10P Publishing

@ CrossMark

OPENACCESS

RECEIVED
14 February 2022

REVISED
3 May 2022

ACCEPTED FOR PUBLICATION
20 May 2022

PUBLISHED
31 May 2022

Original content from this
work may be used under
the terms of the Creative
Commons Attribution 4.0
licence.

Any further distribution of
this work must maintain
attribution to the
author(s) and the title of
the work, journal citation
and DOL

J. Phys. Commun. 6 (2022) 055015 https://doi.org/10.1088/2399-6528 /ac71f5

Journal of Physics Communications

PAPER
Dissipation process in eternal black holes

Izumi Tanaka
Yotuya-gakuin, Fukuoka 810-0041 Japan

E-mail: escargoviolin@infoseek.jp

Keywords: eternal black hole, dissipation process, thermo field dynamics, AdS/CFT correspondence

Abstract

We consider the effect of the double trace deformation on the eternal black hole. On the boundary
CFTs, the deformation can be considered the dissipation in the thermofield dynamics framework. In
this framework, the entanglement operator describes the dissipation effect in boundary CFT.
Corresponding to CFTs, the wormhole in spacetime and the defect in code subspace are formed as
dissipative structures. These dissipative structures realize efficient processing through hierarchical
information in the gravitational system. Further, the Fisher information metric renders the Lyapunov
functional, which gives a criterion for the stability of the eternal black hole.

1. Introduction

Spacetime geometry is considered to be deeply related to quantum entanglement. ER=EPR conjecture attempts
to solve the black hole information paradox by creating a wormhole connecting far-apart spacetime pieces [1].
Wormbholes are solutions to the Einstein equations that work as tunnels in spacetime. Einstein-Rosen bridge first
gives geometric interpretation as an object connecting two copies of the black hole geometry. Traversable
wormbholes are considered for human short-cut travel through wormholes [2, 3]. The study of traversable
wormbholes is examined by general relativity. The stress energy tensor on the wormhole’s throat violates the null
energy condition (NEC) from Einstein equations. In other words, wormholes are supported by negative-energy
matter, i.e., exotic matter. NEC violation is a generic feature of all wormholes, whether they are time-dependent
or static. From this fact, the quantum effect plays a major role in their foundation [3-5].

EPR paradox is a gedankenexperiment proposed by Einstein, Podolsky, and Rosen. This paradox results
from a nonlocal property of quantum mechanics: two distant quantum objects do not always behave
independently, even if they are extremely far apart from each other. Namely, the locality is not established in
quantum mechanics. These two objects are called entangled. The reason is that quantum entanglement exists
only when the state of a composite system cannot be expressed as a product of the quantum states of its
individual subsystems. The ER=EPR conjecture asserts that there exists an Finstein-Rosen bridge connecting
black holes (ER), which is equivalent to the quantum entanglement (EPR) of quantum particles [6].

An eternal black hole establishes the situation verifying this conjecture. In the context of AdS/CFT
correspondence, the eternal black hole with two asymptotically AdS provides the two-boundary CFTs. The
description of the eternal black hole state is based on thermo field dynamics (TFD). The above picture is agreed
with the doubled multi-scale entanglement renormalization ansatz (MERA) network [7]. A doubled MERA
network is constructed by gluing two copies of the standard MERA together at infrared points by a bridge state
[8]. The continuous version of MERA (cMERA) gives the surface-state correspondence [9].

The deformed theory gives the coupling of two CFTs, leading to the NEC violation for the wormholes
[10, 11]. This deformed theory has a dissipative character, which has already been pointed out [12]. The
dissipation has universality phenomena from a micro to a macro perspective, such as non-equilibrium physics
or decoherence [13]. For quantum dissipation in the scalar field, the dissipation promotes a gapped momentum
space and reduces the particle energy [14]. The framework of TFD is adequate for detailing quantum
dissipation [15, 16].
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When we turn our attention to an exotic matter violating NEC, we find a squeezed quantum state as a
candidate, which realizes matter with negative energy density. Gravitational interaction leads to a squeezed
matter vacuum, further supporting the wormhole structure, accompanied by negative energy density [3, 17].
The framework of TFD is also adequate for detailing squeezed quantum states. This study addresses that the
dissipation process relates directly to double trace deformation in an eternal black hole.

2. Eternal black hole

Banados, Teitelboim, and Zanelli (BTZ) discovered that (2+1)-dimensional gravity has a black-hole solution
[18-20]. The BTZ black hole is asymptotically anti-de Sitter rather than asymptotically flat and has no curvature
singularity at the origin. At the same time, it has an event horizon and an inner horizon when rotating. Further, it
has thermodynamic properties as those of a (3 4 1)-dimensional black hole. The BTZ black hole in
Schwarzschild coordinates is given as follows:

r2 ]2 1 ] :

ds* = —| -M + — + —[dt® + dr® + rz(dqS - —dt) M
¢ 4r? (—M+ﬁ+£) 2r?

£ 472

This metric is the vacuum field equations of (2 + 1)-dimensional general relativity with a cosmological
constant — 1/#°. The parameters M and ] are the standard ADM mass and angular momentum, respectively.
(2 + 1)-dimensional Einstein-Maxwell action is given as follows:

1 2 . Q
S=— [dx/=¢ (R + = - 47TGFWF‘“’)W1th E, ==, 2
167G § 2 ‘ (- @

From this action, we have the following charged BTZ black hole solution:
2 , dr? 2792
ds* = —f(r)dt* + — + r<df?, 3)
f@)

where f(r) = ;722 — 8GM — 87GQ? ln(%). wis constant in this expression. Itis also possible to consider the
nonlinear Born-Infeld electrodynamics [21, 22].

Further modifications of the BTZ black hole solutions are found by allowing scale-dependent coupling
[23-28], by connection with string theory or horography [29-33] , and by introducing gravitational Chern-
Simons term [34].

We consider the eternal BTZ black hole , whose metric is given as follows:

,2

ds* = —

“ g O g r2dp. (4)
£ r? — 1}

22 . . . .
" is determined by its horizon radius r;,. Here and below, we

The inverse temperature of the BTZ black hole ,
will set AdS radius £ = 1. Figure 1 is the Penrose cfiagram of an eternal black hole.

An eternal black hole has a holographic description, which is dual to two copies of CFT in an entangled state:
The system is described by two identical uncoupled CFT on the disconnected boundary: H = H; ® Hg. This

entangled state |0(3)) € H is described by thermofield double state [35].

[0(8)) = eXpZtanh—l(_%)(OERH@}(L)T — 0L O®)|0)
K

= N exp (— 65” ) |E.)r ® |En)r, (5)

where 3is the inverse temperature of the black hole and |0) = |0)z ® |0) . In the above equation, O and O
are annihilation operators at right CFT and left CFT, respectively, i.e., O{°|0)z = O{|0), = 0.The energy
level is discrete, and corresponding energy states are |E, ), |E,,) r-

The state |0(3)) represents a single black hole on thermal equilibrium. |0(3)) is invariant under H, which
corresponds to the bulk Killing symmetry and the difference of Hamiltonians of the two CFTs.

H = Hg — H. (6)
3. Dissipation from double trace deformation

Double trace deformation considered by Gao, Jefferis, Wall (GJW) can be understood from the dissipative
viewpoint [11, 12]. The main characteristic of the GJW construction is a non-local interaction between the two
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Figure 1. Penrose diagram of eternal black hole.

boundaries, introduced through a small deformation of the original CFT Hamiltonian. From the BDHM
(Banks, Douglas, Horowitz, Martinec) prescription [12, 36, 37], a field near the boundary of the AdS black hole
can be alinear combination of the creation and annihilation operators. Especially, we choose the same operators
shown in equation (5):

O(R)T _ O(R) , O(R)T 4 O(R)
— Al =

o R 2i
OOt 4 oo , oWt _ o)
By = , By = . 7

L 5 L 5 ™)

Then we have the following relation:
ArBr + ARB] = i%(O(L)O(R) — OWTOWT), ©)

We build a modified Hamiltonian by summing up these terms:

8Hj = %Z OPOR — oPTODT), )

kek

where the finite sum of the momentum is denoted by the set /C.

3.1. Time evolution of the boundary CFT
We outline the dissipative model of the conformal field. The Lagrangian of a dissipative model of the conformal
field is given by

L= [as{o00m + Lo - vo . (10)

where is the damping coefficient. We have finite a propagation range from this Lagrangian: ¢, 1 ~ e~ 7"/ [14].
The second term leads to damping and corresponds to the modified Hamiltonian of equation (9).

From this viewpoint, double trace deformation can be understood as quantum dissipation [15, 16]. The time
evolution of the state |0(3)) is given by
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[0bay (£)) = exp(—idHyt)[0(53))
=exp)  D(HOPTOPT — OPOW)|0)
P

= exp(—%)exp(z 0§R>TO§CL”)|0>

k

= exp(—?)exp(z 0;}”05}”)|o>, (11)
k
where
S = (Z ORTOPInsinh®(D (1)) — OR OP Incosh*(D (t))). (12)
k

7. is expressed by replacing Og{R) with (’)i“. Y% and 7] are the entropy operators for the dissipative system
[15]. By the modified Hamiltonian 6H,, a portion of ® (¢) is time-dependent:

tanh’l[e(f%)] + lt: ke K,
D) = 2 (13)
B

tanh™! [e(’ )] : otherwise.
Asaresult, CFT calculates the entropy which is realized in spacetime:

(Opay (1) | S2l0bay (1)) = —— + Spuiko (14)
4G;

where Gj is the three-dimensional Newton constant, and o is the minimal surface area in the holographic
geometry [38]. Concretely, a minimal area surface is placed at the wormhole’s throat. In addition, Sy, is the
bulk entanglement entropy across the throat [39] derived from the dissipation process.

3.2. Time evolution of the gravitational system

We consider the gravitational system’s evolution corresponding to the boundary CFT. The state corresponding
to the gravitational system can be understood from the following: The vacuum state of the eternal black hole is
given by the Kruskal patch. A similar situation can be seen among the Minkowski vacuum and Rindler
thermofield double state [40, 41]. By selecting the bulk mode H{™, the global bulk field operator living in the
entire eternal black hole is given as follows [11]:

b(t, x, 2) = f dk(HOBE + HOBO + he). (15)

The deformation does not constrain these modes’ asymptotic behavior at order ~y. b is the annihilation
operator which defines the vacuum |0(k)). Because the bulk-free field two-point function in the BTZ
background and that in the Kruskal vacuum |0(k)) are same as up to normalization, |0(x)) can be recognized
bulk state corresponding boundary CFT [11, 42].

Annihilation operators in the regions (1) and (I 1) are given as

atV = b{Pcosh®, + b7 sinh @,

all" = b cosh®, + b7 sinh @, (16)
and H{® is related to the Killing mode F{" and F{":

H{" = F{’cosh®, + F!Vsinh @,

H{) = F!'cosh @, + F{"sinh &, a7)

In the above expression, tanh ®,, = exp(— fw/2). Bulk field operator in equation (15) can be expressed via
Killing modes:

o(t, x, 2) = f dk(FPal + F!PaV" + h.c). (18)

Using the operator defined in equation (5), we have
(00RO 10(3)) = (0() |’y ]0())

=(0(3)|OLTOL10(8)) = (0(k)|al VT al P l0(k))

S 3k — ) (19)

e Bw
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equation (19) shows that operators OE(R) and Oﬁf) are gauge theory modes rescaled by a two-point Green
function. From this rescaling, the identification among ng), OE(L), and ‘119)> alg Dis possible [43].
The states dual to a convex closed surface are related by the surface/state correspondence.

12(E)) = Usi, )| 2(X2))s (20)

where a smooth deformation preserving convexity connects two surfaces, and U(sy, s,) is a unitary
transformation [44]. From this correspondence, the state |0(/3)) of the boundary CFT and the state |0()) have
the following relation:

[0(3)) = Ul0(k)), (21)
where Uis the unitary transformation. The bulk state has the following expression:

10(k)) = eCiSe i M=ol "a o)

= % [ {Z exp(— i w3/ 2)|m)® i) I)}- (22)

ng

|0()) is not invariant by the generator G = >, (i®,, (alg) ¥ a! bt _ a! D a]((l))) given in equation (22). |0(x)) has a
configuration where the pair a’a{' ¥ is condensed. This state varies by the change in the pair’s distribution. The
pair is Nambu-Goldstone (NG) mode corresponding to the symmetry G. From this fact, the pair aé“ag D has
zero energy. |0(k)) posses the entanglement entropy between different momentum distributions as shown in
equation (22).

Without the dissipation, the change |0(5)) — |0(3 + Af)) in boundary CFT can be transitioned among
thermal state. This transition corresponds to the transition |0(k)) — |0(x + Ak)) in the gravitational system and
results from the change of spacetime structure, including the variation of the horizon radius.

In general, mapping among boundary CFT’s states and bulk’s multiparticle states can be complicated [45].
For establishing the thermal state, generators have different properties. From equation (5), the generator
oftheboundary CFT is givenas G = 3, tanhfl(#) OPTOPT — O OP), where the summation is
taken over discrete momentum. On the other hand, the generator of the gravitational system is given as
G=> @w(aﬁl) Talg DY _ alﬁl I)alg)), where summation over k symbolizes the integral. The gravitational system
needs NG mode made with continuous momentum for thermal transition. Equation (5) and equation (22) show
that the discrete sum of momentum in the boundary CFT corresponds to the infinite integral interval in
momentum for the gravitational system when considering the thermal state. Then, the finite sum in boundary
CFT corresponds to the finite integral in momentum for the gravitational system.

From this consideration, the boundary CFTs’ deformation shown in equation (11) corresponds to
dissipation to the gravitational system as follows:

|0Grav(t)> — exp(—iéHgt)|0(/$)> — p(—ibHgt) p(—i % i@w(alg)ralgm,aﬁmgl((n))|0>

= exp > @6 (@ al"" — alVa®))|0)
k

= exp(—iGp(1))0). (23)

In the above expression, we define the modified Hamiltonian 6H, from the identification in equation (19):

6Hy = i2 37 (a! V0" — alVa?), 24)
kel

and

7t ¢
— 4+ P, ke K,
Ds(t) =1 2 (25)

®,: otherwise.

In the above expression, K is obtained by interpolating the value in K with a continuous value.

We concentrate on the deformation effect on the state of the gravitational system. The transition is caused by
the generator Gp(t) given in equation (23) when the dissipation is applied. The fact that Gp() does not
annihilate the state |0g,ay (£)):

gD(t)lonv(t» =0 (26)

shows that |0g,.y (¥)) is not invariant by the generator Gp(#). From the generator Gp(¢), the quasi-particle
operator is given by the Bogoliubov matrix By:

5
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_( cosh(Dg (1)) —Sinh(gG(t))). (27)

K7\ Ssinh(®c (1)) cosh(®g (1))

Because the quasi-particle operators are not affected by the dissipation, the following equation is satisfied:
d . 1
= t+iwl|al = ,
(dt ) «
(i + iw)agj DT — o, (28)
dt
Together with the relation (27) and (28), the following equations are derived:
d . . d I
~ 4+ iw+ B '=By |al = 0,
(dt K k) k
d . 1 d 1D+
— 4 iw + B '—By |alPT = 0. 29
(dt < ar k) k 29)

B! %Bk k € K) only has a time dependence in the above equations. Because the time-dependency of the

Bogoliubov matrix modifies the equation for aﬁD-quantum and ‘119 D_quantum, the dissipative nature is
associated with the aﬁl), al((l D_quanta. From this equation, a(”, a{ V" ~ e le1i0(1) (k € K).These quanta are
time-decaying exponentially from dissipation. The evolution of |0,y ()} is obtained by differentiating

equation (23):

0
L 0Geay (0) = 257 @ a®* — alDa)|06ry (1)). (30)
8t kefC

The above equation has the following solution:

|0Gray (1)) = exp (12 {alDVTa®T — 40 I)al((l)})|0(/£)> (31)
ke

This equation shows that the time evolution of the vacuum in a non-equilibrium state is realized by the
condensation of the time decaying NG mode a{’a{'” (k € K)into the thermal vacuum.

If the deformed Hamiltonian is stopped to operate, the system returns to a thermal state, and the energy of
the excitation becomes zero superficially. During the above process, energy by the deformation spreads over the
spacetime and is lost at the end. Because the system of quantum fields has an infinite number of degrees of
freedom, the system absorbs finite changes in energy without changing the thermal state. However, applying
larger deformation leads to the instability of spacetime.

Next, we turn our attention to the characteristic phenomena on the wormhole’s throat. The degrees of
freedom of annihilation and creation operators are generated from separately manipulating the quantum field in
regions (I) and (I I). The degrees of freedom reduce to halfin the neighborhood of the midpoint of the throat.
The vanishing energy of a"a{' ¥ shows that a{'” behaves like a" with the opposite sign of energy. This fact leads
to the situation that ", (D (¢) (alg) f al((l Dt _ aﬁD al((l D)) is equivalent to EoxDc (1) (al((l) f aflll"' — al((l) afll)())
around the throat. ( — k) in a_j denotes the opposite sign of energy. This effect has been discussed in [46].

Asaresult, Gp causes a time-dependent single-mode squeezed state around the throat. Concretely, the
damping characteristic of the pair a{’a ) (k € K) induces a time-dependent single-mode squeezed state. In
this state, the fluctuation increases the expectation value of negative energy density. Accordingly, the single-
mode squeezed state violates NEC. The violation of NEC widens the area of the throat. However, an astronaut is
not allowed to enter the wormhole because TFD is a fine-tuned state [11].

From the holographic viewpoint, the widened area of the throat increases the entanglement entropy. The
following is a specific explanation of entropy generation. The generator corresponding to the single-mode
squeezed state at the throat has the same expression as time-dependent quantum quenches. The information
metric is considered in connection with cMERA [47]. In parallel with this argument, we consider the
gravitational system. |0g,,(f)) can be expressed as follows:

0G4y (1)) = e~ 75/2 exp{z aal DT} |0), (32)

k
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where

I == a’"aPlogsinh®D(t) — aa’ logcosh®Dg(t) = =Y S, (33)
K K

¢ corresponds to the entropy operators of the boundary %% and .97, which are defined in equation (12). The
expectation value of 9 is equivalent to equation (14). From equation (32), we have the following equation.

_10%
2 Ot

This equation shows the entropy variations give time evolution.
3}, is the one-parameter family of codimension-two closed surface, where u is the scale where

%mev(t)) _ 1060 (1)) (34)

u = — oo corresponds to IR and u = 0 corresponds to UV. Fisher information metric measuring the distance
between the two different quantum states is given by follows [44, 47].
Guuduz =1- |<‘b(2u)|q)(2u+du)> | (35)

In our situation, quantum distance is given as follows:
Gudu? =1 — |<OGrav(ta 1) |0Gray (t, u + du)>|
=1 — |(Oga(t, u)|e=7e/? exp{z alall DT} |0)]. (36)
k

equation (32) shows that |06,,,(#)) is determined by the aﬁl) variables, which projects the system (I) with the
elimination of the a' ¥ variables. This fact suggests that the quantum distance among single-mode and two-
mode squeezed states is different from that among two-mode squeezed states. Then, we can consider the time
variation of the metric.

(06rav(ts 101251060, (1 1 + 1) (Oras(t, 1 + i) O (1, ) )
1{0Gray(t, 1)10Gray(t, u + du))|
(06t 1106y (8, 1+ ) (Oras (1, 1 + )| 1061001, ) )
1{0Grav(t, 1) |0Grav(t, 1 + du))|

This equation shows that the time derivative of the Fisher information relates to the entropy generation rate. On
the other hand, without dissipation, % = 0leadsto 9,G,,, = 0. This state is an equilibrium state.

atGuu du2 ==

N (37)

Let A and B be the locations at equal displacements % from the center of the throat M in the regions (I) and
(IT) directions.

0 0
at Guu duZ = - El <0va(t: uA) |0va(t) uM)) |: - El <0va(t) uB) |0va(t1 uM)> | (38)
This equation shows that the 9,G,,,, corresponds to the rate of change in information from the NEC violation
by a single-mode squeezed state at the throat. The wormhole’s throat functions as an interface between (I) and
(1T), which is a trigger for generating the correlation between quanta a{” and a{' V. This correlation leads to the
generation of bulk entanglement entropy Sy, ;x. At the same time, equation (29) and (31) show that condensed

quanta al((l), al((l D

k € K) decay with time, which decreases the correlation and also contributes to S, -

3.3. Information processing

The previous sections describe transitions among the thermal states and the dissipative process. These
descriptions suggest that boundary CFTs function as a gravitational system controller, which implements the
information processing between boundary CFT and the bulk gravitational system.

We detail the information processing between boundary CFTs and the bulk gravitational system in the
following. Two Fock spaces are inequivalent if the state vectors in one Fock space are not a superposition of the
state vector of another Fock space [48]. Because the same observed particles describe the system on the
dissipation process, the equivalent Fock space is used, and efficient information processing is realized.

The code subspace is made from the vacuum |0¢,,,(¥)), which belongs to the Fock space [49]. NG mode is a
communication device among the particles in the condensate for information processing, which can propagate
over spacetime and enables robust functioning code. Further, information transmission based on the squeezed
NG mode reduces the number of steps of the information process by using the generation of quantum
entanglement [48].

The eternal black hole provides an open system. If the deformation is applied, the system approaches to non-
equilibrium state. The deformation brings about an outstanding feature in CFT’s information processing. The
main point is that the deformation brings about hierarchy in information. Deformation differentiates NG

7
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Table 1. Hierarchy of information.

Underlayer Upper layer Dissipative structure Function
Time decay Single-mode squeezed Wormbhole Information production
Information transmission
Two-mode squeezed Defect Information dissipation
Information transmission
No time decay Single-mode squeezed Wormhole Information transmission
Two-mode squeezed Defect Information transmission

modes into those that decay with time and those that do not. This differentiation creates the underlayer of the
information, which is the base structure of information. Further, the underlayer of the information is
subdivided from functionality. One function is to dissipate the information, and the other function is to increase
the fluctuation of the information.

Specifically, it can be explained as follows: degrees of freedom become a half around the wormhole’s throat.
This characteristic provides different types of squeezing at the throat and outside the throat. This functionality
provides the upper layer of the information, which plays a crucial role in information processing. This
differentiation of functionality creates a hierarchy of information shown as table 1.

Single-mode squeezed NG mode with time-decay constructs a wormhole, which dynamically changes the
topology of spacetime to stabilize the non-equilibrium state. The wormhole’s throat functions as an interface
between (I) and (I11) and correlates them. This correlation leads to the generation of bulk entanglement entropy
Spuik- In this process, S% /1 in CFTs can calculate the generated entropy. Controller CFT gives the entropy .%; for
the gravitational system by interpolating the %% ;. Calculating the expectation value of /%, at the CFT gives the
expectation value of %, which lightens the burden of CFTs’ processing power.

In this context, the wormhole is called a dissipative structure. A non-equilibrium dissipative system is a
system in which dynamic stability is maintained by taking in information from the external environment and
dissipating it. This system needs a dissipative structure, which is a self-organized macroscopic structure for
maintaining dynamic stability [ 13]. The function of increasing fluctuation of information and dissipating
information as an interface establishes a wormhole’s self-organization.

Another realized dissipative structure is the defect formed in the code subspace |06,4,(t)) by the time-decay
NG mode shown in equation (31). The defect acquires information from the time-decaying NG mode and
changes the distribution of pair-condensate in the thermal vacuum.

In the following, we explain the uplink and downlink of the information shown in figure 2.

Uplink: By equation (21), boundary CFT’s vacuum is converted to the vacuum of the gravitational system.
Deformation on the boundary CFT is expressed in modified Hamiltonian 6H;, shown in equation (9). When the
deformation 6H,, is applied to the boundary CFTs, CFTs as controllers cause the dissipative process to the
gravitating system by operating 0Hy, shown in equation (24). The identification in equation (19) is used to
convert the discrete sum of CFT operators to the continuous sum of operators in the gravitational system. This
manipulation leads to interpolating the degrees of freedom of 6H,,.

Instead of using the identification here, entanglement manipulation can achieve interpolating. During the
thermal state, the information of NG mode is entanglement concentrated for storing ebits or distilled to a
maximally entangled state. This stored information can be restored for generating the necessary degrees of
freedom. Classical communication among boundary CFTs for this manipulation can be neglected when storing a
large number of NG modes for entanglement concentration. On the other hand, a maximally entangled state needs
classical communication for manipulation. In the processing, we do not find the generation of entanglement
entropy [50, 51]. This operation allows the CFTs to realize interpolating but imposes a heavy burden on the CFTs.

The added deformation creates a time-decay NG mode, which causes a change in pair-condensate by
forming a defect in the code subspace. The two-mode squeezed NG mode communicates this change in the
distribution of pair-condensate. The two-mode squeezed NG mode changes to the single-mode squeezed state
on the throat. Further, its time decay nature widens the throat. This effect contributes to entropy generation and
allows the throat to interface between the two regions (I) and (I I). This interface allows a single-mode squeezed
NG mode to transmit information between the two regions. Regions (I) and (I I) can share the information
through the information transmission. Then, this interface helps to correlate quanta between them, which leads
to the generation of Sp, .

Downlink: A single-mode squeezed NG mode will change to a two-mode squeeze in the bulk after
exchanging the information. This variation causes a change in the distribution of pair-condensate in the code
subspace. This change in the distribution of pair-condensate is transmitted by the two-mode squeezed
NG mode.
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Figure 2. Schematic diagram of information processing. Boundary CFTs control the gravitational system.

If CFTs can take over the entanglement manipulation, CFT's store this information for generating degrees of
freedom. CFTs detect NG modes and entanglement concentrate or distill to a maximally entangled state. From this
processing, bulk degrees of freedom are encoded into the boundary CFT. Boundary CFTs can keep the spacetime
stable if they have the feedback function which force-quit the deformation when detecting the instability.

4. Stability of black hole

Ablack hole under the deformation is in a non-equilibrium state. In the following, we will explain whether it is
stable or not.
The time derivative of the quantity F(t) = (06t 114)|0Gau(t, tip)), where A and Bbe the locations at equal
displacements %” from the center of the throat, gives the expectation value of entropy generation rate:
0

0
EF(t) = E<0va(t’ ”A)lOva(t: MB)> = <Ova(t’ uy)

075 | 0crunts 1)) (39)

As shown in equation (38), the information metric between A and Bis given as follows:

0,Gydu? — QEOVEW" + FO)OF (1) (40)

[F ()]

|0,F(t)| can be regarded as Lyapunov functional, which gives a criterion for the stability of the eternal black
hole. This is because |0,F(t)| satisfies |0.F(f)| > 0 in non-equilibrium processes and |0,F(¢)| = 0 in equilibrium
states. In a stable non-equilibrium state, |9,F(£)| > “& > 0. According to the criterion, the non-equilibrium state
is stable when gl@tF (t)] < 0.Because |0.F(t)| represents the rate of change of the non-equilibrium state,
stability requires that the rate of change be decelerated. The information at the wormhole’s throat describes the
non-equilibrium state of the eternal black hole. Methods for analyzing stability from information geometry have
already been developed [52].
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_I_A

Stable

a

Unstable

0 b

arrows limits of integration of %|8,F (t)| when the black hole is stable.

Figure 3. Phase diagram on the (|k|, T) plane. The curve ab is the phase boundary separating the stable phase and unstable phase. Solid

k|

Figure 4. Diagram of doubled MERA network. Two copies of the standard MERA are glued.

In the following, we summarize the eternal black hole’s stability analysis from |0,F(¢)|. figure 3 indicates
limits of integration that ensure the stability of a black hole. Let R be the region bounded by the curve ab,
momentum |k| = 0, and temperature T = 0. Under constant temperature, the black hole is stable when the

0

interval of integration of |9, F (¢)| is a finite interval where both limits belong to R, as shown by the solid

or

arrows. Figure 3 shows that the interval of integration that gives stability becomes large at higher temperatures.
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Usually, the Glansdorf-Prigogine criterion is used for non-equilibrium stability. This criterion utilizes
quadratic variations of the system’s entropy — §°S/2 as a Lyapunov functional. The quadratic variation of
entropy thatis locally in equilibrium is negative. This fact can be understood from positive heat capacity:

T2
%(525 =— % ,where Cy is heat capacity.
. . . . . . 1. . 2 . . .
This functional gives the criterion for instability: the excess entropy production %675 gives the criterion for

%% > 0. The condition %?
condition of the instability, but it is not a sufficient condition [13]. %? > 0 indicates that the absolute value of
the quadratic variations of entropy decrease, i.e., the fluctuations of entropy decrease. On the other hand, our
discussion shows that the Lyapunov functional |0,F| corresponds to the rate of entropy change and that stability
is achieved when the rate is decelerated. Our argument and the Glansdorf-Prigogine criterion include the same

context, i.e., both criteria are consistent in that the fluctuations of entropy are decreasing. As a result, thereisa

instability. The non-equilibrium state is stable if the < 0is the necessary

possibility of a thermodynamic trade-off between % |0;F (t)| and excess entropy production %? [52].

As the deformation becomes large, the damping characteristic becomes strong. This effect leads to the
widening of the wormhole’s throat and a decrease in correlation. As a result, instability in the TFD is induced,
which is similar to the effect of shockwaves [53, 54].

Holographic entanglement entropy’s increase can be understood from the viewpoint of doubled MERA
network shown in figure 4. Dissipation accompanies the time-decay of a” and a{' . Boundary CFT detects the
time-decay modes made of quantum a” and a{! V. This detection shows a decrease in the physical degrees of
freedom of the corresponding operator on the boundary CFTs. Then, the doubled MERA network’s layer
number reduces, and the holographic entanglement entropy increases.

5. Conclusion

We consider the effect of the double trace deformation on the eternal black hole. On the boundary CFTs, the
deformation can be considered the dissipation in the thermofield dynamics framework. In this framework, the
entanglement operator describes the dissipation effect in boundary CFT. CFT's can become the controller with a
small processing load and implement a non-equilibrium state in the gravitational system. Further, CFTs utilize
NG mode to detect condensation configuration and encode bulk degrees of freedom.

Corresponding to CFT's, the wormhole in spacetime and the defect in code subspace are formed as
dissipative structures. These dissipative structures realize efficient processing through hierarchical information
in the gravitational system. In this processing, NG mode functions as a communication device over spacetime.

Further, the Fisher information metric renders the Lyapunov functional, which gives a criterion for the
stability of the eternal black hole. Instability is caused as the deformation becomes large. Strong damping
characteristic leads to the widening of the wormhole’s throat and the decrease in correlation. As a result,
instability in the TFD is induced, which is similar to the effect of shockwaves [53, 54]. Since these factors that
create instability are dimension-independent, similar instabilities exist for higher-dimensional black holes.

Charged black holes have rich spacetime structure when the model parameters are varied, where spacetime
properties determine the condition of phase transition. Further, the presence of charge introduces a correction
term to the entropy. As a result, we have a more complex phase diagram for an eternal charged black hole
[22,55, 56].

Itis known that topological phase transitions can be detected from the c-function [57]. In our situation,
although NEC has been broken in three-dimensional spacetime, the information metric detects the instability
and plays a similar role as the c-function.

Data availability statement

No new data were created or analysed in this study.

ORCID iDs

Izumi Tanaka @ https:/orcid.org/0000-0001-8013-2502

References

[1] MaldacenaJ and Susskind L2013 Cool horizons for entangled black holes Fortschritte der Phys. 61 1-31
[2] Einstein A and Rosen N 1935 The particle problem in the general theory of relativity Phys. Rev. 48 73

11


https://orcid.org/0000-0001-8013-2502
https://orcid.org/0000-0001-8013-2502
https://orcid.org/0000-0001-8013-2502
https://orcid.org/0000-0001-8013-2502
https://doi.org/10.1002/prop.201300020
https://doi.org/10.1002/prop.201300020
https://doi.org/10.1002/prop.201300020
https://doi.org/10.1103/PhysRev.48.73

I0OP Publishing J. Phys. Commun. 6 (2022) 055015 I Tanaka

[3] Morris M S and Thorne K'S 1988 Wormholes in spacetime and their use for interstellar travel: a tool for teaching general relativity Am.
J. Phys. 56 395
[4] Visser M 1995 Lorentzian Wormbholes: from Einstein to Hawking (Singapore: AIP Press)
[5] Hochberg D and Visser M 1999 General dynamic wormholes and violation of the null energy condition arXiv:gr-qc/9901020
[6] Einstein A, Podolsky B and Rosen N 1935 Can quantum-mechanical description of physical reality be considered complete? Phys. Rev.
47777
[7] Evenbly G and Vidal G 2015 Tensor network renormalization Phys. Rev. Lett. 115 180405
[8] Matsueda H, Ishihara M and Hashizume Y 2013 Tensor network and a black hole Phys. Rev. D 87 066002
[9] Miyaji M, Numasawa T, Shiba M, Takayanagi T and Watanabe K 2015 Continuous multiscale entanglement renormalization Ansatz as
Holographic Surface-State Correspondence Phys. Rev. Lett 115 171602
[10] Aharony O, Berkooz M and Katz B 2005 Non-local effects of multi-trace deformations in the AdS/CFT correspondence J. High Energy
Phys. JHEP10(2005)097
[11] Gao P, Jafferis D Land Wall A C2017 Traversable wormholes via a double trace deformation J. High Energy Phys. JHEP12(2017)151
[12] CantcheffM B, Gadelha A L, Marchioro D F Z and Nedel D L2018 Entanglement from dissipation and holographic interpretation Eur.
Phys. ].C78105
[13] KondepudiD and Prigogine I 2014 Modern Thermodynamics: From Heat Engines to Dissipative Structures (Chichester: Wiley)
[14] Trachenko K 2019 Quantum dissipation in a scalar field theory with gapped momentum states Sci Rep 9 6766
[15] TakahashiY and Umezawa H 1996 Thermo field dynamics Int. J. Mod. Phys. B10 1755
[16] Celeghini E, Rasetti M and Vitiello G 1992 Quantum dissipation Ann. Phys. 215 156
[17] Hochberg D and Kephart T W 1991 Lorentzian wormbholes from the gravitationally squeezed vacuum Phys. Lett B 268 377
[18] Banados M, Teitelboim C and ZanelliJ 1992 The Black hole in three-dimensional space-time Phys. Rev. Lett. 69 1849
[19] Banados M, Henneaux M, Teitelboim C and Zanelli ] 1993 Geometry of the (2+1) black hole Phys. Rev. D 48 1506
[20] Carlip S 1995 The (2 + 1)-dimensional black hole Class. Quantum Grav. 12 2853
[21] Mansoori S A H, Mirza B, Darareh M D and Janbaz S 2016 Entanglement thermodynamics of the generalized charged BTZ black hole
Int. J. Mod. Phys. A31 1650067
[22] TangZ-Y, Zhang C-Y, Zangeneh M K, Wang B and Saavedra ] 2017 Thermodynamical and dynamical properties of charged BTZ black
holes Eur. Phys. . C77 390
[23] Chan K CKand Mann R B 1994 Static charged black holes in (2+1)-dimensional dilaton gravity Phys. Rev. D 50 6385
[24] Koch B, Reyes I and Rincén A 2016 A scale dependent black hole in three-dimensional space-time Class Quantum Grav. 33 225010
[25] Rincén A, Koch B and Reyes 12017 BTZ black hole assuming running couplings J. Phys.: Conf. Ser. 831 012007
[26] Rincédn A, Contreras E, Bargueno P, Koch B, Panotopoulos G and Herndndez-Arboleda A 2017 Scale dependent three-dimensional
charged black holes in linear and non-linear electrodynamics The Euro Phys ] C77 494
[27] Rincén A and Koch B 2018 Scale-dependent rotating BTZ black hole The Euro Phys JC 78 1022
[28] FathiM, Rincén A and Villanueva J R 2020 Photons trajectories on a first order scale-dependent static BTZ black hole Class. Quantum
Grav. 37 075004
[29] Horowitz G T and Welch D L 1993 String theory formulation of the three-dimensional black hole Phys. Rev. Lett. 71 328
[30] Horowitz G T and Welch D L 1994 Duality invariance of the Hawking temperature and entropy Phys. Rev. D 49 R590(R)
[31] Emparan R and Tomagevi¢ M 2020 Strong cosmic censorship in the BTZ black hole J. High Energy Phys. JHEP06(2020)038
[32] Emparan R, Frassino AM and Way B 2020 Quantum BTZ black hole J. High Energy Phys. JHEP11(2020)137
[33] Emparan R, Frassino A M, Sasieta M and Tomasevi¢ M 2022 Holographic complexity of quantum black holes J. High Energy Phys.
JHEP02(2022)204
[34] Deser S, Jackiw R and Templeton S 1982 Three-dimensional massive gauge theories Phys. Rev. Lett. 48 975
Deser S, Jackiw R and Templeton S 1982 Topologically massive gauge theories Ann. Phys. 140 372
[35] Maldacena ] M 2003 Eternal black holes in Anti-de Sitter J. High Energy Phys. JHEP04(2003)021
[36] Banks T, Douglas M R, Horowitz G T and Martinec EJ 1998 AdS dynamics from conformal field theory arXiv:9808016 [hep-th]
[37] Harlow D and Stanford D 2011 Operator dictionaries and wave functions in AdS/CFT and dS/CFT arXiv:1104.2621 [hep-th]
[38] RyuSand Takayanagi T 2006 Holographic derivation of entanglement entropy from the anti-de Sitter space/conformal field theory
correspondence Phys. Rev. Lett. 96 181602
[39] Faulkner T, Lewkowycz A and Maldacena J 2013 Quantum corrections to holographic entanglement entropy J. High Energy Phys.
JHEP11(2013)074
[40] Israel W 1976 Thermo-field dynamics of black holes Phys. Lett. A 57 107
[41] Unruh W G 1976 Notes on black-hole evaporation Phys. Rev. D 14 870
[42] IchinoseIand SatohY 1995 Entropies of scalar fields on three dimensional black holes Nucl. Phys. B 447 340
[43] Papadodimas K and Raju $ 2013 An infalling observer in AdS/CFT J. High Energy Phys. JHEP10(2013)212
[44] Miyaji M and Takayanagi T 2015 Surface/state correspondence as a generalized holography PTEP 2015 073B03
[45] PolchinskiJ, Susskind L and Toumbas N 1999 Negative energy, superluminosity, and holography Phys. Rev. D 60 084006
[46] Tanakal2001 Black hole evaporation with TFD formalism Phys. Lett B 516 403
[47] Mollabashi A, Naozaki M, Ryu S and Takayanagi T 2014 Holographic geometry of cMERA for quantum quenches and finite
temperature J. High Energy Phys. JHEP03(2014)098
[48] Umezawa H 1995 Advanced Field Theory: Micro, Macro, and Thermal Physics (New York: American Institute of Physics)
[49] Almheiri A, Dong X and Harlow D 2015 Bulk locality and quantum error correction in AdS/CFT J. High Energy Phys. JHEP04
(2015)163
[50] Wilde M M 2013 Quantum Information Theory (Cambridge: Cambridge University Press)
[51] Hayashi M 2006 Quantum Information, An Introduction (Berlin: Springer)
[52] Ito S2019 Information geometry, trade-off relations, and generalized Glansdorff-Prigogine criterion for stability arXiv:1908.09446
[cond-mat.stat-mech]
[53] Maldacena], Stanford D and Yang Z 2017 Diving into traversable wormholes Fortschritte der Phys. 65 1700034
[54] Shenker S H and Stanford D 2014 Black holes and the butterfly effect J. High Energy Phys. JHEP03(2014)067
[55] CadoniM, Melis M and Setare M R 2008 Microscopic entropy of the charged BTZ black hole Class Quantum Grav. 25 195022
[56] Pourhassan B and Faizal M 2015 Thermal fluctuations in a charged AdS black hole EPL 111 40006
[57] Myers R Cand Sinha A 2010 Seeing a c-theorem with holography Phys. Rev. D 82 046006

12


https://doi.org/10.1119/1.15620
http://arxiv.org/abs/gr-qc/9901020
https://doi.org/10.1103/PhysRev.47.777
https://doi.org/10.1103/PhysRevLett.115.180405
https://doi.org/10.1103/PhysRevD.87.066002
https://doi.org/10.1103/PhysRevLett.115.171602
https://doi.org/10.1088/1126-6708/2005/10/097
https://doi.org/10.1007/JHEP12(2017)151
https://doi.org/10.1140/epjc/s10052-018-5545-2
https://doi.org/10.1038/s41598-019-43273-9
https://doi.org/10.1142/S0217979296000817
https://doi.org/10.1016/0003-4916(92)90302-3
https://doi.org/10.1016/0370-2693(91)91593-K
https://doi.org/10.1103/PhysRevLett.69.1849
https://doi.org/10.1103/PhysRevD.48.1506
https://doi.org/10.1088/0264-9381/12/12/005
https://doi.org/10.1142/S0217751X16500676
https://doi.org/10.1140/epjc/s10052-017-4966-7
https://doi.org/10.1103/PhysRevD.50.6385
https://doi.org/10.1088/0264-9381/33/22/225010
https://doi.org/10.1088/1742-6596/831/1/012007
https://doi.org/10.1140/epjc/s10052-017-5045-9
https://doi.org/10.1140/epjc/s10052-018-6488-3
https://doi.org/10.1088/1361-6382/ab6f7c
https://doi.org/10.1103/PhysRevLett.71.328
https://doi.org/10.1103/PhysRevD.49.R590
https://doi.org/10.1007/JHEP06(2020)038
https://doi.org/10.1007/JHEP11(2020)137
https://doi.org/10.1007/JHEP02(2022)204
https://doi.org/10.1103/PhysRevLett.48.975
https://doi.org/10.1016/0003-4916(82)90164-6
https://doi.org/10.1088/1126-6708/2003/04/021
http://arxiv.org/abs/9808016
http://arxiv.org/abs/1104.2621
https://doi.org/10.1103/PhysRevLett.96.181602
https://doi.org/10.1007/JHEP11(2013)074
https://doi.org/10.1016/0375-9601(76)90178-X
https://doi.org/10.1103/PhysRevD.14.870
https://doi.org/10.1016/0550-3213(95)00197-Z
https://doi.org/10.1007/JHEP10(2013)212
https://doi.org/10.1093/ptep/ptv089
https://doi.org/10.1103/PhysRevD.60.084006
https://doi.org/10.1016/S0370-2693(01)00941-8
https://doi.org/10.1007/JHEP03(2014)098
https://doi.org/10.1007/JHEP04(2015)163
https://doi.org/10.1007/JHEP04(2015)163
http://arxiv.org/abs/1908.09446
https://doi.org/10.1002/prop.201700034
https://doi.org/10.1007/JHEP03(2014)067
https://doi.org/10.1088/0264-9381/25/19/195022
https://doi.org/10.1209/0295-5075/111/40006
https://doi.org/10.1103/PhysRevD.82.046006

	1. Introduction
	2. Eternal black hole
	3. Dissipation from double trace deformation
	3.1. Time evolution of the boundary CFT
	3.2. Time evolution of the gravitational system
	3.3. Information processing

	4. Stability of black hole
	5. Conclusion
	Data availability statement
	References



