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Abstract

In this thesis, we discuss the relationship between a gravitational perturbation and a
TT-deformation in 2D dilaton gravity systems. The T7T-deformation is an irrelevant de-
formation of two-dimensional field theories generated by the determinant operator of the
energy-momentum tensor. As a notable feature, the TT-deformation is solvable and many
properties such as the spectrum can be investigated. In a pioneering work by Dubovsky et
al., it has been shown that a gravitational perturbation around the flat space-time can be
interpreted as a TT-deformation of an original matter action. In this paper, we extend this

discussion to the case of AdS, space-time.

To obtain solvable 2D dilaton gravity systems, we employ the technique of the Yang-
Baxter deformations which is a systematical method of integrable deformations of non-
linear sigma models. We analytically derive general solutions of the deformations of the
Jackiw-Teitelboim (JT) model and obtain the deformed black hole solution. We calculate
the entropy of the deformed black hole and show that it is reproduced from the physical
quantities on the singularity surface generated by the deformation. This result is a non-
trivial evidence providing that the holographic principle is also valid on the deformed space-
time. In addition, we find that the deformed gravity model is classically equivalent to the

Liouville dilaton gravity with a negative cosmological constant term.

Then, we study the relationship between a gravitational perturbation and a TT-deformation.
First, we consider general dilaton gravity models coupled to arbitrary matters and derive a
quadratic action. Then, we find certain conditions under which a gravitational perturbation
can be interpreted as a TT-deformation of a matter action. We further show that, in the
case of the Liouville gravity theory, a gravitational perturbation can be interpreted as a
TT-deformation on AdS,. We also construct a gravitational solution coupled to general

matter fields.
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Chapter 1

Introduction

One of the most significant issues to seek quantum gravity is to understand the behavior of
gravity in the ultraviolet region. Since gravity is an irrelevant interaction, it is important to
understand the irrelevant perturbation of field theories. However, the irrelevant deformation
induces an infinite number of interaction terms in the ultraviolet region, which cannot be
renormalized, and its general properties cannot be understood. Recently, in the case of two
dimensions, an irrelevant but integrable deformation called a TT-deformation was proposed

[1,2], and the relationship with two-dimensional gravity has been actively discussed.
A infinitesimal T7-deformation is triggered by the TT-operator Ops, such that
1
Orp = —detT,, = To.Te: — T2 (1.0.1)

Here T}, is the energy momentum tensor and (z, Z) are (anti-)holomorphic coordinates. This
composite operator was first introduced by Sasha Zamolodchikov [3] for two-dimensional
field theories. Since it was originally discussed as a composite operator of CFT,, this

operator is customarily called the TT-operator even though the trace part © is zero.

From now on, we describe the undeformed Lagrangian as £©. The Lagrangian la-
beled with the deformation parameter 7 is scripted as £(7). The infinitesimally deformed

7+07) is given by

Lagrangian £
L0 = £0 5700 (1.0.2)

It should be noted that the energy-momentum tensor on the right-hand side is defined by

the deformed Lagrangian £(). The mass dimension of the parameter 7 is (length)?, and
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then this deformation is actually an irrelevant deformation. This gives a finite flow in theory

space.
0.L0) = 00 (1.0.3)

The TT-deformation is independently proposed by [1,2]. It has been discussed the defor-
mation as random geometry [4] and a deformed partition function [5]. The deformations

has been presented in closed form [12]. ! For a nice review on the TT-deformation, see [13].

The most notable feature of the TT-deformation is the “integrability” in the following
sense. For example, the Lax pair of the deformed theory was also constructed explic-
itly [2,14,15]. That means that the infinite number of the classical conserved charges are
guaranteed and the deformed theories are classically integrable. In fact, the energy spec-
trum of TT-deformed theories is known to follow the inviscid Burgers’ equation and can be
calculated. Another argument is about the deformation of the S-matrix. In 2D integrable
QFT, it is known that N-body S-matrix is factorized into a product of 2-body S-matrixes.
This factorization property is the onset of the quantum integrability. The S-matrix is deter-
mined by Lorentz symmetry, crossing symmetry, and unitarity, up to the phase factor called
Castillejo-Dalitz-Dyson (CDD) factor [16]. The TT-deformation is a irrelevant deformation
and then modifies only the CDD factor. Thus, the factorization property of S-matrix still
holds after the deformation. In this sense as well, the TT-deformation may be called inte-
grable deformation. Thus, the TT-deformation is solvable by the “integrability” behind it

even though it is an irrelevant perturbation.

The simplest and the most interesting example of the TT-deformation is the case of
massless bosons. Specifically, solving the flow equation, the deformed Lagrangian becomes
the Nambu-Goto (NG) action fixed to a static gauge [2]. The NG action is, of course,
known as the action of the string theory. In fact, the energy spectrum and the entropy
of the TT-deformed theory show the Hagedorn behavior which is characteristic feature of
a non-local theory like string theory. From these facts, it is expected that a TT-flow will

realize a string-like theory or a gravity theory in the ultraviolet region.

IThere are many kinds of generalization of TT-deformations, for example, the deformations on curved

space-time [6,7] and the deformation of super symmetric models [8-11]
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One achievement on the correspondence between a T'T-deformation and a gravitational
perturbation was provided by Dubovsky, Gorbenko, and Mirbabayi [17]. They considered
a gravitational perturbation around a vacuum solution to the flat-space Jackiew-Teitelboim
gravity. The Jackiw-Teitelboim (JT) gravity [18,19] is originally one of 2D dilaton gravity
models, which supports the AdS, space-time as a vacuum solution. Dubovsky et al. con-
sidered the flat space limit of the JT model coupled to arbitrary matter fields and showed
that a gravitational perturbation can be reinterpreted as a TT-deformation of the original
matter action. They also showed that the matter theory gets a gravitationally dressing fac-
tor in front of the S-matrix due to the perturbation. This result indicates that the classical
gravitational perturbations can be seen as a non-perturbative quantum effect to the matter

field theory. However, this result has been shown only in the flat-space JT gravity.

In this thesis, we discuss the generalization of the work by Dubovsky et al. to the cases
on curved space-times, especially the AdS space-time based on our works [20-23]. We find
the condition for dilaton potentials so that a gravitational perturbation can be interpreted
as a TT-deformation in general dilaton gravity systems. An important example is the case
of the Liouville gravity with a negative cosmological constant. This model also supports
AdS space-time as a vacuum solution, and at the same time, the gravitational perturbation

can be reinterpreted as a finite TT-deformation of a matter action.

This thesis is organized as follow. In chapter 2, we review the basic properties of the
TT-deformation. First, we give the definition of TT-operator and TT-deformation and show
some concrete examples. Then, we demonstrate that the deformation of a scalar field theory
becomes the Nambu-Goto action in a static gauge. After confirming that this operator is
quantum-mechanically well-define, we give a proof of Zamolodchikov’s factorization theorem.
As an important consequence of this theorem, we make sure that the energy spectrum of
the deformed theories follows the inviscid Burgers’ equation. In particular, we focus on the
deformation of CFTy and discuss its properties. Lastly, from the perspective of AdS3/CFT,
correspondence, we list and comment on some suggestions for the holographic dual of the

deformed CFT,.

In chapter 3, we considers the two-dimensional dilaton gravity theory. First, we will



introduce a general system consisting only of metric and dilaton fields. In this paper, we
pay particular attention to the JT gravity and summarize the vacuum solution and back-
ground space-times. It is point out that the thermodynamic quantities of the AdS black
hole is holographically reproduced from the physical quantity on the boundary of the AdS
space-time originally discussed in [24]. Next, we consider the deformation of the JT model
by employing the technique of the Yang-Baxter (YB) deformations [25-27]. The YB defor-
mations is a systematical integrable deformation that recently attracts great attention in
the study of the string sigma models. (About recent developments, see reviews [28,29].) We
apply this technique to obtain another interesting gravity model to replace the JT model,
and we derive the deformed JT model which has a hyperbolic-type dilaton potential. As an
interesting solution, we find the deformed black hole solution and calculate its thermody-
namic quantities. We also make sure that these thermodynamic quantities are reproduced
from the physical quantities on the singularity surface generated by the deformation. We
point out that the deformed dilaton gravity model is equivalent to the Liouville gravity

model.

In chapter 4, we discusses the relationship between a TT-deformation and a gravitational
perturbation. First, we review the model by Dubovsky et al. with the flat space-time
background. This result is extended to general dilaton gravity models. Especially in the
case of AdS and dS space-time, it is confirmed that a gravitational perturbation can be
interpreted as a TT-deformation for a infinitesimal deformation. Finally, in the case of the
Liouville gravity theory discussed in chapter 2, we see that gravitational perturbation can be
recast as a TT-deformation for a finite deformation parameter. In chapter 5, we summarizes

this thesis and discuss future problems.



Chapter 2

A review of the TT-deformation

In this chapter, we review basic properties of TT-deformations of 2D QFTs. This deforma-
tion is originally introduced by [1,2]. In section 1, we introduce T'T-deformations and give
some simple examples. In particular, we demonstrate that the deformation of the action
of massless bosons provides the Nambu-Goto action. In section 2, we discuss the spectrum
of deformed theories. We focus on the deformed CFT, and point out some properties. In

section 3, we give some comments for proposals for a holographic dual of the deformed CFTy

2.1 A definition of the TT-deformation

First of all, let us give a explicit definition of a TT-deformation. We consider a trajectory
in the field theory space parametrized by 7. We denote the Lagrangian at each point of
the trajectory by £(7). The undeformed Lagrangian is expressed as £ . The flow for the

theories on he trajectory is triggered by the determinant operator, so-called TT-operator

0T

Lr+or) — pln) 20
4

detT)) = £ — 5701 (2.1.1)

In the following, let us give the explicit definition.

In this chapter, we work in the holomorphic and anti-holomorphic coordinates z = (z, z)

defined by two dimensions Cartesian coordinates (z,y),

2z =+ 1y, Z=x—1y. (2.1.2)



The components of the stress energy tensor are related by

T = (T~ Ty~ 2T,
T = {(Tee — Ty + 2T,
T.. :%(@x+7@). (2.1.3)
We define 7', T' and © as
T="T,., T="T, O="T,:. (2.1.4)
Then, The TT-operator is given by
ol = —;ldetT#,, = (T..Tss — T%) =TT — 0% (2.1.5)

The mass dimension of the operator (O(TTT2 is (length)™*. Therefore the dimension of ¢ is
(length)? and the deformation is an irrelevant deformation. To consider the quantum flow
generated by T'T-operator, we should confirm whether this operator is locally well-defined
or not because generally, such a composite operator locally diverges. Later we will see that
the local divergence is canceled and the operator is well-defined, but before that we give

some simple examples.

Some examples
Free massless boson

Let us consider a free massless boson case. It is the simple but a suggestive example. We

denote the scalar field as . The Lagrangian is given by
LY = 9950 . (2.1.6)
Here we use the short-hand notation for the holomorphic and anti-holomorphic derivatives
85@:;@—@% 85@:;@+@) (2.1.7)

We will show that the deformed Lagrangian is interpreted as the Nambu-Goto action on

3-dimensional target space.

1 = 1
ﬁgg = o (\/ 4700 + 1 — 1) = 5 + LNambu—Goto - (2.1.8)

T
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LNambu—Goto 18 the Nambu-Goto action in the static gauge

1
LNambu—Coto = Z\/det(@aX : aBX) . (219)

Here the target space coordinates X is fixed as

X1 =a, ngy, X3: . (2110)

Let us start to derive the deformed Lagrangian. The canonical stress-energy tensor is

given by

oL
0(9u9)

Each component of the stress tensor is

o

o —nL. (2.1.11)

oL
= —20
"= 200"
_ oL _
7= 500"
1 oL oL -
-3 (g% a0 2¢) 212

The flow equation to define the finite 7'T-deformation is given by

o.L0 = -0l (2.1.13)

Please note that the energy-momentum tensor in the flow equation is defined by the de-

formed Lagrangian.

To solve the flow equation, let us consider the T-expansion and find the coefficients order

by oder
LO=3"71;. (2.1.14)
=0
The (7 + 1)-th order of T takes the form
1 < o .
L= ~751 > (TWTUR — eReUh) (2.1.15)
k=0



Each component of the energy momentum for k-th order is defined by k-th order Lagrangian

oL
#) = =ZF 5o
o(0®)
_ oL, _
(k) — “Hk
500772
1/ OL 0Ly -
k) _ - k_od & 5 — 2L, ) . 2.1.1
© 2<a(a<1>)8 " 509)° ¢ (2.1.16)

As an initial condition, we set the undeformed variables

TO = (93)?, TO = (9d)?, 00 =9, (2.1.17)

From the initial variables, we find the first coefficient [,

2

Ly = —(TOTO® — 007 = —(93)%(59)?, (2.1.18)

and the energy-momentum tensor is obtain by
TW = —2(00)*(0®),  TW = —-2(0¢)(0®)*, W = (99)?(d9)*. (2.1.19)

Again, we can obtain the second order Lagrangian.

1

Ly = ——(TOTW — gOeM L TMTO _ gOg)
2
1 _ _
= —5 (-2(02)°(0%)° — 2(09)*(09)°)
= 2(09)*(0®)> . (2.1.20)

Then one can derive the Lagrangian and the energy-momentum tensor order by order. The

general form of the i-th order Lagrangian is given by

Ly =Lrs
L, = (—1)3‘41M(L0)j+1 : (2.1.21)
(2);
Here (a),, is the Pochhammer symbol
n—1
(@)= [J(a—k). (2.1.22)
k=0

One can confirm each coefficient of 7-expansion of (2.1.8) is equal to (2.1.21).
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In general case, it is difficult to read off the full deformed Lagrangian from the coefficient
of the T-expansion. As an another way to solve the flow equation, one can assume the ansatz

and obtain the deformed Lagrangian. Let us start from the following ansatz
1 _
LD = ZF(1 090P). (2.1.23)
T

Using the ansatz, each component of the energy-momentum is given by

oL

T = W&b = F'(2)(09)?,

T oL = ! 3862

7= 5ag 0% = F@@0),

O = —% 2F () (DD — QF(f) - —xFT/(x) + FS“") . (2.1.24)

where 2 = 7 9®0®. The derivative of the deformed Lagrangian is written as

F(z) N x F'(x) .

(n — _
0. L) = . = (2.1.25)
We obtain the following the differential equation
F? - 22 F'F—xF +F=0. (2.1.26)

One can easily solve the equation with the initial condition £) and obtain
1
F(zx) = 5(\/1+4x— 1). (2.1.27)
It is nothing but the Nambu-Goto action in the static gauge.

It is remarkable that the deformation parameter 7 plays a role as a string tension o/. In
this sense, it seems natural to consider a positive sign case 7 > 0. Actually, a negative sign
case seems problematic because the spectrum of the deformed theories becomes complex in

the high energy region as we will see in the next section.

N massless bosons

In the above discussion, we derived the TT-deformed Lagrangian of the single massless
scalar field in two ways. One can easily extend this discussion for the N scalar fields case.

Let us consider the O(N) vector model as the undeformed Lagrangian

—, — =

LOG) =D 0D, &= (By(z,72), -, Pn(z,2)). (2.1.28)

11



Setting the similar ansatz, one can solve the flow equation and find the deformed Lagrangian

LY () = % (—1 + \/1 + 47LO) () — 47'23)
1
=5 (— detn,, + \/det(n,w +7 h#,,)) (2.1.29)

Here 7, = diag(1,1) is a metric on the flat space and h,, = 0,20,®. B is defined as
L. 1
B=1[0® x 00> = —dethy, . (2.1.30)

The deformed Lagrangian is the Nambu-Goto action in the (/N +2) dimensional target space

with a static gauge.

Interacting scalar

Finally, we comment on the interacting scalar case. Let us consider the general potential

V(®)
£ = %X + V(D). (2.1.31)

Here X is the kinetic term of the scalar field X = 9®0®. The deformed Lagrangian is

obtained as

Ly =

_— 2t 2.1.32
2r 1 -7V + 2T + ( )

(1—-7V)2 1—7V "~

1127V 1\/(1—271/)2 X +2V

For example, massive scalar and the sine-Gordon model are derived and discussed [12].

2.2 Spectrum of the deformed theories

In this section, we derive the deformed spectrum of the TT-deformed theories. The key

property to derive the spectrum is Zamolodchikov’s factorization formula
(n| Orr [n) = (n|T|n) (n|T|n) — (n|O|n) (n|O]n) . (2.2.1)
Here |n) is denoted as an eigenstate of the Hamiltonian.

First we show that the composite operator Opf is locally well-defined. After that,
we sketch the proof of the Zamolodchikov’s factorization formula. We derive the inviscid
Burgers’ equation and provide the deformed spectrum. In this section, we consider QFT's

on a cylinder with radius R.
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2.2.1 Finiteness of the O;7

Let us define the TT-operator at the quantum level. In the (z, 2) coordinates, the conser-

vation law of the energy-momentum tensor 9,7"" = 0 is written as
T (2) = 00(z), T (z) = 00(z).

To define the operator, we consider the following limit

lim (T'(2)T(w) — ©(2)O(w)) .

zZ—w

(2.2.2)

(2.2.3)

In the case of CFT, this limit is well-defined because 7" and T are holomorphic and anti-

holomorphic function respectively and the trace part © vanishes. However, in general, it is

non-trivial that the limit is well-defined.

Let us take the derivative 05

w) + (0(2)0, T (w) — 6(2)050(w)).

(2.2.4)

Here in the third line we used the conservation law, and in the last line we added the bracket

term which is equal to zero by the conservation law. Thus, (2.2.4) can be written as

Oz (T(2)T(w) — O(2)0(w)) = (9. + 04,)O(2)T(w) — (85 + 0)O(2)O(w) .

Similarly, one can find out that

9. (T(2)T(w) — O(2)0(w)) = (9. + 0u,)T(2)T (w) — (9: + 05)T(2)O(w) .

Let us consider the OPE. For example, the OPE of O(2)T (w) is written as

13
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where the sum is over all operators. It is clear that (0, + 0,,) and (0; + 03) annihilate the

coefficient ¢'(z — w), so it is only acts on the operators. (2.2.4) and (2.2.6) are written as

0, (T(Z)T(w) — @(z)@(w)) = (0. + 0,)T(2)T(w) — (9: + 05)T(2)O(w)
- Z Az — )0, O;(w) + Z Bi(z — w)0wO;(w)
0: (T(=)T(w) — O(2)8(w)) = (- + 0,)0(=)T(w) — (9 + )O(2)O(w)
= Z C'(z — )8, Oi(w) + Z Di(z — w)0wO; (w)(2.2.8)
The exact form of A;,--- , D’ are not important. The important point is that the operators

takes the form of derivatives of some operators. This gives a constraint for the form of OPE.

Let us write the OPE as
T(2)T(w) — O(2)0(w) = ZC:L(Z —w)O,(w). (2.2.9)

If an operator is not the derivative of another operator, the corresponding coefficient C}
must be a constant. Suppose we have the term C,(z — w)O,(w) in the OPE where O,, is

not the derivative of another operator
T(:)T(w) —O(2)0(w) = C"(z — w)Op(w) + - -+ . (2.2.10)
Taking derivative on the both sides, one can obtain
0T (2)T(w) — O(2)0(w)) = 9.C"(z — w)Op(w) + C* (2 — w)D.Op(w) + - -+ . (2.2.11)

Note that the first term is not compatible with (2.2.8) unless 0,C" = 0. Absorbing the

constant coefficient int the definition of the local operator, we conclude that

lim (T'(z)T(w) — ©(2)O(w)) = Ops(w) + derivatives . (2.2.12)

Z—w

Thus we defined the operator up to total derivatives.

2.2.2 The factorization property

Next, we give a proof of Zamoldchikov’s factorization formula following his original work [3].

He set up 4 assumptions to prove the theorem.
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1. Local translational and rotational symmetry. The local energy-momentum tensor 7},

exists and it is symmetric T},, = T,,,. It also satisfied the conservation law 9,T"" = 0.

2. Global translational symmetry. For any local field O(z) the expectation value (O(z))
is a constant and independent of z. From assumption 1, the two-point correlation

function depends only on the separations

3. Infinite separations. At least one Euclidean vector e = (e, €) exists, such that for any

Oi and Oj

lim (O;(z + et)0;(2")) = (0;(2)) (O;(2")) .

t—o0
The assumptions 2 and 3 imply 2D space is either an infinite plane or an infinitely

long cylinder.

4. CFT limit at short distances. The short-distance behavior is governed by CFT.

As the first step, let us consider the following quantity
C(z,w) = (T(2)T(w)) — (O(2)0(w)) . (2.2.13)
Taking the derivative 0;,

0:C(z,w) = (9:T(2)T(w)) = (9:6(2)6(w))
= (0,0(2)T(w)) + (0(2)00(w))
= — (0(2)0,T(w)) + (6(2)9:6(w)) = 0. (2.2.14)

Here we used the conservation law and the translational invariance to move the derivative
from one operator to the other. Similarly, one can show 0,C(z,z) = 0. Then C(z,2) is a

constant.

Now we can write it in two different ways. Taking the two points infinitely separated
from each other, by cluster decomposition theorem, the two-point function can be factorized

and obtained as

C= lim C(zw) = (T)(T) - (O)(O) . (2.2.15)

|z—w|—00
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On the other hand, we can take the coinciding limit and find that

C= lim C(z,w)=(Orf) . (2.2.16)

|z—w|—0
From the two expression, we prove the factorization formula for the vacuum state |n) = |0).

To complete the proof, we should consider the generic exited state.

Let us define the similar function

Ch(z,w) = (n|T'(2)T(w)|n) — (n|O(2)O(w)|n) . (2.2.17)

one can show that C,,(z, w) is also a constant as before. However the asymptotic factorization
property no longer holds. We need to consider the contributions from the intermediate

states. This can be seen from the spectral expression

(n|T()T()ln) = Y _ (n|T(z)|m) {m|T(2")|n) e Enlmy B ba)le=l - (2.2.18)

m

and similar spectral expression for (n|0(2)0(2’)|n). Now C,(z,w) is a constant and inde-
pendent of any coordinates. Thus all non-diagonal matrix elements should cancel and only

diagonal terms are left.
(n] Oz n) = (n|TIn) (nlT|n) — (n]O]n) (n|O]n) . (2.2.19)

This is the factorization property for the general exited states.

2.2.3 The inviscid Burgers’ equation and the deformed spectrum

Using the factorization formula, let us consider the energy spectrum of the deformed theory.
For QFTs on a cylinder with radius R, expectation values of each component of the energy-

momentum tensor are interpreted as
E.(R,7) = —R(n[Tyln)
OrEn(R,7) = — (n|TyIn)
P, = —iR(n|Tyy|n) (2.2.20)
Here E,(R,7) is the spectrum of the deformed theory and P, is a momentum along the

compact direction. Using the factorization property, one can rewrite the right-hand side of

the flow equation in terms of these variables.
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On the other hand, from the definition of the TT-deformation, one can obtain

0, E,(R,7) = —R (n|det(T,,)|n) . (2.2.21)
Therefore one find that
1
0.E,(R,7) = E,(R,7)0rE,(R, T) + EPn(R)Q : (2.2.22)

This is called the inviscid Burgers’ equation. If we give an initial condition £, (R,0) = E,(R)
which is usually the spectrum of an undeformed theory, we can solve this equation and give

a deformed spectrum.

The spectrum and the entropy of deformed CFT,

For example, let us consider the case that an undeformed theory is CF'Ts and we have

Eo(R) = % (n+a-5), PR =5n—n). (2.2.23)

Here n and 7 are the eigenvalues of the Virasoro generator Ly and Lg. The solution of the

inviscid Burgers’ equation is given by

AT E, 472 P2
En(R,T):£<\/1+ Ton 7 "—1>. (2.2.24)

27 R R2

It is remarkable that the first term of the deformed spectrum is a square root and is not

sure whether that is positive definite or not.

Let us discuss the some features of the deformed theories in detail. For simplicity, in
the following, we consider n = n (P, = 0) case. It is useful to introduce the following

dimensionless variables

4t E.R c
= — = M=2n— —. 2.2.2
=R BT T (22.25)
The deformed spectrum takes the form
1 1 2M
En(b, M) = -3 + 0 + - (2.2.26)

In the following, we discuss each case of a signature of the parameter 7.
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Positive b case

First, let us consider a positive sign case. In the region |M| < 1/b which is a weak coupling
and a low energy region, energies are little changed by the perturbation and are given to a
good approximation £ ~ M. On the other hand, in the high energy region |Mb| > 1, the
behavior of the spectrum depends on the signature of the parameter 7. In the positive sign

case 7 > 0, the spectrum is positive definite and one find

oM oM
JoR Ry iy (2.2.27)

M) >~ —
Ealb M) = |22, -

In this limit, the spectrum becomes R independent.

It is also interesting to consider the case of the ground state n = 0, M = —¢/12. In this
case, one finds that the energy becomes complex for bc > 6. One can think of bc as
't Hooft coupling of the deformed theories. For a large ¢, it corresponds to the region of

weak coupling b > 1

The entropy S(&) is given by the usual Cardy formula. The entropy of CFTs is approx-
imated as

S(M) ~ 2 % (2.2.28)

This formula is valid for M > 1. By using (2.2.26), the Cardy entropy of the deformed

S(E) ~ 2, /%(25 +bE). (2.2.29)

This is expected to be valid for £ > 1. For 1 < £ <« 1/b, the undeformed entropy is

theories can be written as

reproduced. On the other hand, for £ > 1/b, one fines

S ~ QM/%C& (2.2.30)

This is nothing but a Hagedorn entropy S = Sy F with Hagedorn temperature

2wer

3

Bu = (2.2.31)

When By is equal to the radius R, it means bc = 6 and the ground state energy becomes

complex.
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Negative b case

If the parameter 7 is negative (7 < 0, b < 0), the spectrum become complex in the high

energy region
M2z ——. (2.2.32)

This bound M = 1/2|b| is interpreted as a UV cut-off in the deformed theories.

Again, the entropy is obtained by the Cardy formula

S(&) ~ 2r, /%(25 — |bl&2). (2.2.33)

At the high energy bound M = 1/2|b|, the entropy get a maximal value
S =2m, [—. (2.2.34)

In the previous section, we pointed out that the deformation parameter may relate to
a string scale /. In this sense, a negative-sign deformation seems pathological. In the last

section of this chapter, we will consider some proposals of this problem.

2.3 Holographic dual for T7-deformed CFT,

One of the most interesting problem is to confirm the relation between 3 dimensional gravity
theories and the TT-deformed CFT,. That is a non-trivial generalization of AdSs /CFTy
correspondence and it is important to understand how the gauge/gravity duality realizes
for an irrelevant perturbation from conformal field theories. In the previous section, we
derive the spectrum and the entropy of the deformed CFT,. In this section, we show some
proposals for a gravity dual of the TT-deformed CFT and compare physical variables of
both sides.

A cut-off AdS;

One of the candidates of the holographic dual of the TT-deformed CFT, is a cut-off AdS;
geometry [30]. One imposes the Dirichlet boundary conditions on finite radius cut-off r = r,

where r is a radius coordinate of AdS; and r. is a constant.
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Let us compare the energy and the entropy of a BTZ black hole with ones of the TT-
deformed CFT,. The gravitational action for 3D space-time with a negative cosmological

term is

1
N 167TG3

1
87TG3

Sy /d% —g3(Rs +2) — / d*z/—g(K +1). (2.3.1)

Here G3 is a Newton constant in 3 dimension and g3 is the metric on 3D space-times. with
a time-like boundary B. K denotes the extrinsic curvature of the boundary. From now on,

we consider a rotating BTZ black hole solution with a static boundaty B = {r = r.}.

The metric of the BTZ black hole with mass M and angular momentum J is written as

d*s = —f2(r)dt* + £~ 1(r)dr? + r*(df — w(r)dt)?,

16G5>J? 4GJ
2 _ .2 3 B
Fr) =r =8GM + =3, w(r)=—". (2.3.2)
The inner horizon r_ and the outer horizon r, are related to M and J through
r? +r? ror_
M=-"+_"" J=-—= 2.3.3
8Gs 4G4 ( )
The left- and right- inverse temperature 5+ can be written as
27
= ) 2.3.4
fo= (2.3.4)

We impose the Dirichlet boundary conditions, by fixing the form of the boundary metric
d%s|p = gapda®da’ = —N?dt* + e*?(df — w(r)dt)?. (2.3.5)

By solving the equations of motions, one can obtain the on-shell action S[g].

The gravitational energy of the black hole is defined in terms of the variation of the

action S[g]

0S = / A?x 76 gap = /de\/—g(—eéN — jow+poyp). (2.3.6)
B

Here €, j, and p are interpreted as gravitational energy density, momentum density, and

pressure respectively, as measured on the boundary. The total energy can be obtained by
E = j(lfd&e“’e. (2.3.7)
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The quasi-local energy of a rotating BTZ black hole is written as

Te

E =
4G5

(2.3.8)

2 4
re Te

2 72
1_\/1_8G3M+16G3J

This energy perfectly matches with the energy spectrum of the TT-deformed CFT, (2.2.26)

and one can identify

_4Gs 6 (2.3.9)

2 2
re crg

b:

Then, the deformation parameter b is related to a cut-off radius r..
The Bekenstein-Hawking entropy can be evaluated by using the outer horizon 7

™ 4+
S —

= _—". 2.3.1
e (2.3.10)

Now, the energy and the entropy are saturated in the limit that the BTZ black hole com-
pletely fills out the space-time inside the wall » = r.. Then, the maximal value of the energy

EL.x and the entropy Spax are given by

T r,
Fpax = —, Smax = ——— . 2.3.11
4G, 2G's ( )

This is the proposal to the interpretation of the bound of the deformed spectrum in the

view point of the cut-off geometry.

In the cut-off AdS conjecture, the background is fixed to AdS; and it is easy to eval-
uate physical quantities. Then, there are many works to verify this conjecture. In the
original work [30], authors have already discussed signal propagation speed and holographic
renormalization group. The deformed correlation functions [31] and renormalization group
flow [32] have been discussed. Another aspect discussed well is a holographic entanglement

entropy [33-37].

However, there are some problems in this conjecture. First, it is difficult to reproduce
the deformed correlation function from the cut-off AdS3 by applying GKP-Witten relation.
Moreover, in the standard interpretation of the AdS/CFT correspondence, one considers
that the radius direction of AdS space corresponds to the energy scale of a holographic dual

of field theories. The boundary and the center of AdS correspond to UV and IR region,
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respectively. In this sense, the cut-off AdS geometry seems to correspond to the flow from
UV region to IR region. On the other hand, the TT-deformation is an irrelevant deformation
and this deformation determine the flow from IR to UV. Thus, the direction of the RG flow

looks the other way around.

It is also remarkable that, the physical quantities perfectly match only in the case of a
negative sign TT-deformation with b < 0. In this scenario, one cannot interpret the origin
of the Hagedorn behavior of the spectrum in the case of a positive sign 7'T-deformation
with b > 0.

One of the possibility to resolve the problems of the cut-off conjecture is a mixed bound-
ary conjecture or a “mirage” conjecture [38]. In this conjecture, it is proposed that one need
to impose not the Dirichlet boundary conditions on the AdS boundary but the non-linear
mixed boundary condition. An advantage of this idea is that one can deal with a T7-
deformation of both cases of the signature of the deformation parameter. As an example of
recent success, the TT-deformed WZW model has been reproduced as a boundary theory
from 3D Chern-Simons gravity imposing a mixed boundary condition [39].

Another possibility is a random boundary geometry scenario proposed by [40]. It is
known that a TT-deformation can be understood in terms of random geometry [4], and
is expected that a holographic dual of TT-deformation is described by random boundary
geometry. Evaluating variables at a saddle point, the spectrum and the thermodynamical
quantities can be reproduced [40]. Surprisingly, correlation functions are also reproduced

in [40,41] unlike other conjectures.

A little string theory

Naively, it is expected that a holographic dual of a positive-sign TT-deformed CFT, is as a
kind of string in the UV region. Such a background was proposed by [42]. Let us summarize
the core point of these discussions.

Let us assume that the full background takes the form
Mz x N . (2.3.12)
Here NV is a compact CFT and is a 3D background Mjs. A well studies example is superstring
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theory with Ms = AdS3; and A/ = S® x T*, which describe the near-horizon geometry pf k
NS5-branes wrapped on S! x T* and p fundamental strings wrapped on S*.

In [42], authors considered the following three-dimensional background Ms:

d%s = F712dydy + ki2d¢?,

e Be’w ff1’
dB = 2ie ™ f les. (2.3.13)
Here I;y = ot + 20, I, = 2* — 2% and f; is defined as

1
fi=1+ Ee—%, (2.3.14)

and v is a constant associated with the compact CFT A. The 2! is periodically identified,
a2 ~ 2! + R This background interpolates between the little string theory and near the
boundary ¢ — oo and AdS; background in the infrared ¢ — —o0o. It describes as RG flow
from a non-local theory with a Hagedorn spectrum in the UV, to a standard CFT; in the
IR. Based on this conjecture, the deformation parameter corresponds to a string length [

_ Arnl?

b=

(2.3.15)

For example, the thermodynamics has discussed and seems nicely to match one of T7-

deformed systems. (About further discussion, see [43-48].)

It seems that the parameter should be positive b > 0 and it looks that one cannot deal
with a negative-sign TT-deformation. However, a negative string background is introduced
by replacing to [> — —I2? and discussed [49]. Even though the background has a singularity
surface and seems pathological, one can analyze the dynamics of a probe string and the
string can go through the singularity surface. It may be interesting to investigate such a

background as a candidate of a holographic dual of deformed theories.

However, as it has been already mentioned in the original work [42], we should emphasize
that a boundary dual is different form a T7T-deformation discussed in this chapter. Let us
explain the reason. A boundary CFT of the AdSs; x S® x T* at large p is expected to have

the form of a symmetric product
MP/S, . (2.3.16)
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Here M is a CFT with central charge c;; = 6k. Since for large p string theory is weakly
coupled, one can use world sheet technique to study it. One can construct vertex operator
s that describe and think of these operator as “single-trace” operators in the symmetric

orbifold CFT. The correspond to operators of the form
p
> Oix). (2.3.17)

Here O; correspond to a particular operator living in the i'th factor of M?/S,, with the same
over ¢ imposing S, invariance. A holographic dual of this background should be a “single-
trace” TT-deformation of CFT. On the other hand, we have considered a “double-trace”

deformation as originally introduced by [3]. Then, strictly they are different deformations.

However, it is still interesting to investigate their correspondence because a single-trace
deformation is related to another kind of integrable deformations, called the Yang-Baxter
deformations. For example, in [50,51], it has been discussed the relation between the single-
trace TT-deformation and the YB-deformation. For related works, see [52,53]. The YB-
deformation is one of an integrable deformation for non- linear sigma model and it is known
that they correspond to a certain duality transformation. The background (2.3.13) has been
provided by TsT-transformation [54,55] and the deformed spectrum has been computed [56].
In chatper 3 and 4, we will investigate the relationship between the YB-deformation and

the double-trace TT-deformation.
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Chapter 3

2D dilaton gravity models and the

Yang-Baxter deformations

In two-dimension cases, the Ricci scalar is written as a total derivative and the Einstein-
Hilbert action is completely determined by a topological number of a space-time. Thus,
one has considered the dilaton field which has a non-minimal coupling to the Ricci scalar.
Historically, such 2D dilaton gravity models have played an important roles in the study of
the string theory and quantum gravity. (See reviews [57,58].)

Recently, 2D dilaton gravity models are refocused in the context of AdS,/CFT; corre-
spondence which is a model in the lowest dimensions to realize the holographic principle. In
the pioneering work by [24], the Jackiw-Teitelboim (JT) model is regarded as a candidate

of a holographic dual of a 1D quantum mechanics. About further discussion, see [59,60].

On the other hand, as we have mentioned in the previous chapter, the (single trace)
TT-deformation of CFT, is related to a TsT-transformation of 3-dimensional space-times.
TsT-transformations can be understood from the perspective of the Yang-Baxter (YB)
deformations. The YB-deformations are systematical techniques of integrable deformations
for 2D non-linear sigma models [25-27]. (About the application of the YB-deformation for
the superstring sigma models and (generalized) SUGRA, see reviews [28,29].) Moreover,
it has been proposed that various types of integrable systems included the YB-deformed

sigma models can be reproduced form 4D Chern-Simons theories [61-65]. Thus, we expect
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that the YB-deformations are useful to derive a 2D dilaton gravity model closely related to

a TT-deformation.

3.1 2D dilaton gravity system and the JT model

In this section, let us prepare the 2D dilaton gravity system and some terminologies used
in the following discussion. The dilaton gravity system in 2 dimensions is composed of
the metric gq (a,b = 0,1) and the dilaton ¢. The coordinates are parametrized as x* =

(2% ') = (¢, 2). In this chapter, we will work with the Lorentzian signature.

The classical action S is given by

S = Sg,q5 + Smatter 3
1 2
S00= 1o | P2 VIOR-U0).

1 2 2
9.0 Az /=g Q(8) (Vf)*. (3.1.1)

Smatter =

Here G is the Newton constant in 2 dimensions and U(¢) is the dilaton potential. f is a

scalar field and €2 is a function of the dilaton field.

In this chapter, we will work with the metric in the conformal gauge,
ds? = —e*E 2 ) dztda (3.1.2)
where the light-cone coordinates are defined as

rf=t+2. (3.1.3)

Then the equations of motion are given by
04(Q0_f) +0-(Q0,.f) = 0,

10,06 — *U() = 0,
20, (e720_%) — LU (0) = (9,0, f0_f

Q
—e*0, (70, ¢) = §a+f(9+f,
—e*0_(e70_¢) = %a_ fo_f. (3.1.4)
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The energy-momentum tenser for the matter field f is normalized as

o 2 (ssmatter
V=g 69

o (@rans - Jmosonr) . 3.15)

(Tmatter ) ab =

167G

This expression (3.1.5) is valid for the general form of (o).

The JT model

The JT model corresponds to a special case of 2 D dilaton gravity specified by the following
U(¢) and Q(¢):

Ul)=2-26, Q¢)=1. (3.1.6)

This model exhibits nice properties. Among them, we are concerned with the vacuum
solution of this model. For our later convenience, we shall give a brief review of the work [24]

by focusing upon the vacuum solution in the following.

The general vacuum solution is given by

1
ds* = ;(—dtQ +dz?), (3.1.7)
bt —t? + 22
¢:1+a+ +c( —1—2)7 (3.18)
z

and depends on three real constants a, b and ¢. This three-parameter family contains
interesting solutions as specific examples. For example, the case with a = 1/2, b = 0
and ¢ = 0 corresponds to a renormalization group flow solution from a conformal Lifshitz

spacetime to AdS, [24], with an appropriate lift-up to higher dimensions.
Another intriguing example is a black hole solution specified witha = 1/2,b = 0and ¢ =
1/2, where p is a real positive constant. Then by performing a coordinate transformation,

rt = # tanh (/i (T + 7)), (3.1.9)

the solution is rewritten into the following form:
4p

sinh(2,/1 Z)
¢ =1+ /licoth(2\/i1 Z). (3.1.10)

ds* = (—dT* +dZ?),
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The new coordinates T and Z cover a smaller region which is in the inside of the entire

Poincaré AdSs .

The background (3.1.10) indeed describes a black hole geometry, but it may not be so
manifest. To figure out the black hole geometry, it is nice to move to the Schwarzschild
coordinates by performing a further coordinate transformation,

1
2\/1

Then the background (3.1.10) can be rewritten as!

arccoth (%) . (3.1.11)

d 2

In this metric, the black hole horizon is located at p = /i, and the Hawking temperature

Ty can be evaluated in the standard manner as

i —Jtt
47" 9pp

Vi (3.1.13)

™

Ty = —

=1

Thus one can see that the background (3.1.10) describes a black hole whose horizon is

located at Z = 0.

The Bekenstein-Hawking entropy can also be computed as

A ¢

. o 1+7TTH
en TE: - '

4G

Sp = (3.1.14)

Z—00 n=mTy
Here the area A is taken as A = 1 because the horizon is just a point, and the effective

Newton constant Geg can be read off from the classical action as

S (3.1.15)

On the other hand, the holographic entropy can be computed by using the renormalized
boundary stress tensor. For the detailed computation like the regularization and the counter

term, see [24]. As a result, the renormalized boundary stress tensor is evaluated as

. 1
T,y = —=£F. A1
(T) 3G (3.1.16)

IThe factor 4 is included so that the Bekenstein-Hawking entropy should match with the holographic

computation. This normalization guarantees the matching of the bulk and boundary times (or tempera-

tures).
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Then by using the thermodynamic relation

dE
ds = — 3.1.17
5= (3117
the entropy is obtained as
7TTH
S — E + STH:O 5 (3118)

where St,—¢ is an integration constant. Thus the holographic entropy agrees with the

Bekenstein-Hawking entropy, up to the temperature-independent constant.

3.2 Yang-Baxter deformations of AdS,

In this section, we consider the most general Yang-Baxter deformation of the AdS, metric.
First of all, we briefly describe a coset construction of the Poincaré AdSy; Then we study
the most general Yang-Baxter deformation of Poincaré AdS,. As a result, we obtain a

three-parameter family of deformed AdS, spaces.

3.2.1 Coset construction of AdS,

Let us recall a coset construction of the Poincaré AdS, metric (For the detail of the coset

construction, for example, see [66]).

The starting point is that the AdS,; geometry is represented by a coset
AdS, = SL(2)/U(1). (3.2.1)
By using the coordinates t and z, a coset representative g is parametrized as
g =exp [tH]exp[(logz)D] , (3.2.2)

where H and D are the time translation and dilatation generators, respectively. By involving

the special conformal generator C', the s[(2) algebra in the conformal basis is spanned as

D, H|=H, [C,H]=2D, [D.C]=-C. (3.2.3)
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These generators can be represented by the so(1,2) ones 77 (I =0,1,2) like
H=Ty+1T, cC=Ty-T,, D=1, (3.2.4)
where T7’s satisfy the commutation relations:
Ty, T1] = —T>, Ty, T3] =Ty, Ty, To] = —T1 . (3.2.5)
In the following, we will work with 77’s in the fundamental representation,
i 1 1

where o; (i = 1,2, 3) are the standard Pauli matrices.

Note here that the coset (3.2.1) is symmetric as one can readily understand from (3.2.5) .

When vector spaces ) and m are spanned as

h = spang(Ty ), m = spang (7o, T1) ,
the Zs-grading structure is expressed as

[h,b] Ch, [m, ] C m, [m,m] C h. (3.2.7)
When representing the s[(2) algebra by a direct product (as vector spaces),
sl(2) =hdm,

the projection operator P : s[(2) — m can be defined as

 Tr(X To)

pxy= DX To) | THX T

T T T ) e N e (3.2.8)

Now the Poincaré AdS,; metric can be computed by performing coset construction. The

left invariant one-form J = ¢g~'dg is expanded as
0 1 L o
J=¢e T0+e T1—|—§w TQ.

Here € and e! are the zweibeins, and w®! is the spin connection. With the parametrization

(3.2.2), the zweibeins are given by
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By using the projection operator P in (3.2.8) and the explicit expressions of the zweibeins

e? and e!, the resulting metric is obtained as

ds* = 2Tr [JP(J)] = —e%° 4 ete!

—dt? + dz?
This is nothing but the AdS,; metric in the Poincaré coordinates.
In the light-cone coordinates (3.1.3), then the metric is rewritten as
_ 4dxtdz~
ds? = —e*@ a7 gardyp™ = — — 2 L (3.2.10)
(zt —27)?

The exponential factor will play an important role in later discussion.

3.2.2 The general Yang-Baxter deformation

Let us next consider Yang-Baxter deformations of the AdSs metric (3.2.9). Then the anti-
symmetric two-form is also involved as well as the metric. Here we will concentrate on the
metric part only.

The prescription of the deformation is very simple. It is just to insert a factor as follows:

1

ds? = 2T |J ————— P(J
° Yoo TV

(3.2.11)

Here 7 is a constant parameter which measures the deformation. Then R, is defined as a

chain of operation like
Ry(X) =g oR(gXg ') oy, (3.2.12)

where ¢ is the group element in (3.2.2) . The key ingredient is a linear operator R : sl(2) —
s[(2), and satisfy the (modified) classical Yang-Baxter equation [(m)CYBE]:

[R(X),R(Y)] - R([R(X),Y] + [X,R(Y)]) =c- [X,Y] (X,Y €5l(2)). (3.2.13)

Here c is a real constant parameter. The case with ¢ # 0 is the mCYBE and the case with

¢ = 0 is the homogeneous CYBE.
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We consider the most general deformations with the following R-operator
R(Ty) = Qr MX Ty (3.2.14)

where Q 17 and M/ are defined as

0 mi mo
~ 1
Q= Te(TyTy) = S MY=1-m, 0 ms |, (3.2.15)
—TMo —1M3 0

Putting the ansatz (3.2.14) into the (m)CYBE (3.2.13) leads to an algebraic relation,

—m? —m3 +m3 = 4c. (3.2.16)

After evaluating the expression (3.2.11) with the general ansatz (3.2.14) , one can obtain

the following metric:

—dt? + dz?
ds? = R - (3.2.17)
22 —n? (a+ Bt + (=12 + 22))
Here a, 5 and v are defined as linear combinations of m,, (p =1,2,3) as follows:
1 1
a= §(m1 +m3), f=-—my, v = §(m1 —mg). (3.2.18)

When 7 = 0, the undeformed metric (3.2.9) is reproduced. Note here that the four constant
parameters m, (p = 1,2,3) and ¢ appear in our discussion. Then a constraint (3.2.16),
which comes from the (m)CYBE, is imposed. Hence, three of them are independent each

other.

The Ricci scalar curvature of the metric (3.2.17) is

24 02 (o + Bt + y(—t2 + 22))°

R=-2(1-on? , 3.2.19
( ) 22— 2 (o + Bt 4 y(—t2 + 22))° ( )
where we have introduced a new quantity,
0 = B2 +4day =mi+m; —m;
= —4c. (3.2.20)

At the last equality, the (m)CYBE (3.2.13) has been utilized. The scalar curvature (3.2.19)
changes (even its sign) depending on the values of parameters and coordinates, while it
becomes a constant —2 in the undeformed limit 7 — 0. The expression (3.2.19) indicates

that the deformed geometry contains both AdS and dS in general.
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3.3 The deformed JT model

Let us consider deforming the JT model so that the deformed AdS; metric (3.2.17) is
supported as a solution. For simplicity, the matter fields are turned off hereafter. Along
this line, as well as the dilaton itself, the dilaton potential also has to be deformed from a

simple linear one (3.1.6) to a hyperbolic function, similarly to integrable deformations.

The deformed metric

Before discussing the dilaton and the dilaton potential, it is helpful to rewrite the deformed

metric (3.2.17) as

4s? — —dt* + dz?
22— 2 (o + Bt 4 y(—t2 + 22))°
1 —dt? 4 dz?

TP 7 (3.3.1)

Here we have introduced new quantities: a coordinate vector X! and a parameter vector Py

defined as
1 1 1
Xt == (142 =22, (1 —t> 4 22
S(r 5002 -, J0-e),
PIE(67O‘_7aa+7) (I,J:17273) (332)

The metric of the embedding space M*! is taken as n;; = diag(—1,+1,—1). The inner

products are defined as

t —t? + 2
x.p=xip -ttty +) (3.3.3)
z

X - X=n,XI X =-1, P.-P=np'PP=—-0. (3.3.4)

These three products X - X, P- P and X - P are transformed as scalars under the SL(2,R)
transformation. This SL(2,R) transformation is the usual one generated by three trans-
formations, 1) time translation, 2) dilatation and 3) special conformal transformation. For
example, X - P is transformed as X - P = X - P, where X and P are new coordinate and

parameter vectors, respectively.

It is worth noting that the conformal factor of the metric e*¥ can be expressed as a

Schwarzian derivative of the dilaton

1 2
\/§Sch{¢, n(X - P)} = %We% . (3.3.5)
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Here Sch{X,z} denotes the Schwarzian derivative defined as

X" 3 /X" 2

Using the SL(2,R) transformation, we can choose the vector P freely as long as it
satisfies the relation P- P = P- P = —%. Note that only the warped factor of the metric
changes like
B 1 —di? 4 dz?

1 —n2(X - P)? z?
because the rigid AdS, part is invariant under the SL(2,R) transformation.

ds?

(3.3.7)

The dilaton sector

Given the deformed metric (3.2.17) [or equivalently (3.3.1)], by solving the equations of
motion (3.1.4) without the matter fields, the dilaton ¢ is determined as

2+ (a+ Bt +y(—t2 + 22))
z—n(a+ Bt +y(—t2+ 22))

= —log|—/——— 3.3.8
o [ .

6 = - log

‘+CQ

when the dilaton potential is deformed as?

(1 -@n?) < sinh {ﬁ(gs — CQ)} (for 1> |n(X - P)))

U(p) = :7 ;1 . (3.3.9)
+(1—Jn72)glsinh L—Z’((;s—@)} (for 1< n(X-P)|)

Here c¢; and ¢y are arbitrary constants

In the undeformed limit n — 0, the dilaton (3.3.8) is reduced to

a+ Bt +y(—t2 + 22
p=co+c b Z< ),

and thus the dilaton (3.1.8) in the JT model has been reproduced when ¢; = 1 and ¢ =
1. Remarkably, the three parameters o, 8 and 7 correspond to a, b and ¢ in (3.1.8),
respectively. Similarly, as n — 0, the upper branch of the potential (3.3.9) reduces to

U(¢) =2(c2 — 9),

2According to an interesting paper [68], this dilaton potential leads to a g-deformation of s[(2). This

result should be closely related to the Yang-Baxter deformation, e.g., [67].
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while the lower branch vanishes. Thus the dilaton potential of the JT model is reproduced
when ¢ = 1. In total, the case with ¢; = ¢ = 1 is associated with the JT model and hence

we will work with ¢; = ¢; = 1 hereafter.

The vacuum solution in the deformed JT model

In summary, the deformed JT model is specified by the deformed dilaton potential,

—u—@m%%mmmm¢—w1 (for 1> [n(X - P))

+(1- d)r]z)ﬁ sinh [2n(¢ — 1)] (for 1 < |n(X-P)|)
and the vacuum solution is given by
1 —dt? + dz? 1 1+n(X-P)
2 _ = —log|———%| +1 3.1
I 1 e | R RCERD

where

42 2
X.P:a—i-ﬂt—kv( ¢ —i—z).
VA

A deformed black hole solution

In this subsection, we study a deformed black hole solution contained as a special case of
the general vacuum solution (obtained in the previous subsection). This solution can be

regarded as a deformation of the black hole solution presented in [24].

In the following, instead of &, we use a new parameter i defined as

w=—-PrP-

o

=w = —4c,

By performing the same coordinate transformation as in the undeformed case like

o L tanh(y/u (T £ 2)), (3.3.11)

i

the deformed black hole solution is obtained as

Ap
ds? = —dT? 4+ dZ?
T TPt (L) sl (2R 2) ( +azy).,

1 th Z
¢:1+ilog i coth(yiZ) .
2n 7|1 = ny/p coth(y/n Z)
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In this coordinate, the Ricci scalar (3.2.19) is rewritten as

1 —n’u— (1 +n’p)cosh(4,/n2)

R=—(1-n"p) n2p — (1 — n2p) sinh®(2\/2)

(3.3.13)
In the following, we impose that
< - (3.3.14)

so as to ensure the existence of the undeformed limit. Otherwise, it is not possible to take
the undeformed limit n — 0 because n? > 1/u. Note here that this background has a naked
singularity at Z = Z,, where

0=

2\1/ﬁ arctanh(n./p) . (3.3.15)

This is a peculiar feature of the Yang-Baxter deformed geometry based on the modified
CYBE like the n-deformation of AdSs [71]. From (3.2.19), in the region with Z > Z,
the Ricci scalar takes negative values, while for 0 < Z < Zj, it has positive values. In
the undeformed limit n — 0, Z; is sent to zero and the singularity disappears because the
undeformed spacetime is just AdS, . In the following discussion, we focus upon the negative-
curvature region (Z > Zj) . Therefore, we are concerned with only the upper branch of the

potential (3.3.9) .

By performing the following coordinate transformation,

1
r = —arctanh(n/u coth (2/1 2)), (3.3.16)
n
the metric takes a Schwarzschild-like form
ds? = —AF(r) dT? + 37 (3.3.17)
Fo) 3.
The scalar function F(r) is defined as
—1—n? 1—n? h(2
F(r) = 2o T ut Q= mpeosh@yr) (3.3.18)
2n
In this coordinate system, the dilaton takes the simplest form,
p=1+r. (3.3.19)

The locations of the boundary and black hole horizon are

boundary : r = o0, BH horizon : r =1r" = —arctanh(n,/u) . (3.3.20)

1
Ui
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Bekenstein-Hawking entropy

Let us compute the Bekenstein-Hawking entropy of the deformed black hole by utilizing the
coordinate system (3.3.17).

The Hawking temperature Ty is given by the standard formula:

1 gut
Ta = —0,, | ——
ST Vi

This is the same result as the undeformed case.

_ Ve (3.3.21)

™

r=r*

Here it may be worth noting that the black hole temperature is related to the modification
of the CYBE. The zero temperature case corresponds to the homogeneous CYBE and the
temperature is measured by negative values of ¢. Solutions of the mCYBE with negative
(positive) ¢ are called the split (non-split) type. The well-known example of the non-split
type is the g-deformation of AdS; [69], while the split type has gotten little attention. For
the recent progress on the split type, see [70]. It may be interesting to seek some connection
between black hole geometries and solutions of split type.

By assuming that the horizon area A is 1 and using the effecting Newton constant Gg

in (3.6.17) , the Bekenstein-Hawking entropy Sgy can be computed as

A arctanh(m Tyn) 1
= —. 3.3.22
1Gon Gy ag (3:3:22)

Spn =

r=r*

In the undeformed limit n — 0, the entropy is reduced to

(n=0) _ ™l 1

Sen =35 tig

and thus the result of JT model has been reproduced.

3.3.1 The boundary computation of entropy

In this subsection, we compute the entropy of the deformed black hole by evaluating
the renormalized boundary stress tensor. Now that the boundary structure is drastically
changed, the first thing is to determine the location of the holographic screen. In the follow-
ing, we take the screen on the singularity by following the proposal of [72]. More precisely, by
introducing a UV cut-off €, the boundary is taken just before the singularity (Z = Zy +¢) .
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In the conformal gauge, the total action including the Gibbons-Hawking term can be

rewritten as

S = 1 [@e y=gloR—U@)] + —— [ty oK

167G 81
1 1
=30 d*z {—46(@8)@ — 5U(gzs) eQW} : (3.3.23)

K is the extrinsic curvature and -y is the extrinsic metric. By using the explicit expression
of the deformed black hole solution in (3.3.12), the on-shell bulk action can be evaluated on
the boundary,

Sgs = /dt N
g7¢ - 1
21G(1 + n?u + (=1 4+ n?p) cosh(4uz 7))

(3.3.24)

Z—>ZO

Recall that the regulator € is introduced such that Z — Z; = €, the on-shell action can be

expanded as

1 L+’ o B+n"u(=2+3nu))e )
S, = [dt - O] . (3.3.25
9.6 / {167@77 ¢ TrG2 T 487G +0(€)] - (33.25)

To cancel the divergence that occurs as the bulk action approaches the boundary, it is

appropriate to add the following counter term:

1 1
Set = “3nC dt vV—u \/F(¢ —-1) - ? log(1 —n?p). (3.3.26)

Here the scalar function F is already given in (3.3.18) and hence

—1 =+ (1 —n*p) cosh(2n(é — 1))

F(p—1) = o

(3.3.27)

Note that the inside of the root of (3.3.26) is positive due to the condition (3.3.14). The
dual-theory interpretation of it is not so clear because it cotains an infinite number of
polynomials and also depends on the temperature explicitly. Another counter term may be
allowed and it would be nice to seek for it by following the procedure in [73].

The extrinsic metric v, on the boundary is obtained as

_ 2w|
T = T gz,

In the undeformed limit n — 0, this counter term is reduced to

- 1
S0 = g AtV - 0), (33.28)
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because ¢ — 1 > 0. This is nothing but the counter term utilized in the JT model [24].

It is straightforward to check that the sum S = S, 4+ S becomes finite on the boundary
by using the expanded form of the counter term (3.5.39):

-1 1+ 74 2log(1 —n°p)
Sep = [ dt O . 3.3.29
i / |:167TG77 € + 167G n? € +0(9 ( )

Around the boundary, the warped factor of the metric in (3.3.12) can be expanded as

1 1
2w | = 0
e™ = e [772 —1—4 e+ O(e). (3.3.30)

Hence, by normalizing the boundary metric as

Vet = 1€Vt

the boundary stress tensor can be defined as

. -2 48 -2 08
Ty) = = lim / —. 3.3.31
) = T 5w — VT T 3330
After all, (T};) has been evaluated as
. log(1 — n?
(Ty) = _M. (3.3.32)

87G n?

To compute the associated entropy, (Ty;) should be identified with energy E like

log(1 — m*Tiin*)

F =
87 G n? ’

(3.3.33)

where we have used the expression of the Hawking temperature (3.6.16) . Then by solving

the thermodynamic relation (3.1.17) again, the entropy is obtained as

arctanh(wTyn)

5= 4Gn

+ Sty=0 - (3.3.34)

Here Sp,—0 has appeared as an integration constant that measures the entropy at zero
temperature. Thus the resulting entropy precisely agrees with the Bekenstein-Hawking

entropy (3.6.18), up to the temperature-independent constant.

Finally, it should be remarked that this agreement is quite non-trivial because the de-

formation changes the UV region of the geometry drastically. Hence the location of the
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holographic screen and the choice of the counter term are far from trivial. Although the
holographic screen was supposed to be the singularity, inversely speaking, this agreement of
the entropies here supports that the proposal in [72] would work well. As for the geometrical
meaning of the counter term (3.5.39), we have no definite idea. It is significant to figure out

a systematic prescription to produce the counter term (3.5.39).

3.4 General vacuum solutions of the deformed JT model

In section 3.3, we discussed the YB-deformed AdS, and the dilaton (3.3.10) is one of the
solutions of the deformed JT model. In this section, we will provide general vacuum solution.
We will introduce a couple of the linear combination of the conformal factor w and the dilaton
¢. In terms of there new variables, the eom are rewritten as two Liouville equations with

constraint conditions. To solve there equations, we can provide general solutions of the

deformed JT model.

3.4.1 A symmetry of the vacuum solution

Let us first rewrite the metric into the following form:
ds® = e*g,, da"da” . (3.4.1)

Then the classical action can be rewritten as

2w

1 - -~
S = Toc /d?:c\/—_g PR +2VoVw + % sinh (2n(¢ — 1)) ] . (3.4.2)

In order to simplify this expression, it is helpful to introduce a couple of new valuables:
w =w+n(e—1), wy=w—n(p—1). (3.4.3)

Then the action (3.4.2) becomes the sum of two Liouville systems:

Sy = / 22/—7 [(wlR—l— (Vw)? + 62““) - (wgf%—l— (Viws)? +62w2)} (3.4.4)

327TG77
Sewr + S -
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By taking variations of the action (3.4.4) with respect to wy and wy, it is easy to derive the

following equations of motion:

R —2(Vw,)? + 21 = 0,

R —2(Vuwy)? +2e*2 = 0. (3.4.5)
Taking a variation with g, gives rise to the constraints

T T

wv %

=0, (3.4.6)

where T;Ell,) and Tﬁ) are the energy-momentum tensors defined as, respectively,

0y —2 S, Fo _ =2 S,

= = 3.4.7
W= T T e 34D
and the explicit forms are given by
T = — L9, ¥w1 — (V) (Towr) — 2 (2501 — (Vior)? — 04)
v 167Gn | " K 27K ’
- —1 S - - 1. ~ ~ o
T/E?/) = m |:V#VVWQ — (VHWQ)(VVWZ) — §gyy(2v2WQ — (Vw2)2 — 62 ):| . (348)

Thus, by employing the new variables w; and wy, the deformed system (4.1.1) has been
simplified drastically.

Then the equations of motion obtained from (3.4.2) are given by

40,0_¢ + %eQ“’ sinh (2n(¢ — 1)) = 0, (3.4.9)
40,0_w + e* cosh (2n(¢p — 1)) = 0, (3.4.10)
—e*0,(e70,¢) =0, (3.4.11)
—e*0_(e70_¢) = 0. (3.4.12)

By solving the above equations, the general vacuum solution has been discussed in [20].
However, as we will show below, the deformed model (3.4.2) has a nice property, with which
we can discuss classical solutions in a more systematic way.

In conformal gauge, the classical action for w; and ws is further simplified as

1 1 w1 1 w2
Sy = S7G /d2x [— (8+w1 0_wy — Zez ) + <(9+W2 0_wy — 162 )} - (3.4.13)
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The classical equations of motion take the standard forms of the Liouville equation
40,0_w + €™ =0, 40,0 wy+e*? =0. (3.4.14)

The general solutions of Liouville equation are given by

40, XT0_X[

_ 40, X0 X5
(X - x7)*

(X5 —X5)"

2w1 2w2

(3.4.15)
where X" = X(2%) and X; = X, (z7) are arbitrary holomorphic and anti-holomorphic
functions, respectively.

Note that the equations (3.4.14) can be expressed by using the metric and dilaton.

40,0_(w + (¢ — 1)) 4 220~ — ¢

40,0_(w — (¢ — 1)) + >~ 2=D — (3.4.16)

By summing and subtracting them each other, the equations of motion (3.4.9) and (3.4.10)

can be reproduced.

By taking §,, = 1, in (3.4.8), the energy-momentum tensors are also rewritten as

~ 1 ~ (9 -1 1 o1 1 .

T 47 = 16an(8+6‘”1 70 = 0,0 w0y — 1), (3.4.17)
~ - 1

Tili) + fi) = 167TG7](aiaiwl — Orwy 0wy — 0101wy + Oxw10+wy) . (3.4.18)

The first condition (3.4.17) vanishes automatically due to the equations of motion. Two
conditions in (3.4.18) give rise to nontrivial constraints for the solutions of the equations
of motion (3.4.14). By using the definitions of w; and wy in (3.4.3), it is easy to directly
see that the constraints in (3.4.17) and (3.4.18) are equivalent to the ones in (3.4.11) and
(3.4.12).

By using the general solutions (3.4.15), the constraint conditions for the holomorphic

(antiholomorphic) functions X;" (X;") can be rewritten as

Sch{ X", 2"} — Sch{ X, z*} =0,
Sch{X;,z"} —Sch{X;,27} =0. (3.4.19)
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These constraints mean that the holomorphic (antiholomorphic) functions should be the

same functions, up to linear fractional transformations

aX; +b

X5 (") = Xt +d (a,b,c,d € R),
o aX{ +0b
X () =Gy @Y deR). (3.4.20)

Because et > 0 and €2 > 0, determinants of the transformations must be positive:
ad —bc >0, ad —bd >0. (3.4.21)

This ambiguity comes from the appearance of Schwarzian derivatives.

3.4.2 General vacuum solutions

In this subsection, let us revisit the vacuum solutions by employing a couple of the new
variables (3.4.3). Before going to the detail, it is helpful to recall that the original metric

and dilaton can be reconstructed from w; and wy through the following relations:

1 1 2w1
02 = \/e2wip2wa d=1+—(w —wy) =1+ —log (e ) . (3.4.22)

2n 4n e2wz

Here let us take a parametrization for the linear fractional transformations, which come

from (3.4.19) as follows:®

X (zh) = (1 =nB)X " (") — 2na

U Sy Xt () + (LB
v (L0 Xt (aT) + 2na N ey
XZ(I)_2U7X+($+)+(1—775)’ Xy () =X"(z7). (3.4.23)

Because of the constraint (3.4.21), we have to work in a restricted parameter region with

1—n*(B8° +4ay) > 0. (3.4.24)

Then the solutions in (3.4.15) are expressed as

% _ 4(1—n2(B244ay)) 0, X TO_X~
(X=X a4 B(X T+ X ) = 29X X))
4(1—n2(B% +4ay)) 0, X0 X~

™2 = - — — . (3.4.25)
(X+ — X~ +n2a+B(X++X")—29X+X"))

(&

3Note that we can take this parametrization without loss of generality.
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Thus the general solution of w and ¢ are also determined through the relation (3.4.22).
Given that X*(z*) = 2%, the deformed metric and dilaton become

2 1 — (B2 +4day)
22 — 2 (o + Bt + y(—t2 + 22))?

z+n(a+ Bt +y(—* 4 2%)

2 —n(a+ Bt + (=2 + 22) (3.4.26)

1
¢ =1+ —log
21
Here the condition (3.4.24) is consistent with the positivity of e** and e?**2. This metric

is the same as the result obtained in [20] as a Yang-Baxter deformation of AdSy, up to a

scaling factor.

For concreteness, let consider a simple case of (3.4.23) with o = 1, f =~y = 0. Then

conformal factors of the metrics for X; and X, are given by, respectively,

1 1
2w1 2wy __ . 3.4.27
¢ (z—n)?%’ ¢ (z+n)? ( )

For each of the AdS, factors, the origin of the z-direction is shifted by +n. Another example

is the case witha = 1/2, =0, v = p/2 (where p is a positive), in which we have considered

a deformed black hole solution [20]

3.5 Solutions with matter fields

In this section, we shall include additional matter fields. Then the action is given by the

sum of the dilaton part S4 and the matter part Spaster like
S - S¢ + Smatter . (351)

Note here that we have not specified the concrete expression of the matter action Spyatter yet.
In general, Spaiter may depend on the metric, dilaton as well as additional matter fields.

Hence the inclusion of matter fields leads to the modified equations:

1
40,0_¢ + Ee% sinh (2n(¢ — 1)) = 327G T, _,

484_8_0) + e? cosh (277(@25 — 1)) — 161G 6S§;tter 7
—e0, (728, ¢) = 81G T, ,
—e™0_(e"*0_¢) = 8rGT__ . (3.5.2)
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Here the energy-momentum tensor 7}, defined as

- 2 5Smatter
V=g g

Furthermore, one needs to take account of the equation of motion for the matter fields,

T, = (3.5.3)

which is provided as the conservation law of the energy-momentum tensor 7,,. So far, it
seems difficult to treat the general expression of 7}, . Hence we will impose some conditions

for T}, hereafter.

3.5.1 A certain class of matter fields

For simplicity, let us consider a certain class of matter fields by supposing the following
properties:

5Smatter
0

This case is very special because the equations of motion for w; and ws remain to be a

—0. (3.5.4)

pair of Liouville equations because the right-hand sides of the first and second equations in
(3.5.2) vanish. Hence one can still use the general solutions (3.4.15). The constraints are

also still written in terms of Schwarzian derivatives, but slightly modified like
Sch{ X 2*} — Sch{ X5, v*} = —327G n Ty . (3.5.5)

That is, the right-hand side does not vanish.

To solve the set of equations, it is helpful to introduce new functions o1 = @ (z%F)
defined as
1

P+t = —F—7—F-
v|3iX2\

Note here that X3 only have been utilized. Then by using ¢ , the Schwarzian derivatives

(3.5.6)

can be rewritten as

2ai¢i '

Sch{ X3, 2%} = —
P+

(3.5.7)
When the coordinates are taken as

Xi(z™) =™, (3.5.8)
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the constraints become Schrodinger equations as follows:
(=07 — 167GnTey) pi(a™) = 0. (3.5.9)

Thus, for the simple class of matter fields, the constraints have been drastically simplified.

3.5.2 A solution describing formation of a black hole

As an example in the simple class, let us consider an ingoing matter pulse of energy E/(87G):

E _
T,, — % 6<$ ) ; T++ — T+, — O . (3510)

Note here that T}, does not depend on the dilaton ¢ and hence this case belongs to the

simple class (3.5.4). This pulse causes a shock-wave traveling on the null curve = = 0.

Then the constraint for the anti-holomorphic part is written as
(=0% —2End(z7)) p_(z7) = 0. (3.5.11)
By solving this equation, we obtain the following solution:
p_(z7) =_(0) (1 = 2Enz—0(z")) . (3.5.12)
Assuming the continuity, X, is given by

X; (e = (1 —4n*Ea)x™ —2na  (for = <0) ' (3.5.13)

1{2;33,261 (for 2= >0)

Here a is an arbitrary integral constant and the scaling factor ¢_(0) is fixed as

1

(0= ——. .5.14
-0 = =i (3.5.14)

Note here that for simplicity, we dropped and tuned some integration constants in (3.5.12)

and (3.5.13).

The remaining task is to determine X, (z*). The constraint for ¢, (z7) is given by

—02pi(zT)=0. (3.5.15)
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Thus one can determine ¢, (z7) and 9, X (z7) as

1
Y — ot () —
pi(a7) =yz" +9, 3+X2(37)—m,
where v and § are constants. Hence X, is obtained as
art +

with new constants a and §. For simplicity, we will set « = =1, § =~ = 0. That is,

+ ot
Xy =a".

Thus one can obtain a solution of the two Liouville equations as follows:

2w1 4
et = —m—,
(@ —a)
4(1—4nEa) -
o2 — ) (@t —a—+2ma(l+2mEa))’ (for 27 <0) ) (3.5.17)
404’ a) (for == > 0)

(xt—z—+2n(a—Eztaz—))?

As a result, the original metric and dilaton are given by

4y/1-4n* Ea (for z= <0)

o2 _ (Q:Jr—a:*)(a::—f:;ingél—i-%]Ez*) ,
o o By dor 27 > 0)
4= 1+ % log ‘1 + %‘ — % log(1 —4n*Fa) (for 2~ <0) (35.18)
1+ﬁlog‘1+m%‘f:f_)‘ — 5 log(l —4n?Ea)  (for 2~ > 0)

The undeformed limit n — 0 leads to a solution describing formation of a black hole in the
undeformed model [24]. Note here that the energy-dependent constant in ¢ vanishes in the
undeformed limit. At least so far, we have no idea for the physical interpretation of this

constant.

3.5.3 The deformed system with a conformal matter

In this section, we will consider conformal matters, which do not belong to the previous
class (3.5.4), and discuss the effect of them to thermodynamic quantities associated with a

black hole solution.

Let us study a conformal matter whose dynamics is governed by the classical action:

Smatter =

2/ [x(B— 2V6) + (Vx| - N / At =7 K (3.5.19)

2Un 127
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Here N denotes the central charge of y. It is worth noting that the conformal matter
couples to dilaton as well as the Ricci scalar, in comparison to the undeformed case [24].
Then the energy-momentum tensor and a variation of Sp,ate; With respect to the dilaton are

given by

N

T, = — _

+ 127r6+a X5
N

Ti:i: = _1271' (—aiaix + aixaix + 28:|:X@j:wl) y
5Smatter N
_ v v 5.2
56 o 10+0-x (3.5.20)

Hence the equations of motion are given by

a+a*(w1 + X) = 07
16
48+8_w1 + ele = ?GNH8+6_X s
40, 0_wy +€*2 =0,
2
1010 e — e*?20,L 0472 = gGN(—ﬁiaix + 01 x0+x + 28ixaiw1) . (3521)
Note here that the third equation is still the Liouville equation, while the second equation

acquired the source term due to the matter contribution.

As we will see below, the system of equations (3.5.21) is still tractable and one can

readily find out a black hole solution including the back-reaction from the conformal matter

X -

A black hole solution with a conformal matter

Let us derive a black hole solution.

Given that the solution is static, x can be expressed as

X=—w — @t —a). (3.5.22)

By eliminating y from the other equations, one can derive a couple of Liouville equations
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and the constraint conditions:

4
4 (1 + gGNT]) a+a_W1 + e2w1 = 0,
484,87&]2 + esz = 0 y

2 2
(1 + gGN) ewl(?i@ie*wl — e“”@iﬁie*‘” = gGN,u . (3523)

Note that a numerical coefficient in the first equation is shifted by a certain constant as a

non-trivial contribution of the conformal matter.

Still, we can use the general solutions of Liouville equations given by

4(1+ iGN
= ( : 772)64-‘)(?_8—)(1_7
(X1 —X7)
4
2 — 95 XTI X;. (3.5.24)
(X;_ _ X2_)2 +<32 2

e?wl

By using X (i = 1,2) and the Schwarzian derivative, the constraints can be rewritten as
2 + o+ + .+ 4
1+ gGN Sch{X|, 2"} — Sch{X;, 2"} = —gGNu,
2 o o 4
1+ gGN Sch{X;,z"} —Sch{X5, 2"} = —gGNM- (3.5.25)
It is an easy task to see that the hyperbolic-type coordinates
X1, = Li, (tanh(y/pz™)) | (3.5.26)

satisfy the constraints (3.5.25), where L1i,2 denote linear fractional transformations as in
(3.4.20). Note that each of XffZ covers a partial region of the original spacetime. Hence the
coordinate transformations (3.5.26) may lead to a black hole solution [20,24]. In fact, the

Schwarzian derivatives have particular values like
Sch{Li, (tanh(\/mz™)), 2} = =24, (3.5.27)

and hence these coordinates satisfy the constraints.
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Here we choose the following linear transformations LfQ:

X (H) = tanh(\/na®) —ny/p
! —nutanh(y/pat) 4+ /i’

X (") = tanh(\/px™) + 0/
2 nutanh(\/mat) + /i’

Xr(2) = X5 (2-) = # tanh(y/Er), (3.5.28)

one can derive a deformed black hole solution with conformal matters:

, A1 = n’u)y/1+ 3G Ny
e w

_ , 3.5.29
sinh?(2\/7 Z) — n2p cosh®(24/f Z) ( )
1 1+ th(2\/u Z 1 4
b= 1—|——10g‘ Ny coth(2y )‘—i——log (1+—GN77) . (3.5.30)
2n 1 —ny/p coth(2/nZ)|  4n 3

The matter effect just changes the overall factor of the metric and shifts the dilaton by
a constant. In the undeformed limit n — 0, this solution reduces to a black hole solution

with conformal matters presented in [24]:

4
eQw K

1
= W , qb =1+ \/ﬁ COth(Q\/ﬁZ) + gGN (3531)

Black hole entropy

In this subsection, we shall compute the entropy of the black hole solution with a conformal
matter given in (3.5.29) and (3.5.30) from two points of view: 1) the Bekenstein-Hawking

entropy and 2) the boundary stress tensor with a certain counter-term.

1) the Bekenstein-Hawking entropy

Let us first compute the Bekenstein-Hawking entropy. From the metric (3.5.29), one can

compute the Hawking temperature as
Ty = YE (3.5.32)
T

From the classical action, the effective Newton constant G.g is determined as

1 ¢ 2
=~ — ZNy. 5.
G G 34X (8:5.33)
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Note that the presence of the conformal matter fields is reflected as a shift of G.g. Given
that the horizon area A is 1, the Bekenstein-Hawking entropy Spy is computed as

A
4Gt Z—00
1+ 2GNy

- 4Gn

N N1 4
o Yegm) 4 (2 Ni1og (14 2aNy) . 3.5.34
Tig g lestm + (12 N 16G77> Og( T3 77) (8:5.34)

SBH -

N
arctanh(r Ty n) + 3 log(Th)

The terms in the last line are constants independent of the Hawking temperature. It is
worth noting that the first two constants are exactly the same as the ones in the undeformed
case [24], while the last constant is modified due to the deformation. At least so far, we
have no idea for the physical interpretation of this modification. It would be important to

seek for it in the future study.

2) the boundary stress tensor

The next is to evaluate the entropy by computing the boundary stress tensor with a certain

counter-term.

In conformal gauge, the total action including the Gibbons-Hawking term can be rewrit-

ten as
Sy = [z |40 $0 +i'h(2 (p—1))e*
6= 3oc x (+PO_yw 2 sinh(2n e
N
Shatter = o A%z [(‘Lx@_x + 204 x0_yw + 2n8(+xﬁ_)¢] ) (3.5.35)

By using the explicit expression of the black hole solution in (3.5.29) and (3.5.30), the

on-shell bulk action can be evaluated on the boundary,

G :
S /dt —(L+3GNp)p — Y2 (1 — pPp) sinh(4/i2) (3.5.36)
¢ matter 27TG(1 + nzlu + (_1 + n2lu) COSh(4\/,[_LZ)) L . (0.0.
0
As argued in [20] the singularity of (3.5.29) is identified as the boundary Z:
Zy = arctanh(n./p) . (3.5.37)

2/
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As the bulk action approaches the boundary (Z — Zp), the bulk action (3.5.36) diverges
and hence one needs to introduce a cut-off. When the regulator € is introduced such that
Z — Zy = €, the on-shell action is expanded as

1+2GNn 1492
Ss + Smatter = [ dt 3 — O(e")] . 3.5.38
¢ T Omatt / { 16rGne 167G n? Ole )] ( )

To cancel the divergence, it is appropriate to add the following counter-term:

Su= 5 [T [P @) - w1 =

+o GN\/ - —log(l — u)} . (3.5.39)

Here L is the overall factor of the metric defined as

[ 4
L= (1—n*u)/1+ gGNn, (3.5.40)

and scalar functions F' and G are defined as

og (144
—1—n*n+ (1 —n*u) cosh {27} (¢— 1— w>}

F(¢) = T ,
8/ + (1 —n?u) exp [277 (¢ —1- W)}
G(¢) = o . (3.5.41)

The extrinsic metric 7y, on the boundary is evaluated as

2w
T = € gz,

In the undeformed limit n — 0, this counter-term reduces to

-1 N

77 0 _ /| — _

This is nothing but the counter-term utilized in the undeformed model [24].

It is straightforward to check that the sum S = Sy 4 Snatter + Set becomes finite on the

boundary by using the expanded form of the counter-term (3.5.39):

+ O(e)

g /dt 1+4GNy N 1+ n°u— EBGNp? +2(1+ 2GNn) log(1 — n°w)
o 16wGne 167G n?
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In a region near the boundary, the warped factor of the metric (3.5.29) is expanded as

L
e =~ +0(). (3.5.43)
ne

Hence, by normalizing the boundary metric as

A ne
Yt = f%ta

the boundary stress tensor is defined as

-2 48 ne —2 65

Ty) = — 22 _im,/2E 292 5.44
L V= 09" 51_% L /=y 0" (3:5.44)
After all, <T 1) is evaluated as
. —(1+3GNy)log(l—n’u) Nyu
Ty) = 3 . 0.4
(Tu) 87G n? + 6 (3:5.45)

To compute the associated entropy, (T3;) should be identified with energy E like

14 2GNn)log(1 — m2T2n%) N
(1+35GNn)log(l —m Hn)+_TH’ (3.5.46)

E=—
87G n? 6

where we have used the expression of the Hawking temperature (3.6.16) . Then by solving

the thermodynamic relation,

dsS
dE = — 3.5.47
= (3547
the associated entropy is obtained as
1+ 2GN N
S = (&:—marctanh(wTHn) + 5 log(Ty) + Sty—0 - (3.5.48)
n

Here Sp,—0 has appeared as an integration constant that measures the entropy at zero
temperature. Thus the resulting entropy precisely agrees with the Bekenstein-Hawking

entropy (3.6.18), up to the temperature-independent constant.

3.6 The Liouville dilaton gravity

In this section, we shall introduce a new proper frame, which was originally utilized by
Frolov and Zelnikov [74]. One can see that in this proper frame, the deformed JT model
can be recaptured as a Liouville dilaton gravity model with a cosmological constant term,

while solutions are still given by w; and @s .
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3.6.1 Weyl transformation depending on the dilaton

The proper frame can be introduced through the following Weyl transformation:
Guw =€ 1% G (3.6.1)
In the conformal gauge, w; plays the role of the conformal factor in front of the metric:
dg* = g, da*dz” = —e**dztda . (3.6.2)

In terms of the new metric g,,, the classical action of the deformed JT model (3.5.19) can

be rewritten as

) 1 - ) 1,
So = Torg | V=0 [¢R —2(Ve)* - L2 (e 1) . (3.6.3)

Note here that the kinematic term of ¢ is well-defined because we have assumed that 7 is
a positive real constant. The potential is now bounded from below, but it is the run-away
type potential. Note here that ¢ (instead of ¢) appears in the classical action (4.4.1) and
¢ should be definitely positive. Hence this is not the usual Liouville gravity but rather a
constrained Liouville gravity. Interestingly, this constrained system can also be derived from

Einstein-Hilbert action with a cosmological constant [75].

It is remarkable that the equations of motion for w and ¢ are equivalent to the equations
for & and @y . Thus, the solutions of the eom are obtained by &, and @, as (3.4.15). From
@y and @, the dilation is determined by (3.4.22) again. However, in the proper frame, the
metric is given by w; directly.

In summary, the general vacuum solutions of (4.4.1) are given by

4120, X F0_Xy
S xr-x)

Lo oxfoxy (X —X5)°

T (x —xy ) KGO, |

2001

¢ (3.6.4)

Note here that the metric is given by the solution of Liouville equation and the rigid AdS,
geometry is preserved in the new frame (i.e., proper frame). This result indicates that the
Weyl transformation carried out here has undone the Yang-Baxter deformation from the
metric, while the deformations effect has been encoded into only the dilaton part. It should
be remarked that this is a rather natural result, noticing that the Yang-Baxter deformation

effect has been factored out as shown in [20].
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3.6.2 A black hole solution and its thermodynamics

In this section, we present a new black hole solution with a conformal matter. The proper
frame (3.6.1) enables us to construct an AdSs black hole solution (i.e., the metric is the
same as the undeformed case [24]) After that, we compute the entropy of the black hole
solution in two manners: 1) the Bekenstein-Hawking entropy and 2) the boundary stress

tensor with a certain counter-term.

A new black hole solution

In the proper frame, the classical action of the matter (3.5.19) is given by

~ N ~ ~ N
Sy = d*z\/—g [XR + (VX)Q] ~ Ton /dt V= x K. (3.6.5)

 24r

Note here that in the proper frame, x couples to only the Ricci scalar, while in the old frame
9uv, X coupled to both Ricci scalar and dilaton. This point is the same as in the undeformed

case [24].

We have already known that solutions are given by (3.4.15). Hence, the remaining task
is to determine how to choose parameters of linear fractional transformations (3.5.26) so as

to realize a black hole solution.

In order to find out a black hole solution of the system (3.6.5), we first employ the black

hole coordinates for X like
1
XE(2%) = — tanh(y/uab), 3.6.6
i (@) i (V™) (3.6.6)

by following the argument in [24]. Then, for X3, let us take the following linear fractional

transformation.

v 4y tanh(\/ma™) + 201
X2 (l’ ) - + 9
2nptanh(y/aa™) + /1

X; (2 ) = %tanh(\/ﬁw). (3.6.7)

Thus, we have obtained the static solutions for wq, @y :
o 4p(l+2GNn)L?
e* = “(. 7 ) : (3.6.8)
sinh*(2,/p2)
3 Ap(1 — 4n*p) L?

- (sinh(2\/n2) + 277\/,t_tcosh(2\/,EZ))2 7

%)

(3.6.9)



and hence a black hole solution with conformal matters has been derived as follows:

o Ap(l+ 3GNp)L?

2 3.6.10
sinh*(2\/uZ) ( )

1
¢ = o7 log ‘1 +2n/p coth(\/ﬁZ)‘ + ¢p . (3.6.11)

Here ¢ is the constant part of the dilaton:
1 1+ 2GNn

= —1 — 3. 3.6.12
% 2n Og<1—4n2u> ( )

The matter contribution just rescales the metric and shifts the dilaton by a constant. Note

here that the allowed region of y is restrcted like

1
0< < o (3.6.13)

so as to make the value of ¢y well-defined and prserve the positivity of (3.6.9).

Note here that this solution is different from the previous black hole solution with (3.5.29)
and (3.5.30), though the two solutions are quite similar but the py-dependence of the metric
and the range of /i are different.

By taking the undeformed limit n — 0, this solution goes to the black hole solution with

conformal matters in the undeformed case [24]:

2
ol o
sinh®(2,/p2)
1
¢ = /p coth(\/uZ) + §GN' (3.6.15)

In the following, let us evaluate the black hole entropy associated with (3.6.10) and

(3.6.11) in two manners.

1) Bekenstein-Hawking entropy

Let us first compute the Bekenstein-Hawking entropy. From the black hole metric (3.6.10),

one can compute the Hawking temperature as

Ty = \/7’7 (3.6.16)
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This is the same as in the undeformed case [24]. From the classical action, one can read off
the effective Newton constant G.g as

1 ¢ 2Ny
-2 A 6.1
e C 3 (3.6.17)

Given that the horizon area A is 1, the Bekenstein-Hawking entropy Sgy is computed as

A
[
o 4Geff Z—00
tanh (27 T N
_arc an8é7;r ) " Elog(TH) + constant . (3.6.18)

The last term is a constant term independent of the Hawking temperature. Note here that

the argument of arctanh should be less than 1. This means that

1
0<Ty < —.
21

This range agrees with the possible values of |/z given in (3.6.13).
2) Boundary stress tensor

In the conformal gauge, the total action, including the Gibbons-Hawking term, can be

rewritten as

e2a;1 (ef4n¢> . 1)

)

~ 1 -
S¢ = @ /dZZL’ [—48(+<Z53_)w1 + 4778+¢(9,¢ o 477L2

~ N N
Sy = on /dzx [8+X8_X + 28(+X8,)w1] : (3.6.19)

By using the explicit expression of the black hole solution, the on-shell bulk action can be

evaluated on the boundary.

The on-shell action diverges at the boundary Z = 0, hence one needs to introduce a
cut-off as Z = € (> 0), where € is an infinitesimal quantity. Then the on-shell action can

be expanded with respect to € like

- - 1+ 3GNy L

We have igonored the terms which vanish in the ¢ — 0 limit, and only the divergent term
has explicitly been written down. To cancel out the divergence, it is necessary to add an

appropriate counter-term.
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Our proposal for the counter-term is the following:

: i [ -
Sep = [ dt
’ L [167TG n

2 N
L (2ngf — e @) — = (3621
(1+ (2163 — 1)e - (3.6.21)
Here ¢ is the constant defined in (3.6.12) and L' is the rescaled AdS radius defined as
2 _ 12 4
L2=1L (1 + gGNn) . (3.6.22)
Then the extrinsic metric 44 on the boundary is defined as

o 2@1‘
T = —¢€ Z=¢ "’

In the undeformed limit 7 — 0, the counter-term (3.6.21) reduces to

S=0) ar Y= (— ¢ _ N) . (3.6.23)

L G 24w

This is nothing but the counter-term utilized in the undeformed case [24].

It is straightforward to check that the sum S = 5¢ + gx + gct becomes finite on the

boundary by using the expanded form of the counter-term (3.6.21):

K _/d 1+ 3GNp 1 - 2n¢?
o 167Gne | 167G n?

+ O(e)
In a region near the boundary, the warped factor of the metric can be expanded as
2 _ 0
2 = 2 4 O(). (3.6.24)
Hence, by normalizing the boundary metric as

’Aytt = ﬁ :Ytt ;

the boundary stress tensor is defined as

. -2 48 e —2 48
Ty) = =i 6.2
)= 7 e = T o (3625)
After all, (T};) has been evaluated as
. log(1 —4nu) log (L+2GNn) N

327G n? 327G n? 6
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To compute the associated entropy, (Ty) is identified with energy E like

loo(1 — 472T212)  log (1 + 4GN N
log(1 — 4n*Tn?) | log (1+3 ")+—TH, (3.6.27)

=
327G n? 327G n? 6

where we have used the expression of the Hawking temperature (3.6.16) .

Then, by solving the thermodynamic relation,

ds
dE = — 3.6.28
=3 (3.6.29
the entropy is obtained as
arctanh(27Tyn) N
= — log(T; Sti—0 - 3.6.29
3G % 0g(Tu) + Sty=0 ( )

Here Sp,,—0 has appeared as an integration constant that measures the entropy at zero
temperature. Thus the resulting entropy precisely agrees with the Bekenstein-Hawking

entropy (3.6.18), up to the temperature-independent constant.
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Chapter 4

Gravitational perturbation as

TT-deformation

In this chapter, we will discuss the relationship between a gravitational perturbation and
a TT-deformation in 2D dilaton gravity models. We will consider dilaton gravity models
with general potential, and evaluate a quadratic action by solving the equations of motion.
We will provide certain conditions under which a gravitational perturbation can be recast
as a TT-deformation of original matter action. In particular, in the case of the Liouville
dilaton gravity derived in chapter 3, a finite TT-deformation is realized as a gravitational

perturbation on AdSs

4.1 Perturbing 2D dilaton gravity systems

4.1.1 Our set-up and notation

In the following, we will consider a 2D dilaton gravity system coupled with an arbitrary
matter field ¢». We will work with the Lorentzian signature, and the coordinates are de-
scribed as 2 = (2%, 2') = (¢t,2). The metric field and dilaton are given by g, (z*) and

¢(z") , respectively.
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The classical action is given by

S[Guw» b ¥ = Saglguws 8] + S, Guus @], (4.1.1)
1
Sudlgun 9 = g [ Fo VI [0R-U()] .

(4.1.2)

Sl ) = [ @2 3/=5 F(0) Lo,
where G is the Newton constant in two dimensions and U(¢) is a dilaton potential. The
matter action S, may include a non-trivial dilaton coupling F(¢) in general in front of the
matter Lagrangian £, . In the following, we assume that F(¢) is constant and normalized

as F(¢) =1, for simplicity.

The equations of motion of this system are given by

R—U'(¢) =0, (4.1.3)
1
§guuU(¢) - (VMVVQS — g,“,V2¢>) = 8’/TGN TMV s (414)

where we have defined the energy-momentum tensor 7, for the matter field ¢ as
2 0Sn,
V=gogm

We do not discuss the dynamics of the matter field itself (nor the backreaction of the metric

T,

122

(4.1.5)

and dilaton to the matter field). Therefore the equation of motion for ¢ is not included.
In deriving the equations of motion (4.1.4) for the metric, we have used the fact that the

Einstein tensor G, in two dimensions vanishes:

1
Gw/ = R;U/ - §guuR =0. (416)

In our later discussion, we are interested in studying gravitational perturbations around
a vacuum solution (i.e., a solution obtained when T}, = 0)'. Hence, it would be useful to
write down some relations for the dilaton ¢ in an arbitrary vacuum solution. When 7, =0,

the equation of motion (4.1.4) for the metric takes a simple form

vuvu¢ = Guv (V2¢ + %U(gb)) . (417)

!Note here that the dilaton is not regarded as a matter field but a part of the metric. This viewpoint would
be rather natural as some dilaton gravities are obtained by dimensional reduction of higher-dimensional

theories.
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The trace of (4.1.7) is given by
Vip+U(¢)=0. (4.1.8)

By using (4.1.8) and (4.1.7), the dilaton potential U(¢) can be deleted. The resulting

expression is

1
V,uvzz¢ = §Q;WV2¢- (419)

Comment on the flat-space JT gravity

In the work [17], S. Dubovsky et al considered a special case called the flat-space JT gravity.

This case corresponds to the following dilaton potential
U(p) =A, (4.1.10)

where A is a constant. The vacuum solution is uniquely determined (up to trivial ambigui-

ties) as
2 + - AL
d’s = —2dz"dx", o= PR (4.1.11)
where the light-cone coordinates are defined as

(t+x).

Sl

In [17], the dilaton gravity system coupled with an arbitrary matter field has been expanded
around this vacuum solution and the quadratic fluctuations have been recast into a form of
TT-deformation. We will return to this point as a special example later after we carry out

general computation.

4.1.2 Evaluation of the quadratic action

By starting from the classical action (4.1.1), let us consider a gravitational perturbation
around a vacuum solution. In the following, we will slightly change our notation. The
original metric, dilaton and matter field are described as g, , ¢ and v, respectively. The

vacuum solution, which is taken as an expansion point, is specified by g, and ¢. Since
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we assume that the expansion point is a vacuum solution with 7, = 0, the matter field v
should be regarded as a fluctuation (i.e., 1) should be expanded around zero). In summary,

a gravitational perturbation around a vacuum solution is described as

g;u/:g,u,l/_'_h/u/a ¢:($+O‘7 wZO—Hﬂa (4112)

where h,,, and o are fluctuations of metric and dilaton, respectively, and 1 in the right hand
side is treated as a fluctuation with a slight abuse of notations. Note here that since g,

and ¢ describe a vacuum solution, the equations of motion (4.1.7) should be satisfied.

It is an easy practice to derive a vacuum solution explicitly by specifying a dilaton
potential at the beginning. However, we will not do that here and keep an abstract form of
the vacuum solution so as to argue in a covariant way. If we use a concrete expression of

the vacuum solution, covariance of the expression is not manifest like in [17].

The quadratic action

Let us expand the classical action S[g,., ¢,v] in (4.1.1) by the fluctuations (4.1.12). The

classical action can be expanded as

S[gur &, 0] = SO 4+ M 4 5O ..
= S((i(g);) [g/wv (5] + S((ilg) [gm/’ Q_ﬁ; th’ o'] —+ S((fg) [gwj, (5; h“y, 0_]

+ SO[G: 0] + SO G 0y By] + -+ (4.1.13)

where the superscript of S denotes the order of fluctuations. The zeroth order part S((j?
is the classical value of Sy, with the vacuum configuration. It is just a constant in the
case of [17] but in general depends on the coordinates as we will see later. Then the first
order action S((jg should vanish since the vacuum solution satisfies the equations of motion
with ¢ = 0. For the matter sector, S describes the matter field action on the classical
background specified by the metric of the vacuum solution. The second-order contribution
S@) is evaluated as

0Sm

S@2) — §qv
m g 59“1,

1
-2 / Lo /=G, (4.1.14)

Gur=guv
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where ¢, is the energy-momentum tensor for the matter theory described by SW . Note
here that
g =g — b 4+ O(h?).

where the indices in the perturbations are raised, lowered, and contracted with the back-
ground metric g,,: b = g"g"" hyo

After carrying out a lengthy calculation, we obtain the explicit expression of the quadratic
action S® = S C(fg) + s, By ignoring total derivative terms, this is given by

1
2

1 _
(2) _ 2 vl - 2p / . g
S 167TGN/dx\/_({VV o= T = ShU'(@) ~ U (qs)a]a
o 1 1 - _
- gv% h b — VP {—§hmvuh”" + hV"hyy + Zh,mv#hD
1
o /d% N2 (4.1.15)

where h = g"h,,,. The derivation of the above expression is given in Appendix B.

Equations of motion for the fluctuations

Taking the variation of the quadratic action (4.1.15), or expanding the equations of motion

(4.1.3) and (4.1.4), we obtain the equations of motion for the fluctuations as
I By — V2h — %Uf@s) h—U"(3)o =0, (4.1.16)
(~970 4 9T+ 58 V(@) ) 4 570 (s~ 1)
+ %v% [(v#h,,y + Vihou = Vohu) — 25,0 (V"hm — %v,,h)] = 8GNty . (4.1.17)
Taking the trace of (4.1.17) leads to
(V2 4+ U(&) o + 2U(@) h— V7 (V’hm _ %vph) — SnGinth (4.1.18)

Subtracting the trace part (4.1.18) from (4.1.17), we obtain

_ 1 _
v,uvua + iguu U/(¢) g
1 - | R _ _
= —87GN (tuw — Guth) — §U(¢) Ry + §vp¢ (Vihpw + Vil — Vb)) (4.1.19)
which may also be useful in our discussion later.

64



Simplification of the quadratic action

It is worth noting that the quadratic action (4.1.15) can be further simplified by using the

equations of motion obtained in Sec. 4.1.2.

Let us assume that the metric fluctuation takes a covariant expression of the one em-

ployed in the flat-space JT case [17] as follows:
Ty = —167G x(t — G 1) (4.1.20)

Here k is an arbitrary constant. Then this ansatz leads to the relation ?“hw = V,h and

1, 1 - 3 - 1 o_ 1
=5V 4 TV oy 4 Thy Nt = Shy V' W
1_
= 1 Vu (R h) . (4.1.21)

Thus, by using this relation and (4.1.16), the quadratic action (4.1.15) can be simplified as
- | NP 1, -
S® d*z /=7 { U” (¢) o* — §V2q§ o W + 5 (VPV70) hpoh + lﬁh’“’t,w}
_ 1. -
=5 / d*z /=g {—U” (¢) 0® + U (0) (huwh™ —h*) + K h‘“’tu,,]
B B2
/deﬁ{ U (3) 0 - & (zf _ ZU(gﬁ)) (£t _tﬂ . (4.1.22)

The second term is proportional to the TT operator, though the coefficient depends on the

background dilaton ¢ and in general has space-time coordinate dependence.

In conclusion, if U”(¢) = 0 and the metric fluctuation h,,, satisfies the ansatz (4.1.20),
the quadratic action can be regarded as a TT deformation of the original matter action, up

to the background dilaton dependence.

However, we still need to check the existence of a solution to the equations of motion.

This remaining task will be discussed in the next section.

4.2 Gravitational perturbations as TT-deformations

In the previous section, we have shown the gravitational perturbations can be seen as T7-

deformations under some conditions. Here, let us check the consistency of these conditions
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with the equations of motion. A general treatment seems difficult, so we will consider some
simple cases of the dilation potential like flat space, AdS, dS, and then construct the explicit

solutions of the metric and dilaton fluctuations.

4.2.1 The case of the flat-space JT gravity

As the first example, let us revisit the case of the flat-space JT gravity considered in [17].

This case is realized by taking a constant dilaton potential
U'l(p)=0, U(p) =A, (4.2.1)

where A is a constant. The background dilaton ¢ should satisfy the following conditions

R=0, Vg = -U(¢) = —A, (4.2.2)
which follow from (4.1.3) and (4.1.7).

The first is to solve the equation of motion (4.1.16) , which in the present case is simplified

to
0" (0"hy, — 0,h) =0. (4.2.3)
A possible solution to the equation (4.2.3) is given by
b = =167GN (tw — Guth) k (4.2.4)

where £ is an overall constant. It is easy to see that the above h,,, indeed solves the equation
(4.2.3) by noting that the conservation law of the energy-momentum tensor t,,, V, t** = 0,

leads to the relation

0"y, = Dy (4.2.5)

The next is to construct an explicit solution of the dilaton fluctuation o under the
metric solution (4.2.4). By using the conservation law of the energy-momentum tensor, the

equations of motion (4.1.19) can be rewritten as

1 - 1. -
0u, = —87Cx (b = Gut]) = SU(6) b + 506 (D, + Dby — Dy

A
= 881Gy |(1—kA) — %xpﬁp (tw — G 1) - (4.2.6)
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It is possible to construct explicitly a non-local solution to the equations (4.2.6). To see

this, let us first decompose the dilaton into two parts as

olzt,27) = oo(2,27) + Tnontocal (T, 7). (4.2.7)

Here the first term o¢(z™, 27) corresponds to the sourceless part,

+

ooz, 27 ) =a1 +axxt +azx, a; (i =1,2,3): arbitrary real consts., (4.2.8)

and obviously satisfies 0,0,0 = 0. The second term pon-ocal (27, ) describes the non-local
part,

xt -

kA/ dsst++(5,:c)+k/\/ dsst__(z",s)
0 0

Onon-local = 47T-CTYN

xt T
—2(kA=1) / ds/ ds't, (s, )
0 0

zt S T s
+ (kA —2) </+ ds /+ds’ to(s,0) + /_ ds /_ds’ t— (0, 5))] . (4.2.9)
Uy Ug Uy Ug

where qu are arbitrary constants.? It is easy to check that the non-local solution (4.2.7) sat-
isfies the equations of motion (4.2.6) by using the conservation law of the energy-momentum

tensor. Note here that the sign of the deformation depends on the values of A and k.

After substituting the solutions (4.2.4) and (4.2.7) into (4.1.15), the resulting quadratic

2The domain of integration may change due to the shift symmetry of the background, z+ — 2T — a™

and = — = —a~ . After making this shift, the background dilaton is transformed like

- A
$= E(er —a")(z7 —a”). (4.2.10)
Then the non-local part (4.2.9) is modified as

+ o

kA/jds(s—aJr)t_F_,_(s,:c*)+k:A/ ds(s—a " )t__(z%,s)

a—

Onon-local = 47TC;’N

xt x
—2(kA — 1)/ ds/ ds't1_(s,s")
at a—

xzt s x s
+ (kA —2) (/+ ds /+ds’ tir(s'ya™) + /7 ds/ds’t__(aJr,s'))] : (4.2.11)
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action is given by (up to the total derivative terms)

1 1, 5- PR v
5@ = e / A%z (—ga% Ty = 207 (hOph + hypu0"h) + 87Gy b tw)

1 1, L1 _ ,
= T6nCin / d%z (—ga% R b + Zaﬂaﬂgb hpuh + 87Gy h* t,w)
1 A ,
= —167Gx (% - g) k? /d%; [t — ()] . (4.2.12)

Thus the quadratic action can be regarded as a 77T deformation of S& . It should be
remarked here that the quadratic action (4.2.12) can be derived by using only the expression

of h,, , without using the explicit expression of o . It is because the first line proportional to

e
o in the action (4.1.15) vanishes identically under the condition (4.2.5) and then the action
is independent of o, though the existence of ¢ as a consistent solution to (4.2.6) is crucial

as carefully discussed in [17].

If we set k = £ as in [17], then the resulting action is simplified to

_87TGN

@ _
S A

APz [t — (th)?] . (4.2.13)

This is nothing but the result obtained in [17].

Finally, we should argue the signature of (4.2.12). It depends on the value of k. If this
signature is negative, it is well known that some pathologies like complex energies appear or
closed time-like curve may appear as the onset of the breakdown of gravitational physics as
discussed in [45]. In our current analysis, there is no argument to determine the signature
of (4.2.12). It would be possible to fix it or obtain a bound for k& by considering another

property like causality or S-matrix. We will leave it as a future problem.

4.2.2 The U'(¢) # 0 and U"(¢) = 0 case

The next case is a more general class of 2D dilaton gravity systems with dilaton potentials

satisfying the following conditions:

U'(¢)#£0, U"(¢)=0. (4.2.14)
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Under these conditions, the equations of motion for the fluctuations are simplified to
_ _ 1 -
VAVY iy — V2h — §U’(¢) h=0, (4.2.15)
_ _ 1 _ 1_.,-
(—vuvya + G Vo + v U'(¢) a) - §v2¢ (P — G 1)

1o [, _ _ _ 1_
+5V5 {(vuhw +Vohioy =V oh) = 20 (vah,,,, - Ev,,h)] = 87Gytu . (4.2.16)

As in the previous case, let us solve the first equation (4.2.15). Suppose that the matter
¢ is taken to be a conformal matter i.e. # = 0. Then it is easy to find out a solution to

the equation (4.2.15),
hyw = —k - 167Gnt,,  h=—k-167Gyth =0, (4.2.17)

with the help of the conservation law of the energy-momentum tensor. Finally, the quadratic

action (4.1.15) can be rewritten as

k2 - 4
S = (167TGN)§ / dz /=g (U(gb) — E) tu . (4.2.18)
Thus this may also be regarded as a TT deformation.

However, we should make some comments here for the interpretation of (4.2.18). First
of all, the coefficient of ¢,,t*” depends on the background dilaton ¢ and especially on the
space-time coordinates in general. Hence we need to consider the physical interpretation
of this coefficient. Then we have imposed the conformal matter condition, so we cannot
interpret our result as a 7'7-flow.We need to devise to remove the conformal matter condi-
tion somehow in order to apply the TT-flow interpretation as in the flat-space JT gravity.
However, our result can be understood as the exact solution to the linear-order pertuba-

tion of the AP model, and there should be some potential application in the context of

AdS,/CFT; .

Concrete examples

In the following, we show two examples for the present case.
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(i) the Almheiri-Polchinski model

An interesting example of 2D dilaton gravity systems satisfying the condition (4.2.14) is the
Almbheiri-Polchinski (AP) model [24]*. This model has the dilaton potential*

2

U9) = A -

¢. (4.2.19)

Let us construct the explicit form of o. In the following, we will employ conformal gauge

and the metric is given by
d’s = g, datds” = —2e*dztdr™ . (4.2.20)
The general vacuum solution incorporates the AdSs metric and a non-constant dilaton

(4.2.21)

20 _ 2172 QEZ%Z(A_Fa—i—b(:v*—i—x)—i-cx*x)’

(xt — )2’ xt — -

where L is the AdS radius and a, b and c is an arbitrary constant.

Let us solve the equations of motion (4.2.16). The (++) and (——) components of
(4.2.16) are evaluated as

€0, (e7*040) = — 87TGNT(a™), (4.2.22)
e*0_ (e7*0_0) = — 87TGNT_(x7), (4.2.23)

where T (z%) are defined as
k
E(mi) = (1 + bk + Ckl’i) toy F Z (CL + 2b$i +c (x:t)2) a:tt:ti . (4224)

By following [24], it is useful to express o with a scalar function M (z™,27) as

M(xt,z7)
to )= —21"~. 4.2.25
oot a7y = T (4.2.25)
Then the left-hand sides of (4.2.22) and (4.2.23) can be written as
_ _ Mzt x~
0, (¢2,0) = 2x0eM@T 7). (4.2.26)

Tzt —ax~

3Here, we dare to call the JT gravity with a conformal matter field as the AP model so as to respect the

analysis on the conformal matter in [24] which plays a crucial role in our analysis here.
4As for the notation, note that our ¢ corresponds to ®2 in [24].
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By integrating (4.2.22) and (4.2.23), the general solution can be derived as
Mzt x7)=I(a", o)+ T (a",a7) = I (a%,27). (4.2.27)
Here I is the sourceless solution,
In(zt, 2 )= A+ Bt +27)+Cata, A, B, C: arbitrary real consts.,

and I* (2%, 27) correspond to the non-local parts of dilaton and are given by
{Ei
(2, 27) E87TGN/ ds(s—a)(s—27) Te(s). (4.2.28)
uT

The (+—) component of (4.1.19) is drastically simplified due to the traceless condition
t,_ =0 and is given by

8+8,a + l‘— =0. (4.2.29)

It is an easy task to see that o with (4.2.27) satisfies the above condition (4.2.29).

It should be remarked that this non-local solution to (4.2.29) might be epochal. One
would usually try to employ hypergeometric functions or Gegenbauer polynomials to solve
it by assuming that the solution is local. But this solution is non-local and it has not been
presented at least as far as we know. This non-local solution may play an important role in

resolving the long-standing issue of the AdS,/CFEFT; correspondence.

A flat-space limit

It is intriguing to consider a flat-space limit of the vacuum solution in the AP model (See

also Appendix B of [17] for the limit with the embedding coordinates).

Let us first take a constant shift of z+ and introduce new coordinates X+ defined as

L
Xt =2t F

b

By taking the large radius limit L — oo, the AdSs metric goes to the Minkowski metric,

(4.2.30)

4 L2dxtda~

2 _
ds® = G —2dXTdX . (4.2.31)
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For the background dilaton ¢, it is helpful to take a particular choice of a, b and ¢ as

AL 2A
a=-———=, b=0, oo VA (4.2.32)
V2 L
Then the dilaton is rewritten as
- AL? 1 L?—2x%a~
_ 1 . 4.2.33
¢ 2 ( V2L at—a- ) ( )
After taking the limit L. — oo, the dilaton reduces to the one (4.1.11) in the flat-space JT
gravity:
_ Aoy
6 — FXTXT (4.2.34)

It may be worth noting that the choice (4.2.32) corresponds to a black hole solution
discussed in [24]. In particular, the parameter c is basically associated with the Hawking
temperature and eventually this part gives rise to the dilaton in the flat-space JT gravity.

It would be intriguing to try to get much deeper understanding for this connection.

(ii) 2D de Sitter space

Another interesting example is a de Sitter version of the AP model. This case is realized by

taking the following dilaton potential,
2
U(p) = A+ ﬁqﬁ. (4.2.35)

For the recent progress on the dSs in the JT gravity, see [76,77]. There might be a potential
application in the context of dS/dS correspondence [78§].

The general vacuum solution incorporates the dSs metric and a non-constant dilaton

o2 2 L2 L? (_A+a+b(x+—x_)+cx+x_) |

T (@t t+a)2’ qb:? xt + a2~

(4.2.36)

where L is the curvature radius and a, b and ¢ are arbitrary constants.

Again, let us examine the equations of motion (4.1.19). The (++) and (——) components

of (4.1.19) are evaluated as

€0, (e7*040) = — 87GnTasy (z ), (4.2.37)
e*0_ (e7*0_0) = — 87GnTas_(z7), (4.2.38)
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where Tgs (zF) are defined as
Tase(zH) = 1+ bk —cka®)tos + % (ax2ba® —c(x*)?) Ortay . (4.2.39)

Similarly to the AdS case, it is useful to represent o by using a scalar function Myg(z™,27):

Mgs(zt,27)

Tax)= 4.2.40
ol am) = B (1240
By integrating (4.2.37) and (4.2.38), the general solution can be derived as
Mas(z,27) = Jola™,a7)+ T (at,27) + T (aF,27). (4.2.41)
Here Jj is the sourceless solution
Jolzt, 2 )= A+ B(at —27)+Cata™, A, B, C: arbitrary real consts.,
and J* (2, 27) correspond to the non-local part of dilaton and are given by
rE
JE@T, 27) = 87TGN/ ds(sFat) (st 27) Tasw(s). (4.2.42)
uE

The (+—) component of (4.1.19) is drastically simplified due to the traceless condition
t,_ =0 and is given by

20

o with (4.2.41) also satisfies the above condition (4.2.43).

A flat-space limit

In a similar way to the AdSs case, it is easy to consider a flat-space limit for the vacuum

solution in the dS model.

Let us take a constant shift of #* and introduce new coordinates X* defined as

L
vt 4+ —. (4.2.44)

V2

By taking the large radius limit L — oo, the dSs metric goes to the Minkowski metric,

Xi

,  —4Ldztdz”

ds® = i) —2dXtdX . (4.2.45)
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For the background dilaton ¢, it is helpful to take a particular choice of a, b and ¢ as

AL 2A
a=-—, b=0, o= VA (4.2.46)
V2 L
Then the dilaton is rewritten as
- AL? 1 L?>+2x%a™
= -1 ) 4.2.47
=5 (1t ) (42.47)

After taking the limit L — oo, the dilaton reduces to the one (4.1.11) in the flat-space JT
gravity:

6 — %XU{ . (4.2.48)

4.3 Derivation of the gravitationally dressed S-matrix

We shall derive here a gravitational dressing factor of the S-matrix in the case of the flat-
space JT gravity (4.2.1). This was originally derived in [17] in the light-cone coordinates
without the explicit solution of o. It is instructive to reproduce the factor by using our

exact solution of o with the Cartesian coordinates.
Introducing the dynamical coordinates
Let us first introduce the dynamical coordinates X* defined as
2 2
Xt = —Ka”gzﬁ =zl 4+ Y, YH = —Ka"a. (4.3.1)

The components of Y* are explicitly given by

2
Vi(tx) =<az + rk [;L- 7Ot z) +t TO(t, x)}

x t
+ %(kA— 2) (/ Az’ T (t, 2" +/ ¢ T;g)(t’,())) , (4.3.2)
0 t2
2
Yo(t,x) =— G Kk [x Tt 2) +t T (¢, :L‘)}
t x
- %(k:A—Q) ( /0 ' TO W x) + / dx'Ttg‘”(o,x')) , (4.3.3)
x2

where the indices have been lowered in the right-hand side. Then Y* satisfies

v 2 v 2K kA v v
0Y" = —30,0"0 = == ((1 —kA) - = xﬂap> (T, —6nTO), (4.3.4)
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where we have used (4.1.4).

In the standard manner, the conserved charge is given by

PME/ da T\ (t, ). (4.3.5)

[e.e]

The total energy P, and momentum P, are given by, respectively,

H:/ dz T (t, ), Px:/ Az T (¢, z) . (4.3.6)

o0

The conservation law of the energy momentum tensor is given as
0
T =0. (4.3.7)
In the Cartesian coordinates, it is expressed as

o1y = 0,1y, a1y =0,1Y. (4.3.8)

tr

Using the relations in (4.3.8) and the invariance under the parity-transformation,

TO(t, 00) = T (t,—00),  TO(t,00) = TO(t, —00), (4.3.9)

xrx

the conservation of the charges P, is shown as follows;

0P, = / Az 0, T (t,x) =0, 9P, = / dz 0, TO(t,z) = 0. (4.3.10)

Note here that Y*# still contains four arbitrary parameters as, as, to and xo. In order
to fix the expression of Y* definitely, we need to impose some boundary conditions for Y* .

Then, as a result, (4.3.2) and (4.3.3) can be expressed in terms of the conserved charges P, .

Let us first impose a boundary condition for the energy momentum tensor as follows:
:BTISB) (t,z) =0 (r = +00). (4.3.11)
By using the conservation of T,Sg) in (4.3.8), one can obtain the following relations:

t 0 0 t
/ at' TO(#',0) = / Ao’ TV (¢, 2') — / Az’ T (t, ') + / At TOH —o00), (4.3.12)
to —0o0 —00

to

t x x t
/ ' T, z) = / Az’ TO(t, ) — / Az’ T (0, 2') + / At TO (', —o00). (4.3.13)
0 —00 —00 0
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Then Y* can be rewritten as

2
Vit z) ==ay+ Kk [a: TO(t, z) + t T, x)}

A
x 0
+%(m—2) ( / de' TO(t, 2') — / dg;'z;g?)(tg,m')), (4.3.14)
. 2 (0) (0)
Vet ) == Say = wk [0 T (t,2) + T (1, )]
%(k/\—2) ( / Ao’ T (t,2') — / dx'TftO)(o,x’)). (4.3.15)

Now the unknown constants as and asg are determined by using the boundary condition

(4.3.11) as follows:

K 0 (0) A
= S(kA = 2)/ de' T (o, ') + V) (4.3.16)
K T2 7 (0) ’ A -

where we have defined Y(’i) = Y*|, 100 . Using these expression of as 3, we find that

Yi(t,2) = Y()+/<;k[ TO(t,z) + t TO(t, )] %(m 2) / Ao’ TO (¢, 27), (4.3.18)

—00

Ye(t, ) = Y7 )—mf[ 70t z) +t TOt, )] —%(kA—2) / de' TO (¢, 2') . (4.3.19)

Taking x — oo and using (4.3.6) leads to the following relations:

CRA=2) Py, e Y = S (kA-2) P (4.3.20)

¢ t o _
Y _Y(—)*A( A

+)

By employing a parity symmetric prescription, we obtain that

Y(ti) 2A(kA —-2)P,, Y& = 2A(kA -2)F;. (4.3.21)
It is useful to introduce a new quantity ]Su defined as
P, =2 / da T\)(t, ) — P,. (4.3.22)

In the spacial infinity region = — 400, ﬁu becomes the conserved charge ﬁﬂ — P,

Finally, the dynamical coordinates in (4.3.1) are expressed in terms of T,Eg) as follows:

Xt =gt — gk (TOF — T ¥ — 2 (KA —2) P, (4.3.23)

K
ox
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Here €’ is an antisymmetric tensor normalized as €* = —1. For simplicity, we will set
k = 0 in the following discussion. Then, the metric fluctuation h,, and the quadratic action

vanish while o does not. The dynamical coordinates in (4.3.23) are simplified as
Iﬁ; ~
Xt =t + Ke‘“’P,, . (4.3.24)

This corresponds to the one obtained in [17].

The gravitationally dressed S-matrix

A significant implication of the dynamical coordinates in (4.3.23) is the gravitationally

dressed S-matrix [17].

Let us consider a scattering process in a scalar field theory. Here the detail of the
interaction potential is not necessary. In the infinite past ¢ — —oo, N, particles are
prepared and each of them has a momentum p(; . Then the asymptotic field (in-field) is

given by
dp 1
V2E 21

It is known that a TT-deformed QFT on the undeformed background is equivalent to the

W= [aiTn<p) e P h.c.] ) (4.3.25)

undeformed QFT with the dynamical coordinates [4,14,15,17]. This statement means that
the deformation effect for the asymptotic state can be evaluated by replacing the original

coordinates x* with the dynamical ones X* .

o .
As a result, a creation operator a | gets a extra-phase factor e#¥" and a dressed creation

operator can be defined as

Al (p) = a (p) ¥ (4.3.26)

m

By employing this dressed operator Al (p) (instead of al (p)), the associated dressed in-state

can be defined as

’{p ’)} Il dressed HA

= exp( Zp YH(x > ‘{p },in) . (4.3.27)
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In the infinite past, Y*(z(;) can be evaluated as follows:

i Z(4)
o) = 5o o [ a0 - ]

—00

- o
,{/ 5 1 mn

=1 |2 <§P(z’>y + Zp(j)y> - P(m]
L i=1

j<t

K 17
=3¢ [P, + 2P0, - ZP@») : (4.3.28)

j<i §>i

From the first line to the second line, we have assumed the mid-point prescription. Finally,

one can write the dressed state in terms of p;.

Nin
. K . .
{P@} 1) gresseq = OXP (22 A2 P(i)“pu») {pa}. in) - (4.3.29)

i=1 i<j
The phase factor in front of the original in-state is nothing but the gravitational dressing
factor. Similarly, the phase factor for the out-state can be evaluated and then the dressed

S-matrix can be derived as shown in [17].

4.4 Liouville gravity and TT-deformation

So far, we have considered at most a linear potential like (3.1.6) in order to solve the
condition U”(¢) = 0. Note however that the condition we have to solve is that U”(¢) = 0
and the argument is the background dilaton ¢ rather than ¢. Hence it is enough to consider
the behavior of the dilaton potential around the vacuum solution and it is possible to take

account of more complicated dilaton potentials.

As such an example, we will consider a classical Liouville gravity with a negative cos-
mological constant.® Remarkably, the quadratic action is recast into a T7T-deformation of
the original matter action with a finite coupling (i.e., the conformal matter condition is not

necessary ).

®The classical Liouville gravity can be derived from pure Einstein gravity in 2 + e dimensions [75].
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4.4.1 Classical Liouville gravity

The classical action of the Liouville gravity with a negative cosmological constant is

| D 1 (2 1
S = ﬁ /d2l’ Y e <¢R(G) - ﬁ(v(G)¢)2 - %eQH(A L ¢7) + %) + Sm [w7 GHV] ) (441>

where Ry and Vg are the Ricci scalar and covariant derivative, respectively, defined with
the metric G, . Then 7 is a new constant parameter with dimension (length)*. When 7
is negative (n < 0), the kinetic term of the dilaton has the wrong sign and the potential of

(4.4.1) is not bounded from below. Hence, we take 1 to be positive as a natural choice,

n>0. (4.4.2)

The Liouville gravity action (4.4.1) has the dilaton kinetic term. Hence, we have to

remove the dilaton kinetic term by performing an appropriate Weyl transformation.

Let us consider the following Weyl transformation depending on the dilaton [21],
G = e_"(A_%(b)gW . (4.4.3)
In the frame with g,, , the kinetic term has been removed as follows:

S = i / d2/—g (¢R . %smh [n (A - QL—f)D 48, [¢, e—"@‘ﬁ(")g,w] L (444)

Thus the dilaton potential U(¢) is identified with the following hyperbolic potential:

U(6) = %sinh {n <A _ i—f)} | (4.4.5)

Note here that the matter action S,, now depends on the dilaton explicitly through the
Weyl factor of the metric g, .

Originally, this hyperbolic-type potential was introduced in [20] so as to support Yang-
Baxter deformations [25-27] of AdS,, where 7 corresponds to the deformation parameter.

In the n — 0 limit, the JT model (3.1.6) is reproduced.

It is known that the AdS, metric with a constant dilaton is one of the vacuum solutions
(For the general solution, see Appendix B). In the conformal gauge , this solution is given
by

. 2 L2 A_L2
2

62w2m7 gZ_SZ

(4.4.6)
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In the following, we will consider fluctuations around this vacuum solution. For this constant
dilaton background, one can show that

UG =0, UG)=-1.

Thus this hyperbolic dilaton potential (4.4.5) indeed satisfies the condition U”(¢) = 0.

U'(¢) =0. (4.4.7)

4.4.2 The quadratic action

Let us then consider the quadratic action for the hyperbolic potential (4.4.5) . By supposing
the ansatz (4.1.20), the equation in (4.1.16) is simplified as

2% poy g, , 26 05w
L? Nl

The dilaton dependence in the matter action has been determined in (4.4.4), and the second

(¢) =0. (4.4.8)

term in (4.4.8) is replaced by the trace of the energy-momentum tensor as follows:

sS&Y oy sSY o
0 (@)= _ﬁgu dgv — vy . (4.4.9)
As a result, (4.4.8) reduces to a simple equation,
o k) TO =0. (4.4.10)

A possible solution is the conformal matter case T(® = 0. Then the matter action S,, is
invariant under the Weyl transformation and its dilaton dependence disappears. Hence, it

is the same as the AP model case discussed in Section 2.

Unless the matter action is conformal, k is directly connected to 7 like
k=—n. (4.4.11)

Originally, & has been introduced as an arbitrary constant of the metric ansatz (4.1.20).
In comparison to the flat-space JT case where k is completely free, in the present case k is

determined completely by the initial set-up of the Liouville action.

With the condition (4.4.11), the quadratic action (4.1.22) leads to the form of TT-

deformation on the AdS, background,

S® = my/d o ( TOTO T(0)2) . (4.4.12)
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Note here that the deformation is measured by xn. It is significant to see the signature of
the deformation because it is sensitive to the physics of the deformed theory. Recall that
both k and n are positive. Hence the deformation (4.4.12) corresponds to the negative sign
in the convention of [42]. Then the deformed theory should have a UV cut-off (at least)
in the flat-space limit, because the energy becomes complex in the UV region. Hence the
above result would have an intimate connection with the cut-off AdS geometry [30,31] or

the random boundary geometry [40].

On the other hand, a negative 7 corresponds to a positive-sign 7'T-deformation. Then
the deformed theory does not have the UV cut-off. However, if n is negative, then the
potential of the dilaton is not bounded from below and the dilaton becomes unstable. This
case may be interpreted as a quantum Liouville theory and then be related to the Little

String Theory scenario proposed in [42].

4.4.3 The explicit solution of o

The remaining task is to derive a non-trivial solution to the equations of motion (4.1.16)
and (4.2.16). For this purpose, let us start from considering some properties of the energy-

momentum tensor.

The energy momentum tensor T,Eg) should satisfy the conservation law.
oHrT(0)
VT, = 0. (4.4.13)

In the conformal gauge , the components of the conservation law are given by

2 0 0 0

2 0
WTQ L (44.14)

0) _ 0)
0_T,] =—-0,T,” —
The trace of the energy-momentum tensor 7, _ is not zero and gives rise to a no-trivial
contribution. Moreover, in comparison to the conformal matter case, the (++) component

of the energy-momentum tensor 7 , is no longer a holomorphic function and it depends

on x~ as well. This is also the same for 7
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Thus, the equations of motion are rewritten as
e*0, (e7*040) = — /ﬁTJ(FOJ)r(x*, ),

625)87 (6*2@870) = — HTE(E($+7 xi) )

0 _
8+8_0 + ma =K T_g__)($+, X ) (4415)
It is useful to introduce a scalar function M (z™,27) as
M(xt,x7)
= =/ 4.4.16
? xt—x~ ( )

The equations in (4.4.15) are further rewritten as
PRM=—rk(zt—z7) Tﬂ)r(fr, x7),
PM=—k(zt—27) T(O_)(J;Jr, x7),

(zF = 27)0L0_M + 0. M — O_M =2k (z* — 2 ) TV (z*, 27). (4.4.17)
The solution is given by
Mzt 27)=Io(z" 27 )+ Z (2", 27) =T (2™, 27), (4.4.18)

where Io(xzt, x7) is the sourceless solution given in in section 2. Z*(x™, 27) and Z~ («™*, x7)

are defined as

zt

It (z*,27) = g/+ ds (s —a)(s — 2 )T (s, 27), (4.4.19)
I (2t 27) = g/x ds (s —a")(s — 2 )T (a*) s). (4.4.20)

This solution resembles the one in the AP case (4.2.27). However, the energy-momentum

tensor is not (anti-)holomorphic, hence be careful for calculating partial derivatives of Z% .

It would be instructive to demonstrate, for example, the calculation of the partial deriva-

tive of Z7:

0, I (", o)

== / f_ds (s = e )T (@, 5) + (5 = ) (s = 27)0. Tt )]

- / " ds (s — o) T, ) = (5 — o) (s — )T (@, 5) = 205 =2 )T, 5)
-z / " ds (s )Tt 5) — (ot — 2 )T, 9)] (4.4.21)
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From the second line to the third line, we have used the conservation law (4.4.14) and also
assumed that the boundary terms vanish. Similarly, one can also evaluate the second-order

derivative as follows:

PRI (xF, z7)

= g/ ds [—(S —a7)0 TE_)(er, s) T(O_)(er’ s)— (zt —27)d Tf?(x*, )
_s [ - ) ¢+ (s —27) 0

_§/u ds [—(s—as )OI (xF, 5) — 2 P 7O (s, 27)

k[T b 2 ©) /. + (0) (. +
_2/u as (o =) [- =T, ) - 0,70, 5)]
K _ —_
= 5@ —a )T, o),
0,0_T (a2, 27) = g/ ds [TEQ(:EJ“, s) — Tf?(f“, s)} : (4.4.22)

Thus, one can directly confirm the solution (4.4.18) satisfies the equations in (4.4.17).
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Chapter 5

Conclusion

5.1 Summary of the thesis

In this thesis, we have discussed the generalization of the relationship between a T7T-

deformation and a gravitational perturbation for curved space-times.

Using a technique of an integrable deformation, called the Yang-Baxter deformation, we
discussed the deformation of AdSs space-time and obtained the deformed JT model. This
deformed model has a hyperbolic-type dilaton potential. The space-time near the boundary
is dramatically changed and the singularity surface is generated by the deformation. Such
a singularity surface is one of characteristic feature of the deformed backgrounds derived by
using a technique of the YB-deformations. (For example, see [72] in the cases of the defor-
mations of AdSsxS® superstring.) We constructed general solutions of the deformed model
and showed that a deformed black hole solution is contained as a solution. We calculated
the energy and the entropy of the deformed black hole and showed that the thermodynamic
quantities are reproduced from the physical quantities on the singularity surface. That
means that the holographic principle is realized even in the deformed space-time, and that
the singularity surface functions as a holographic screen originally proposed in [72]. We also
discussed the deformed system coupling to a conformal matter and similarly constructed a
deformed black hole solution. Again, we can calculate the thermodynamic quantities and
reproduce from ones on the singularity surface. As an interesting property, the deformed

model is classically equivalent to the Liouville dilaton gravity with a negative cosmological
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constant moving into a proper frame by a certain Weyl transformation depending on the
dilaton. This Liouville dilaton gravity supports AdSs space-time as a vacuum solution. The
Liouville gravity can be embedded in higher-dimensional Einstein gravity, we expect that

above results are also applicable to higher-dimensional theory.

W also discussed a gravitational perturbation in two-dimensional dilaton gravity models.
We first reviewed Dubovsky et al. discussion of the flat-space JT model and demonstrated
that a gravitational perturbation can be interpreted as a TT-deformation of the original
matter action. In order to generalize this result for curved space-times, we considered general
2D dilaton gravity models coupled to matters and derived a quadratic action. We found the
conditions under which a gravitational perturbation can be interpreted as a TT-deformation.
The JT gravity satisfy the conditions and we solved the equations of motion perturbatively.
However, in this cases, one can consider only infinitesimally deformations from the JT
gravity coupling to conformal matters. However, the TT-deformation is irrelevant and
breaks the conformal symmetry. Thus, one cannot obtain the finite 77-flow in the theory
space. We resolved this problem by considering the Liouville gravity model on AdS space-
time discussed in Chapter 3, and we showed the correspondence between a T'T-deformation
and a gravitational perturbation for a finite deformation parameter. We also discussed
the relationship between the parameter of the TT-deformation and one of the Yang-Baxter
deformation. This indicates that the sign of the deformation parameter is directly related

to the spectrum of the deformed theory. We also provide a exact gravitational solution.

5.2 Open problems

At the end of this thesis, we would like to mention some open problems.

Recently, the relationship between the matrix model and two-dimensional gravity has
been refocused to understand gauge/gravity correspondence at the quantum level. This is
an attempt to apply the theory of the matrix integral discussed in the ’90s to the cases
in space-times with boundaries. In recent works [92,93], it has been discussed that the
partition function of the Jackiw-Teitelboim gravity can be reproduced from the large N

limit of the matrix model. Quantum aspects of various 2D gravity models are investigated,
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for example, JT gravity at a finite cut-off [94], deformed JT gravity modified by a certain
vertex operator [95,96]. It is expected that these quantum aspects play an important role

to prove gauge/gravity correspondence.

Analyzing the integrable deformation of the Jackiw-Teitelboim gravity from the view-
point of matrix integrals, it would be possible to understand the correspondence between 2D
gravity and 1D quantum system, and to construct a new exact model for gauge/gravity cor-
respondence at the quantum level. In particular, we derived the deformed JT model by using
a technique of the integrable deformation, thus we expect that some physical variables such
as the partition function may be calculated exactly. Generalization of the TT-deformation
in curved space-time has also been discussed and evaluated a partition function [6,7]. It is

interesting to consider the relation between our work and these results.

Our research also reveals that the Liouville gravity supporting AdS space-time is closely
related to TT-deformation. Our deformed JT model have been discussed in the context
of non-critical string theories and matrix models [97,98]. We would like to comment the
significance of the non-local solution (4.4.18). It is interesting to understand the origin of
such a non-locality in the view point of matrix models and 1D quantum mechanics. One
of the most significant models is Sachdev-Ye-Kitaev (SYK) model [94]. SYK model is a
fermionic many body system with quenched interaction. In large N limit, this model is
solvable and the spectrum and correlation functions have been evaluated [82-84]. (In detail,
see review [85].) There are many generalizations of SYK model like g-points interaction [86],
supersymmetric model [87], and a model without disorder [88-90]. In particular, a conformal
SYK model [91], which has a non-local kinetic term to preserve conformal invariance, may

relate to our model rather than an original SYK model.

On the other hand, the TT-deformation is expected to be closely related to the gravity.
As we explained above, the TT-deformation of original matters action is interpreted as a
gravitational perturbation under certain conditions. In this thesis, we have focused only on
the classical TT-deformation, which means we considered on-shell variables. It is interesting
to investigate TT-deformation at the quantum level. In [99,100], it was conjectured that

the TT-deformation is equivalent to the non-critical string theory. However, dealing with
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renormalization of the deformation parameter, negative norm states appear in general [101].
It has been pointed out that 2D diffeomorphism invariance is a key to avoid such a nega-
tive norm states. The quantum aspect of the TT-deformation seems an important clue to

understand quantum gravity.

We hope that our deformed model would provide a new arena to study the correspon-

dence between gravity theories and integrable systems.
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Appendix A

Useful formulae

It would be helpful for readers to summarize formulae useful in computing some quantities

in this paper.
We consider a small perturbation around a given metric as
Guv = g,uu + h,uu ) (AOI)

and expand some geometric quantities in terms of the metric fluctuation up to and including
the second-order in £,,. In the following we will drop the higher order terms. The explicit

expressions of the perturbed quantities are useful in deriving the quadratic action (4.1.15).

We start by expanding the inverse and the determinant of the perturbed metric g, .

These are given by
g =g" — W + hoh™, (A.0.2)
V9=V (1 MRV (huyhﬂ” - %h?)) , (A.03)
where " = g’ g"7h,y , b= g hy, = N,
The Christoffel symbol is defined as

9" (OuGov + OvGop — OsGpuv) , (A.0.4)

and can be expanded as

T 1 2
re, =10, + 10+ 10", (A.0.5)
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where the first and second order terms in the fluctuation are

1 _ _ _

rg)ﬂ — égpo(v“hgy +Vihou — Vohu),
1 _ _ _

rffgp — _§hf’°'(Vuhm, + Vohoy — Vehu) .

The Riemann tensor and the Ricci tensor are defined as

R g = 0uT%; — 9TV, + TH %, — DH.T%

v pa~ vB pB- va

= RP
R, =R, .

The Ricci tensor can be expanded as

Ry,ll — Ruy + R}(L]I) + R/(LQV) )

where R,(}V) and R,(fy) are

R = 597 (Tl + Vil — Vb)) = 59,90,
R® = %?V(hwmhm) - %?p (177 (Vuhow + Vihon — Voh)]
+ }vah (Vi + Vol — Vo)
L (9t T = T ) (T + Tz = Tsho)

The Ricci scalar R = g"” R, can be expanded as

R=R+RY 4+ R®

where R and R are given by

RW =g"RY) — h™ R,
= V"V"h,, — V?h — "R, ,

2) _ —uv 2 v 1 v D
R® = g™ R — W™ RL) + hih™ R,,, |

90

(A.0.6)

(A.0.7)

(A.0.8)

(A.0.9)

(A.0.10)

(A.0.11)

(A.0.12)

(A.0.13)

(A.0.14)

(A.0.15)



with

1= - _ _ 1_
7R = S VA7V uhee) =V, [h”" (V“hw - §Vgh)]
1 /P 7 H 1o
+ §V h | V*h,, — 5Vph
Lo g gpo N ,h ) ) ) V ,h Y sh
_Zg 99 (v# aP+Va P#_vp au) (VU g+ Vihge — Vg UV)

_ (3 _ 1= 1= _ 12
=V’ <Zh“”vph,w —hy <V“hw — §Vgh)) + §Vph (V“hw — §Vph>

1 _ 1
- §vuhaﬁvahﬁﬂ — Zh“”VQhuy. (A.0.16)
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Appendix B

A derivation of the quadratic action

We explain how to derive the quadratic action (4.1.15) in detail.

By using (A.0.2) and (A.0.3), it is straightforward to derive the following quadratic

action:

EC— /d% V=37 < Bh (R-U"(¢)) + RY — %U"(&)a] o

167TGN
1 - 1 _ 1 1_ 1
- hh* — =h? @ 4 ZhRW — ZR( hyh" — Zh?
+4U(¢)<M 5 )+¢[R + GhRY = JR (b, 5
1 = v
+ §/d2x\/_—gh“ tow - (B.0.1)

By using the explicit expression (A.0.14) of RV and the vanishing of the two dimensional

Einstein tensor (4.1.6), this can be rewritten as

(2) — 2 /- 2y / 1 "oz
s 167TGN/da:\/_<{V”V o —Vh hU((b) U (@) | o

1 - 1 _ 1 1 1

- wo_ Zp2 @ 4 “pRM _ - wo_ p2
+7U(9) (h,wh Sh > + ¢ [R +hRY — 2R (hu,,h Sh )D

1
+ 5 /dQI) V _g huytuy . (BOQ)

We then rewrite the terms proportional to the background dilaton ¢ in (B.0.2). For this
purpose, it is helpful to employ the following identity:

1
0= h (RW - 5gWR) . (B.0.3)
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The identity (B.0.3) gives at O(h2.,)
e uv 1 2 1 uv (1) 1 vilAvwiZ =72
— B bk = Sh* ) = =W RL) + 2h (V*V¥hy,, — V7h) . (B.0.4)

By using the identity (B.0.4) and the formula (A.0.15) together with the fact that the
Einstein tensor vanishes in two dimensions (4.1.6), the part proportional to the background

dilaton ¢ in (B.0.2) can be rewritten as

- 1 12 1
(2 4 = 1 _ = o 2
¢ {R + 2hR 4R (h#,,h 5 )1
7| muv 1 v 1 = TV =
=9 {g“ R} — 3" RY) + oh (VN Ry, — v%)] . (B.0.5)
Substituting (A.0.11) and (A.0.16) into (B.0.5), the above expression becomes

__ /3 _ 1 _ _
(B.0.5) = ¢V* (Zhvahw O

1, - 1, - 3. -
= Sh g + ThV By, + Zhwvf‘h)

_1_27 /w_l 2 1_27 pv
—4V gb(h,wh 2h)+8v ¢ hyh
AT P N/ MO 1;“/_ 1 VA4 3 VAL
+ OV e Vit = SWN iy + BV hoy + Shy VD
_ (3 1 - _ 3., 1.,
+ V& PPV phya = ThVh| = V6 | Sh = 2h? ) (B.0.6)

Furthermore, it should be useful to rewrite the second line from the end in (B.0.6) so that it
contains only the terms containing V,h and V*h,,, . By using the fact that the background

dilaton ¢ satisfies (4.1.9), the second term in that line can be rewritten as

1 _ 1_ o
—G VNN hy) = =S (VPO s, — SN G by NV

DO | —
<}

= " v wi PN v
— 5 VGH T h) + 5V (TG D)

p

<1
Ol— S o=

ol o 1
= = Vol —

1- — _
— VG +

hp N B

|

W(VPO W Dy, (B.0.7)
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As a result, we obtain

_ _ 1 - S lenzy ¢
+ ¢Vp (_hpavuhua + Zhvghap + Zhloﬂvuh - _vp¢ h,UVVNhMV

e (¢ Fhvahw - %huvmmp] 9,8 { v %hZD

V. (VPd R hy,,) . (B.0.8)

Finally, by using (B.0.8) and the on-shell condition of the background dilaton (4.1.9)

and doing partial integration, the quadratic action S® becomes

1

S —
2

1 _
2 A vid - 2y ! T
167rGN/d T — ({VV " VZh hU(gb) 2U (¢)a}a
- N B | _ 1 - _
- §V2¢ hu bt —N?P¢ {—ihpgvuh‘” + ZhV"hgp + zhwv*‘h}>
1
+5 /d% V=g h"t,,, (B.0.9)

where we have ignored the total derivative terms. This is the quadratic action in (4.1.15).
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