32)

where n is a quantum number of the particles if n > 0, or of antiparticle if n < 0. The
charge Qpep is quantized in terms of M and «. This charge check the condition of exis-
tence of Hr: 2Qgep < rs and verify the condition Eq.(2.5). According to this last equa-
tions, even 7, M and « are qauntified by the relation (r — M)* = (1 —n2) (M2 — «).
For RN black hole one get Qry = nM. The EGB black hole is transformed into a
Schwarzschild black hole if the particles have zero charge (¢ = 0). The Bekenstein-
Hawking (BH) formula with supplementary logarithmic term [9] is given by

_A A (3.3)
S = 1 + 2malog A

where A = 47r7“_2F is the area of the event horizon of the black hole, whose can be ex-

panded in two supplementary logarithmic term by the use of the charge above [17]. The
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prescription Eq.(3.3) is equivalent to the generalized entropy of the quantum extremal
surface [18], if Spur = 2malog A/Ay. The von Neumann entropy of the bulk fields is
represented by the bulk entropy Sy, in the boundary region.

V. CP-SYMMETRY AND ER=-EPR

To describes the behavior of some particles under the symmetry operation of charge
conjugation, we introduce two operators Q and C, the first represents charge operator
and the second is the charge-conjugation operator. The operation C transforms a parti-
cle into antiparticle. Note that C and Q obeys anticomutation relation: CQ +9C = 0,
and therefore in general they do not possess the same eigenstate, where C |¢) = |g) and
Qlg) = q+ |g) (which, in turns, requires Q|G) = ¢_|g)), which means that {|q),|g)}
are eigenstates of Q. The parity operator satisfies P |¢) = —|q) and CP|q) = — ).
The vacuum state is invariant under the charge-conjugation operator C|0) = |0). Now,
let |¢) denote the quantum state of a system of N, particles with eigenvalue ¢,. Sim-
ilarly, |g) is the quantum state of N_ antiparticles with eigenvalue ¢_. Including the
charge-conjugation operator that respects C*|q) = (—1)k lg). Note that Qrep = nqy,
which leads to £n |q) = ]kvgjl C*|q) = N, |q) + N_|@). Then, the corresponding states
generated by
—N_ —N_

|Q>:N+_n|Q> or ’(.I>:N++n

2) (4.1)

therefore, the state of a particle is formulated in terms of the state of antiparticle. The
main reason is that this relation gives an aspect in of a wormhole between the two
states. It was explicitly confirmed by ER bridges from ER = EPR [25]. We would like to
point out that to obtain the normalizable states (¢ |¢) = 1 and (G |§) = 1, one could take
n={(Np—N_);N}orn={—N;(N_ — N;)}, where N = N_+ N,. Now, we consider
the two solutions n = —N and n = N. According to the condition Eq.(3.2) is impossible
that n > 1, which means that for these two cases N = 1. For the cases n = + (Ny — N_),
and by using the same condition, we show that N —1 < N; < N; 4 1. This means
that n = 0. Hence, following Eq.(4.1), we introduce

@) = —l = n=+(N.-N)=0, 12)
lg) = +1]q) =n==+N==£1L (4.3)
The case |q) = —|G) where N is even, i.e. N, = N_, one could take one degenerate

solution corresponding to n = 0, which describes the Schwarzschild black hole. Therefore,
this solution is invariant under the CP-symmetry as CP|q) = |q). Next, let’s consider

the case |q) = |g) (Majorana fermion!), which corresponds exactly with an extremal
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black hole (n = N = 1) and one anti-extremal black hole (n = —N = —1). In this
case, the Majorana fermion on the two horizons, lead to the violation of CP symmetry.
Therefore, the EGB black hole behaves under the normalizable states as Schwarzschild
or extremal black hole, also as anti-extremal black hole ( i.e. a black hole bounded
by antiparticles near the event horizon). If r_ = r, we get a anti-EGB black hole,
i.e. there is a great abundance of antimatter. Therefore, the particles and antiparticles
states are invariant under C-symmetry. Now, we consider the limit N — oo, where
N = 2N, = N = 2N_, similarly to the case of n = 0, one obtain |¢) = —|g), which
requiring that |¢) = (=1)"™"|g), where dy (N =1) = 1 and 5 (N = 1) = 0. The
next simplest means of verifying the existence of an Einstein-Rosen (ER) bridge between
particle near the event horizon Hp (n > 0) and antiparticle near the Cauchy horizon
Hy (n <0). It is then reasonable to consider the two entangled horizons. A more direct

physical reason for adopting this description is that in the situation indicated in 2

+ 4+ +

Figure 2: Distribution of charges and anti-charges on the two horizons H; and Hg.

Figure 3: For N = 1, the particle can be both on H; and Hg. For N = 1, every particle

on Hp is entangled with antiparticle on Hp.
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We notice that we can write Eq.(4.2) as follows |¢) 5, = (—1)"" @) n.- We introduce
the state |¥), of a black hole according to two possibilities {NV =1, N > 1}. We thus
take any two horizons H; and Hp that are entangled to be in the thermofield double
state [22, 24]

TFD(1) Ze 208 |n), & [n) (4.4)

where 8 = 1/T and |n), , defined in the microscopic UV-complete theories, they create
CFT states with energy [21]. The eigenstate |n); (or |n)p) of the CFTy, (or CFTR) cor-
responding to the degrees of freedom in Hy, (or Hy), and |n); is CPT conjugate of state
|n) p. The TFD is a maximally entangled state, which represents the formal purification
of the thermal mixed state of a one horizon (H or Hg) [23], with the reduced density
matrix within AdS/CFT via the Ryu-Takayanagi formula [15]. The mixed state given by
the incoherent sum over all generalized TFD states pryp = (1/N) >, |[TFD), , (TFD|
call the the thermo-mixed double, where N the total number of basis states. The corre-
sponding bulk geometry of the wormhole is formed by tr (p2.,,p) = >, e 2P+ /72, where
Z =73 e PFk is partition function, the square number 2 corresponds to the two hori-
zons. The generalized TFD states are orthogonal (T'F'D |TFD) ~ dx [23] in Eq.(?77?) give
(q|q) = (=) TTFPITED) “which corresponds to the result found by [27]. Now, similarly
to ER bridges connecting two black holes [16], considering ER bridge connecting the
two horizons Hy, and Hg. In this view, the EGB black hole can be regarded as the one
constructed by suitably gluing two black holes A and B. The black hole A bounded by

the horizon Hp (the quantum extremal surface), which is entangled with the anti-black
hole B bounded by the horizon H 4

Figure 4:  This figure represents two possibilities to connecting the two horizons. (a):
EGB black hole behaves as black hole A bounded by H g and anti-black hole B bounded
by Hy. The two horizons are connected between them by an ER bridge. (b): the
possibility to have the two entangled horizons on the same plane, is to use an ER bridge

in the form of Klein bottle.
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If we consider that the black hole absorbs matter, the anti-black hole absorbs the
antimatter. Moreover, the two horizons H;, and H g posits that this purification describes
two black holes with an ER bridg pin the extended space-time. The |T'F D) states evolved
over the corresponding time. Moreover, the information transferred from Hg to Hp by
the pure state of L ® R. Since this TFD state is pure on A U B, it is instructive to write
in terms of the minimum area. The entanglement entropy (EE) [15] of the blak hole A
equal to the entanglement entropy of black hole B: Sg (A) = Sg (B) (because y4 = v5)
4. This entropy is closely related to the holographic EE in asymptotically AdS spaces
[15]. The EE satisfies the subadditivity: Sg (AU B) < Sg (A) + Sg (B), the validity of
this inequality shows the presence of ER = EPR [25].

V. CONCLUSION
This Letter, based on the GB coupling which has been rescaled as «/(D — 4). We

investigated the relationship between the event horizon (with particles) and the Cauchy
horizon (with antiparticles) of the EGB black hole. Our results clearly demonstrate that
these two horizons are placed in two different black holes. The first black hole A is the
standard which is bounded by particles and the second limited by antimatter (anti-black
hole B). The choice of the value of the number of particles {N =1, N > 1}, allowed
to include a wormhole or an ER bridge between the two horizons H; and Hg. In this
basis, the state of the charge is formulated in terms of the anticharge state. The solution
lg) = —|q) is invariant under the CP-symmetry, on the other hand, the case |¢) = |q),
corresponds to the violation of CP. We have already established the invariance of the

charge state under the CP-symmetry, whose general can be expanded for anticharge

REFERENCES

1. Glavan, D., & Lin, C. (2020), Einstein-Gauss-Bonnet Gravity in Four-Dimensional
Spacetime, Phys. Rev. Lett., 124 (8), 081301.

2. Bonifacio, J., Hinterbichler, K., & Johnson, L. A. (2020), Amplitudes and 4D Gauss-
Bonnet Theory, Phys. Rev. D, 102 (2), 024029.

3. Gu'rses, M., S i ,sman, T. C,., & Tekin, B. (2020). Comment on “Einstein-Gauss-Bonnet
Gravity in Four-Dimensional Spacetime”, Phys. Rev. Lett., 125 (14), 149001.

4. Wang, D., & Mota, D. (2021). 4D Gauss—Bonnet gravity: Cosmological constraints, HO
tension and large scale structure, Phys. Dark Universe, 100813.

5. Wu, C. H., Hu, Y. P., & Xu, H. (2021). Hawking evaporation of Einstein—Gauss—Bonnet
AdS black holes in D= 4 dimensions, Eur. Phys. J. C, 81 (4), 1-9.

6. Feng, J. X., Gu, B. M., & Shu, F. W. (2021). Theoretical and observational con-straintson
regularized 4D Einstein-Gauss-Bonnet gravity. Phys. Rev. D, 103(6), 064002.

7. Horndeski, G. W. (1974). Second-order scalar-tensor field equations in a
four-dimensional space. Int. J. Theor. Phys., 10 (6), 363-384.

Could Einstein-Gauss-Bonnet black Hole be two Entangled Black Holes?

Volume 22 | Issue 13 | Compilation 1.0 © 2022 London Journals Press



0.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

© 2022 London Journals Press

Guo, M., & Li, P. C. (2020), Innermost stable circular orbit and shadow of the 4 D
Einstein—Gauss—Bonnet black hole, Eur. Phys. J. C, 80 (6), 1-8.

Fernandes, P. G. (2020), Charged black holes in AdS spaces in 4D Einstein Gauss-Bonnet
gravity, Phys. Lett. B, 135468.

Wei, S. W.,, & Liu, Y. X. (2020), Extended thermodynamics and microstructures of
four-dimensional charged Gauss-Bonnet black hole in AdS space, Phys. Rev. D, 101(10),
104018.

Cveti’c, M., Nojiri, S. 1., & Odintsov, S. D. (2002), Black hole thermodynamics and
negative entropy in de Sitter and anti-de Sitter Einstein—Gauss—Bonnet gravity, Nucl.
Phys. B, 628 (1-2), 295-330.

Yang, S. J., Wan, J. J., Chen, J., Yang, J., & Wang, Y. Q. (2020), Weak cosmic censorship
conjecture for the novel 4 D charged Einstein—Gauss—Bonnet black hole with test scalar
field and particle, Eur. Phys. J. C, 80(10), 1-11.

Panah, B. E., Jafarzade, K., & Hendi, S. H. (2020), Charged 4D Einstein-
Gauss-Bonnet-AdS black holes: Shadow, energy emission, deflection angle and heat
engine, Nucl. Phys. B, 115269.

Akal, 1., Kusuki, Y., Shiba, N., Takayanagi, T., & Wei, Z. (2021). Entanglement Entropy in a
Holographic Moving Mirror and the Page Curve, Phys. Rev. Lett., 126(6), 061604.

Ryu, S., & Takayanagi, T. (2006), Holographic derivation of entanglement entropy from
the anti—de sitter space/conformal field theory correspondence, Phys. Rev. Lett., 96(18),
181602.

Maldacena, J., & Susskind, L. (2013). Cool horizons for entangled black holes, Fortschritte
der Physik, 61 (9), 781-811.

Bousder, M., & Bennai, M. (2021), Particle-antiparticle in 4D charged Einstein-
Gauss-Bonnet black hole. Phys. Lett. B, 136343.doi.org/10.1016/j.physletb. 2021.136343.
Penington, G. (2020), Entanglement wedge reconstruction and the information para-dox,
J. High Energy Phys, 2020(9), 1-84.

Hajdukovic, D. S. (2014), Virtual gravitational dipoles: The key for the understand-ing of
the Universe?, Phys. Dark Universe, 3, 34-40.

Pascoli, Silvia, and Jessica Turner (2020), Matter—antimatter symmetry violated, Nature,
323-324.

Maldacena, J. (2003). Eternal black holes in anti-de Sitter. J. High Energy Phys, 2003
(04), o021.

Remmen, G. N., Bao, N., & Pollack, J. (2016), Entanglement conservation, ER=EPR, and a
new classical area theorem for wormholes, J. High Energy Phys, 2016(7),1-15.

Verlinde, H. (2020), ER= EPR revisited: on the entropy of an Einstein-Rosen bridge,
arXiv preprint arXiv:2003.13117.

Dai, D. C., Minic, D., Stojkovic, D., & Fu, C. (2020), Testing the ER= EPR con- jecture,
Phys. Rev. D, 102 (6), 066004.

Gharibyan, H., & Penna, R. F. (2014), Are entangled particles connected by worm- holes?
Evidence for the ER= EPR conjecture from entropy inequalities, Phys. Rev.D, 89 (6),
066001.10

Mukherjee, A., Mukhi, S., & Nigam, R. (2007). Dyon death eaters. Journal of High Energy
Physics, 2007 (10), 037.

Manschot, J., Pioline, B., & Sen, A. (2011). Wall crossing from Boltzmann black hole halos.
J. High Energy Phys, 2011 (7), 59.

Could Einstein-Gauss-Bonnet black Hole be two Entangled Black Holes?

Volume 22 | Issue 13 | Compilation 1.0

London Journal of Research in Science: Natural and Formal




