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string spectrum and relate it to the spectrum of the dual field theory; (i7) show that the
black hole thermodynamics can be reproduced from single-trace TT + JT + TJ-deformed
CFTs; and (7i7) show that the energy of the ground state matches the energy of the vacuum
in the dual theory. We also study geometric properties of these new spacetimes and find
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curves and singularities.
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1 Introduction

Solvable irrelevant deformations of two-dimensional CFTs [1-3] and their holographic
dualities [4-9] have recently attracted a lot of attention. Irrelevant deformations are in
general difficult to deal with due to their nonrenormalizability. Nevertheless, in [1, 2] a
class of irrelevant deformations built from the bilinear product of the stress tensor, namely
the TT deformation [10], was found to be solvable in the sense that the spectrum on the
cylinder can be expressed in terms of the undeformed spectrum. Remarkably, the S-matrix
of TT-deformed QFTs is related to the undeformed S-matrix by an energy-dependent phase
factor which remains well defined at arbitrarily high energies, suggesting that TT-deformed
QFTs are UV complete [11, 12]. The T'T deformation can be reformulated in various ways,
e.g. as coupling the undeformed theory to random geometry [13], as flat Jackiw-Teitelboim
gravity [14, 15], or, when the undeformed theory is a CFT, as a (non)critical string [11, 16].

These features of TT-deformed QFTs are not exclusive to this class of irrelevant
deformations. Similar results have been found for the JT' deformation [3] which is generated
by the product of a U(1) current and the stress tensor. In particular, the spectrum of
JT-deformed QFTs was worked out in [3] while the deformed S-matrix was obtained in [17],
where JT-deformed QFTs were also reformulated as QFTs coupled to dynamical gauge
fields and gravity. Both the TT and JT deformations are generated by bilinear products of
Noether currents, which we refer to as bi-current deformations. More generally, a linear
combination of the TT, JT, and TJ deformations dubbed the TT + JT + T'J deformation
has been studied in [18-21]. For other studies on irrelevant deformations see e.g. [22—29].

The aforementioned bi-current deformations are by definition double-trace deformations.
A single-trace version of these deformations can be obtained from the product of double-
trace deformed theories. For instance, the single-trace TT deformation of a symmetric
orbifold CFT is a symmetric orbifold whose seed theory is the T'T deformation of the seed
CFT [5]. Consequently, there are two kinds of holographic dualities for irrelevant bi-current
deformations depending on the double or single-trace nature of the deformation.

In the double-trace version, TT-deformed CFTs are holographically dual to Einstein
gravity in asymptotically AdSs spacetimes with a finite cutoff [4], or alternatively, to
AdS3 gravity with modified boundary conditions [9]; whereas JT-deformed CFTs are
holographically dual to Einstein gravity with Chern-Simons matter fields in asymptotically



AdS3 spacetimes with modified boundary conditions [6]. On the other hand, in the single-
trace case, TT-deformed CFTs are holographically dual to (the long string sector of) string
theory on a background interpolating between AdSs in the IR and a flat spacetime with a
linear dilaton in the UV [5]; while JT-deformed CFTs are holographically dual to (the long
string sector of) string theory on warped AdSs spacetimes [7, 8].

There are several differences between the double and single-trace versions of holography
for bi-current irrelevant deformations: (7) the double-trace deformation is universal and can
be defined for any two-dimensional CF'T whereas the single trace version has so far only been
defined for symmetric orbifold CFTs; (ii) the cutoff AdS3 proposal applies only to one sign
of the TT deformation parameter whereas the single-trace version applies to both signs; and
(7it) the double-trace deformation does not change the local bulk geometry (instead it can
be understood as changing the boundary conditions) while the single-trace version deforms
the bulk geometry itself. The last property makes single-trace holography particularly
interesting, as it provides a way to construct holographic dualities for spacetimes that are
not asymptotically AdSs. In fact, a special example of the T'T black string backgrounds
found in [30] was studied previously in [31] with the motivation of understanding black
holes in asymptotically flat spacetimes; while the warped AdSs backgrounds dual to the JT'
deformation [7, 32] have also been studied in [33] with the goal of understanding quantum
gravity near the horizon of extremal Kerr black holes [34].

In the examples of single-trace holography described above, a solution-generating
technique known as a TsT transformation (T-duality, shift, and T-duality) [35], has been
used to generate the aforementioned non-AdSs backgrounds [7, 30, 32, 36]. This suggests
a deep connection between TsT transformations, non-AdS holography, and irrelevant
bi-current deformations. Let us assume that the long string sector of type IIB string
theory on AdS3 x M7 supported by NS-NS flux is holographically dual to a symmetric
orbifold CFT [37-42], and let X™ and X" denote two bulk directions with translational
or rotational symmetries. It was conjectured in [30] that performing the following TsT
transformation on the string theory is holographically equivalent to deforming the seed of
the dual symmetric orbifold,

OSm
TST(X'm7X'r?7,;[L) <~ aﬂ” = —4/J(m) A J(m), (1.1)

where TST(ym xm.;) denotes T-duality on X™, shift X Mo X™ — 23 X™, and T-duality
on X™, Sy, is the action of the deformed seed, () is the dimensionful(less) deformation
parameter, and J(,,), J(z) are the Noether currents generating translations along X™, X™.
It is interesting to note that from a purely worldsheet perspective, a TsT transformation
is equivalent to a marginal bi-current deformation of the worldsheet action, the latter of
which can be shown to be equivalent to a gauged (SL(2, R) x U(1))/U(1) WZW model [30].

For individual TT or JT deformations, evidence supporting the conjecture (1.1) has
been given in [30, 32]. In this paper, we find that this connection still holds between multiple
TsT transformations and multiple bi-current deformations. More concretely, we use three
successive TsT transformations to construct backgrounds of type IIB string theory that are
holographically dual to states in single-trace TT + JT + T'J-deformed CFTs. While the



background dual to the Ramond vacuum has been studied in [19, 43] using other methods,
our construction enables us to obtain more general backgrounds including black holes with
arbitrary mass, angular momentum, and two U(1) charges, as well as the spacetime dual to
the Neveu-Schwarz (NS) vacuum of the dual field theory.

We refer to the finite-temperature backgrounds obtained by the aforementioned sequence
of TsT transformations as tri-TsT black holes.! These black holes are 7-parameter solutions
of type IIB supergravity with NS-NS flux that describe the most general class of black holes
in the space of single-trace TT, JT, and T'J deformations. From the seven parameters
characterizing these solutions, three parameters are identified with the action of the TT, JT,
and T'J deformations, while the other four correspond to phase space variables controlling
the energy, angular momentum, and two U(1) charges. As a result, the space of tri-TsT
solutions constructed herein contains the 7T and JT black holes found previously in [30]
and [32], as well as generalizations of the latter that include additional U(1) charges.

Evidence for the correspondence between a sequence of TST transformations and
single-trace TT + JT + T'J deformations given in this paper consists of:

e The spectrum of long strings winding on tri-TsT transformed backgrounds. In particular,
we show that the spectrum of strings with one unit of winding matches the spectrum
of untwisted states in a single-trace TT + JT + T'J-deformed CFTs. Furthermore, we
argue that the spectrum of strings with more than one unit of winding corresponds to
the spectrum of twisted states in the deformed symmetric orbifold.

o The entropy (and thermodynamics) of tri-TsT black holes which matches the density
of high-energy states in single-trace TT + JT + T'J-deformed CFTs.

e The ground state geometry obtained by requiring a smooth tri-TsT background without
a horizon. In particular, we show that the conserved charges of this background match
the corresponding quantities of the NS vacuum in the dual theory.

In addition, we study geometric properties of the tri-TsT backgrounds in different regions
of parameter space. We find that there exists a region of parameter space that yields
geometries free of CTCs and curvature singularities. For solutions featuring curvature
singularities, it is possible to find tri-TsT backgrounds where the three-dimensional Ricci
scalar in the Einstein frame is positive in a smooth region outside the horizon before reaching
any pathologies.

This paper is organized as follows. In section 2 we briefly review the relationship
between single TsT transformations and single bi-current deformations and propose a
sequence of three TsT transformations that are holographically dual to the single-trace
TT + JT + TJ deformation in the dual CFT. In section 3 we use this sequence of TsT
transformations to construct neutral and charged tri-TsT black holes, as well as the ground
state geometry. The geometric properties of the tri-TsT backgrounds are studied in section 4
where we discuss possible singularities, CTCs, and regions of positive curvature. In section 5

1The black holes reported in this paper were referred to as “black strings” in [30] since the topology of
the spacetime at infinity is RV x S' instead of R™"?)| as appropriate for asymptotically flat spacetimes.



we derive the spectrum of winding strings on arbitrary tri-TsT backgrounds and discuss its
relationship to the spectrum of single-trace TT + JT + T'J-deformed CFTs. The charges
and thermodynamics of the tri-TsT black holes are derived in section 6 where we match the
entropy and ground state energy to the corresponding quantities in the dual field theory.
Additional results are collected in appendices A-D. In appendix A we derive a general
formula for the spectrum of winding strings on backgrounds obtained from multiple TsT
transformations; in appendix B we construct additional tri-TsT backgrounds and derive the
spectrum of strings winding on these backgrounds; in appendix C we collect the formulae
used for the computation of gravitational charges; and in appendix D we comment on
properties of the charged BTZ black hole that is used in the construction of the charged
tri-TsT black holes.

2 TST and irrelevant deformations

In this section we describe the triality [30, 32] between TST transformations in IIB super-
gravity with NS-NS flux, marginal deformations on the string worldsheet, and irrelevant
deformations of two-dimensional CFTs. In [32] we have demonstrated how a specific single-
trace irrelevant deformation — for instance the TT, JT, or T'J deformation — is related
to a specific TsT transformation. We further propose that a linear combination of the
aforementioned three deformations corresponds to a sequence of TsT transformations in
string theory.

2.1 Irrelevant deformations from TsT

Let us begin by reviewing the relationship between TsT transformations and single-trace
irrelevant deformations of two-dimensional CFTs described in [30, 32], which can be
summarized by the triangle diagram in figure 1.

2.1.1 The inner layer: triality before the deformations

The inner triangle of figure 1 describes three equivalent descriptions of IIB string theory prior
to any deformations. String theory on AdS3 x M7 backgrounds supported by NS-NS flux
admits a spacetime description in terms of supergravity (the left vertex), a weakly-coupled
worldsheet description in terms of a WZW model (the top vertex), and a holographic
description as a symmetric orbifold CFT [37-42].

In this paper we will focus on the bosonic sector of string theory on AdSz x S3 x T4
spacetimes. In this case the CFT dual to the long string sector is a symmetric orbifold
Sym?” M, where the seed CFT M has central charge 6k and (p,k) are the number of
coincident (NS1, NS5) branes sourcing the background. We expect the symmetric orbifold
structure, as well as the relationship between TST transformations and irrelevant deforma-
tions we are about to describe, to hold for generic choices of the internal manifold M7 and
not to depend on the details of the seed CFT.
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Figure 1. The holographic correspondence between string theory on AdSs x M7 backgrounds and
two-dimensional CFTs (inner triangle), and its relationship to the conjectured duality between TST

transformations of AdSs x M7 spacetimes, bi-current deformations of the worldsheet action, and
single-trace irrelevant deformations of two-dimensional CFTs (outer triangle).

2.1.2 The outer layer: triality after the deformations

The outer layer of figure 1 describes deformations on the spacetime geometry, the worldsheet
theory, and the symmetric orbifold CFT that are generated by two U(1) symmetries.?
The right vertex of the outer layer describes the deformation on the dual CFT side: a
single-trace irrelevant deformation of the symmetric orbifold Sym?” M — Sym” M, that is
obtained by deforming each copy of the seed CFT M — M,,. The action of the deformed

seed satisfies the following differential equation

OSm

a’u” = —4/J(m) N Jimy, (2.1)
where (1 is a dimensionful parameter and the Noether currents J,,) and Ji,7) generate two
U(1) transformations on the deformed seed M. The simplest examples of such irrelevant
deformations are the 77 [1, 2, 10] and the JT [3] deformations where the Noether currents
are given by

TT : Jay = Tyeda®,  Jiz) = Tyzda®, 22)

JT J(m) = Jﬂdx“, J(i) = Tﬂjdx“,

where (z,z) are lightcone coordinates, T}, is the stress tensor, and J,, is a U(1) current of
the deformed seed M,,.

The top vertex in the outer layer of figure 1 describes the deformation of the string

worldsheet theory. Generalizing previous studies [5, 7, 8], the authors of [30] proposed that

*Here U(1) may refer to a compact (internal) U(1) symmetry or a non-compact (translational) one.



the holographic description of single-trace deformations generated by two U(1) currents (2.1)
corresponds to an instantaneous deformation of the worldsheet action that is given by

8SWS
O

where fi is a dimensionless parameter, while j,) and j() are the Noether currents that

= —4/j(m) N J(m)» (2.3)

generate the U(1) symmetries on the deformed worldsheet action Sws. The worldsheet
currents j,,) and j(z) are in one-to-one correspondence with the Noether currents J(,,) and
J(m) of the deformed field theory, since they generate the same U(1) symmetries.

For example, in the T"T" deformation, the Noether current J(,) generates a translation
along the boundary coordinate z. Using the holographic dictionary, x corresponds to a target
space coordinate v in the AdSg part of the bulk spacetime. Hence, the worldsheet Noether
current j.,,) generates shifts of the target space coordinate u. Similarly, the boundary
lightcone coordinate z is identified with the u coordinate of AdS3 such that Jiz) in (2.1)
corresponds to j(z) in (2.3). We can also consider a shift along one of the coordinates X"
of the internal manifold S® x T* which is generated by the worldsheet current J(n)- In the
dual field theory side, this worldsheet current corresponds to a Noether current .J(,,) that
generates a global U(1) transformation. The dictionary relating the field theory (2.1) and
worldsheet (2.3) deformations is thus

TT : fJ(m) <~ ](u), EJ(Q;) <~ j(ﬂ), o= EZV, (2 4)

JT - J(n) — ](n): EJ(;S) — j(a), o= E,lvj,,
where ¢ is the AdS scale. Note that in this identification the normalization of the currents
should be fixed appropriately. In particular, the U(1) current J,) in the boundary field
theory is assumed to be canonically normalized such that the coordinate X™ in the bulk
satisfies X™ ~ X" 4 27. Furthermore, we note that the factor of ¢ between the field
theory and worldsheet currents in (2.4) comes from our conventions where the boundary
coordinates (x,z) are dimensionful while those in the bulk (u,u) are dimensionless so that
(z,2) = (Lu, lu).

Finally, the left vertex on the outer layer of figure 1 describes a new solution of I1IB
supergravity with NS-NS flux that is generated by a TsT transformation along two U(1)
isometries generated by dxm and Oxm. This follows from the fact that the differential
equation (2.3) corresponds to an exactly marginal deformation of the worldsheet action to
leading order in o/ that is equivalent to a TST transformation of the undeformed background.
In order to see this let M,g = Gog + Bag where Gog and B,g are the ten-dimensional
deformed string frame metric and Kalb-Ramond field. The differential equation (2.3) can
then be written as

oM
I

= —20°MTM,  Top=0783 — 0004, (2.5)

where /5 is the string length. The solution of (2.5) is given in terms of the undeformed
background field Mag by

M = NI(I +26,°TM) " (2.6)



We recognize (2.6) as a TsT transformation of ]\Zfag that yields the deformed background
M and consists of

TST (xm xm, ;)0 T-duality on X™,  shift X™ — X™ —23X™,  T-duality on X™.
(2.7)

In particular, if one of the U(1) symmetries corresponds to an isometry of AdSs, the resulting
background will no longer have a locally AdS3 factor. We refer to the solutions obtained
from (2.7) as TST backgrounds.

In this section we have described the relationship between deformations generated by a
single pair of U(1) symmetries and a single TsT transformation of the background geometry.
Evidence for the correspondence between TsT transformations and irrelevant deformations
has been provided in [30, 32] and includes: (i) matching the worldsheet spectrum of
long strings to the (untwisted sector) spectrum of single-trace irrelevant deformations of
the symmetric orbifold Sym?” M; and (ii) matching the thermodynamics of TsT black
holes/strings with the thermodynamics of the dual field theory. In the next subsection we
generalize this relationship and propose that linear combinations of several pairs of U(1)
symmetries — specifically a linear combination of the 7T, JT, and T'J deformations —
corresponds to a sequence of TsT transformations of the background geometry.

2.2 TT+ JT + TJ from multiple TsT transformations

We now deform the symmetric orbifold Sym? M by a linear combination of the single-trace
TT, JT, and TJ deformations, namely by the so-called TT + JT + T'J deformation.

Let o, piq, and p_ parametrize the TT, JT and TJ deformations such that sug
has dimensions of length squared, while py have dimensions of length. A single-trace
TT + JT + TJ deformation of the symmetric orbifold Sym? M amounts to deforming the
seed CF'T M — M, such that

Sm, S

0
= _4/J(x) A J(i,), 8,u+ = —4/J(n) A J(;C), 8M_H = —4/J(x) A J(ﬁ)’
(2.8)

where J5) and Ji,,) are Noether currents generating internal U(1) transformations in the
deformed seed M,,, while J,) and J(z) generate spacetime translations and can be written
in terms of the stress tensor 7}, as in (2.2).

In order to discuss the deformation on the string theory side, we first need to find the
corresponding Noether currents. Before the deformation, translations along x and Z in the
boundary CF'T correspond to isometries of the locally AdS3 spacetime in the bulk, while
internal U(1) transformations correspond to isometries of the internal manifold S3 x T*.
Following the discussion in section 2.1, we propose that the string theory description of
single-trace TT + JT + T'J deformations corresponds to an instantaneous deformation of
the worldsheet action Swg such that

0Sws / . . 0Sws / . . OSws / . .
- —4 u /\ )s = - —4 n /\ ) = - _4 u /\ n)- 29
O Joy Ny e Iy M@y ga- Jw N (29)




The worldsheet Noether currents in (2.9) are in one-to-one correspondence with the Noether
currents of the field theory via the dictionary (2.4); similarly, the fi; parameters of the
worldsheet are related to the u; parameters of the field theory via (2.4). As a consistency
check, we note that when the three-dimensional part of the background is the zero mass BTZ
black hole, (2.9) reduces to chiral current-current deformations of the Ramond vacuum [5].

The instantaneous deformations of the worldsheet action (2.9) can also be interpreted
geometrically as a sequence of TsT transformations of the AdS; x S% x T* background.
This can be made manifest by writing each of the differential equations in (2.9) in terms of
the deformed background field Mg, namely

oM

= —2072MT; M, 2.10
B s (2.10)

where the I'; matrices read
(To)ap = 5252‘ — 52523, (T'f)ap = 5252‘ — 5253, (I )ap = 5552 — 525;. (2.11)
The general solution to the differential equation (2.10) can be succinctly written as
M = NI +262%, fuliM] (2.12)

Using (2.6) it is not difficult to show that (2.12) corresponds to a sequence of three TsT
transformations that consist of

TST( TST(Xn TST(%XE; (213)

URTHITOE S iy ) f-)-
In particular, it is clear from (2.12) that the we can perform this (or any other) sequence of
TsT transformations in any order and obtain the same deformed background.

We thus propose that states in 7T + JT + T'J-deformed CFTs are dual to backgrounds
obtained from a sequence of TsT transformations of AdSs x S x T* spacetimes. This
sequence of TsT transformations is described in (2.13) and is compactly written in (2.12).
In particular, depending on the choice of TsT coordinates on the internal manifold, we can
obtain different backgrounds that are characterized by the kinds of the internal J and J
currents featured in the TT + JT + T'J deformation, as summarized in table 1.

In this paper we will focus on the first case in table 1 where the internal U(1) currents
of the TT + JT + T'J deformation are associated with the same isometry of 7. In the next
section we will construct black hole backgrounds that are generically dual to thermal states
in this class of TT + JT + T'J-deformed CFTs but include other states like the Ramond
and Neveu-Schwarz vacua after an appropriate choice of parameters. We refer to these
backgrounds as tri-TsT black holes. The other cases listed in table 1 are also interesting. In
appendix B we discuss the TsT-transformed backgrounds corresponding to the second and

fourth cases, and derive the spectrum of strings winding on these backgrounds.

3 Tri-TsT black holes

In this section we construct black hole solutions that are generically dual to thermal states
in single-trace TT + JT + TJ-deformed CFTs. We classify these solutions by the absence



AdS; S3 T

internal worldsheet currents

wilw || 0P| yr|ys| Y| Yo

X | % X Jm) = Im) = J(yr)

« | % X | x Jn) = ) Ja) = J(ys)
« | x x X Jo) = Jw)> I = Jn)
% | x x | x Jm) = Jw)s  J@m) = J@)

Table 1. Different choices of TsT coordinates corresponding to the single-trace TT + JT + T.J
deformation. Two of the TsT coordinates are always taken along the lightcone u and @ coordinates
of AdS3 as these correspond to the 7' and T parts of the deformation.

or presence of U(1) charges before any TST transformations. When these charges vanish,
we obtain special black hole solutions that are dual to thermal states whose deformed U(1)
charges also vanish. On the other hand, when the undeformed background has additional
U(1) charges, we obtain the most general class of charged tri-TsT black holes with arbitrary
values of the deformed U(1) charges. Finally, we construct the background that is dual to
the NS vacuum in the dual TT + JT + TJ-deformed CFT.

3.1 Neutral tri-TsT black holes

Let us first consider a simpler class of black hole solutions that are dual to neutral thermal
states in single-trace TT + JT + T'J-deformed CFTs. We will accomplish this by performing
a sequence of TsT transformations on a generic BTZ xS x T* background where the TsT
coordinates are identified as shown in the first entry of table 1.

We begin by describing the BTZ xS x T* background and setting up our conventions.
For convenience, we write this background in terms of the three-dimensional fields of
the dimensionally reduced theory which are related to the ten-dimensional fields via (see
appendix C for more details)

ds?gy = ds® + e (dy + AV)® + d0F + B3 Pgdy?,

By = B+ 6A® A dy + Ba,, (3.1)
e?®a0) = k‘ie%.

Here ds?, B, and ® are the three-dimensional line element, Kalb-Ramond field, and
dilaton; while AV, A®@ and w are the additional three-dimensional gauge fields and
dilaton that result from the dimensional reduction. The constant k4 in the definition of
the ten-dimensional dilaton is given by k4 = £2/¢? where /4 is the scale of T*. We use
z# € (u,v,r) for the coordinates of the three-dimensional fields, (6,1, ¢) for the coordinates
of the 3-sphere, and (y, ys, Y9, y10) for the coordinates of the four-torus. For convenience,
we have introduced v = u and y = y7, as these coordinates are featured prominently in
what follows.



The BTZ black hole is characterized by the following three-dimensional fields

dr?
2 _ 2 27,2 2 7.2
ds® =/ [W —I-rdudv—l—Tudu +Tvd1} ] s (3 2)
) .
B = %dv A du, AW = 4@ =, e*? = ﬁ, w =0,
p

where k = ¢2/¢% and ¢ denotes the scale of AdS. The contributions from the three-sphere
to the ten-dimensional metric and the B-field can be written as

2 2
4} = (d92 + A + 2 cos Odpdy + d¢2) . Boy = L cosOddAdd, (3.3)

where the (6,1, ¢) coordinates satisfy 0 € [0, ) together with

P~ +4m, (W, ¢) ~ (Y 4 2m, ¢ + 2). (3.4)
In our conventions, each of the coordinates of T* are identified as
Yi ~ yi + 2, (3:5)
while the (u,v) coordinates of AdSs satisfy
(u,v) ~ (u+ 2m, v+ 2m), (3.6)

such that the dual CFT lives on a cylinder of size 27f. We refer to each of the circles
in (3.5) as an internal circle while (3.6) corresponds to the so-called spatial circle.

The constants k£ and p in the definition of the dilaton (3.2) correspond to the background
magnetic and electric charges that count the number of coincident NS5 and NS1 branes
supporting the background

1 1

— — —20
= Ggag Jy Bon =k Qo= s [ e w0 dBon =5 (3D

where %19 denotes the Hodge dual in the ten-dimensional string frame. It is also convenient to
spell out the relationships between k, p, the dilaton e®) and the ten and three-dimensional
Newton’s constants Gg\lfo) and Gg\?), which read

G(10)€2<I)(10)
G(lo) =8 6 2£87 G(3) _ N , 3.8
N T gsts N VSS VT4g§ ( )
where Vgs is the volume of S2, Vi is the volume of 7. In addition, the central charge ¢ of
the dual CFT is given by

3¢
The black hole (3.2) features left and right-moving energies that are given by
_ S50 _ S
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where Q, and Q, are the gravitational charges associated with the Killing vectors £~19,
and —¢~10,. Furthermore, note that 7, and 7T, parameters are related to the left and
right-moving temperatures of the BTZ black hole via

T, T,
. Te = —2. A1
i’ R (3.11)

17

Let us now perform the sequence of TsT transformations (2.13) on the BTZ black hole

described by (3.1) and (3.2). This allows us to generate backgrounds that are generically

dual to neutral thermal states in single-trace TT + JT + T J-deformed CFTs. We are

interested in the case where both the J and J currents are associated with the same

isometry of T% (see appendix B for other choices). Consequently, we perform the following
TST transformations,

TST(%“; 1) TST(y,v; fiy)s TST( (3.12)

uy; fi—)
At this stage, it is convenient to introduce another set of dimensionless deformation
parameters that are related to the fi; and u; parameters by
. 2 . 204
)\0 = 2]{?[&0 = ﬁuo, )\i =2 kk4 Ho = gT/Li (313)
S S

Using (2.12) and (3.13) we find that the deformed background can be written as in (3.1)
where the three-dimensional fields are given by

2dr?

ds? = a7 + 20| (r 22 A _T2T?) dudv + (1 + N2 T2) T2 du® + (1+ N2 T2) T2 dov?
(r+2X0T2T2)? (N pdu+\_dv)?
4(1+Xor + A3T2T2) ’
h N 2w kh .y 222
B:T(r—l—Q)\oTuTy)dv/\du, e :%, e =h(1+Xr+XT,T5),

AD = _%ew (r+20T2T2) (A du+ A_dv),

4
A = §7h [(Asr =20 _THdu— (A_r —2X,T?)dv],

4

(3.14)

and the coordinates satisfy the identification (3.6). The dilaton in (3.14) is determined up
to a constant 7 using Buscher’s rule [44, 45] while the function h is given by

=t =det(I + 2072, i M)
=14+ N0 — M A)r + A2T2 4+ N2 T2 + NT2T7

u-vo

(3.15)

where the T'; matrices are defined in (2.11) and Mag = G(lo)aﬁ + B(lo)aﬂ refers to the
ten-dimensional undeformed background fields (3.1) and (3.2). We refer to h as the flow
function, as it interpolates between the locally AdS;3 region near the horizon at r = 27, T,

- 11 -



in the IR and a deformed asymptotic region in the UV. In particular, when Ag # Ay A_ the
UV is described by a linear dilaton background.

The background described by (3.1) and (3.14) is a solution to the ten-dimensional
supergravity equations of motion for any constant value of 1. The latter can be fixed by
requiring the values of the magnetic and electric charges (3.7) to be preserved after the
deformation. Preserving the values of the magnetic and electric charges (3.7) then yields

n Tt =1- NT2T2. (3.16)

Since 1 guarantees quantization of the magnetic and electric charges, we refer to this
constant as the quantization parameter of the black hole. Note that in order for the dilaton
to be real, the \g, T, and T, parameters are constrained to satisfy n=! = 1 — N3T2T?2 > 0.
This bound only depends on the T'T deformation parameter, and it reproduces the bound
on the product of the left and right-moving temperatures in single-trace 7'T-deformed CFTs,
as first observed in [30]. This suggests that neutral tri-TsT black holes mimic the behavior
of thermal states in TT-deformed CFTs, as described in more detail in section 6.3.

Let us briefly discuss the asymptotic behavior of the TsT background (3.14) as r — oo.
A more detailed analysis of a generalization of this background is given in section 4.3.
The leading order behavior of the metric near the asymptotic boundary depends only
on the TsT parameters Ao, Ay, and A_, consistent with the fact that they are identified
with irrelevant deformations in the dual field theory. On the other hand, the T; and T,
parameters appear at subleading order and are therefore identified with the phase space
variables of the background, as is also the case before the deformations. In particular, when
T, > 0 and T, > 0, the solutions (3.14) describe black holes that are dual to a special class
of thermal states in single-trace TT + JT + T'J-deformed CFTs, namely states where the
deformed U(1) charges associated with the .J and .J currents vanish. We will justify these
statements in section 6, where we study the thermodynamics of this background and the
charged generalization constructed in the next section. Finally, when T,, = T,, = 0, the black
hole (3.14) reduces to the Ramond vacuum studied in [19] where our deformation parameters
are identified with the parameters used there via (Ao, Ay, A_) = (A, —2e4, —2¢_).

3.2 Charged tri-TsT black holes

The TsT backgrounds (3.14) are characterized by the three fixed deformation parameters
(Ao, A4, A_) and two free phase space variables (T, T,) that parametrize the mass and
angular momentum of the black hole. On the other hand, a state in a TT + JT + TJ-
deformed CFT is characterized by two additional quantum numbers that correspond to
the zero mode charges of the J and J currents. In order to describe charged states it is
necessary to turn on two arbitrary U(1) charges in the bulk. This can be achieved by
first adding U(1) charges to the BTZ x.S% x T* background (3.2) and then performing the
sequence of TST transformations (3.12).

The simplest way to add U(1) charges to the BTZ black hole (3.2) is to perform a
spectral flow transformation to the ten-dimensional solution via the following change of
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coordinates and gauge transformation

14
y—y— g—(auu + ), B10)— Bioy+ PPoayado A du + Uy (aydu — apdv) A dy.
4
(3.17)

This spectral flow transformation turns on the gravitational charges associated with mo-
mentum and winding along the y coordinate. Furthermore, it guarantees that the metric
and B-field satisfy the same condition on Mag as the BTZ background (3.2), namely,

My = My, = My, = 0. (3.18)

As described in [30], constant values of Muy, Myv, and Mm, are necessary for the existence
of chirally conserved currents in the worldsheet theory that are related to translations along
u, v, and y. These chiral currents play an important role in the derivation of the spectrum
and imply that the instantaneous deformations of the worldsheet action (2.9) are related to
the current-current deformations associated with gauged WZW models [30].

After the shift of coordinates and gauge transformation (3.17), the resulting background
can be written in the form (3.1) where the three-dimensional metric, B-field, gauge fields,
and dilatons are given by

dr? r
2 _ p2 2 2 292 __p2
dS —E qurduvarTudu +T,Ud'U ] N B—g (2 +(IUOZU) d'l)/\du,
ORI 2 _ ! o K
AV = —— (apdu+opdv), A =—(adu—aydv), e =—- w=0, (3.19)
4y y p

where the identifications of the coordinates remain the same as in (3.6), namely (u,v) ~
(u+ 27, v + 27). By construction, the spectral flow parameters a,, and «, do not affect the
magnetic and electric charges, which are given by (3.7), such that the central charge of the
dual CFT is still given by ¢ = 6QQ,, = 6pk. Although (3.19) is locally equivalent to (3.2),
these backgrounds are physically distinct solutions that carry different gravitational charges.
Indeed, the energies of the charged BTZ black hole are now given by
c c

Q= (12+02), Q= & (12 +a2). (3.20)

The background also features additional left and right-moving U(1) charges that read

QL = _p\/ma’un QR =DV kk4av7 (321)

where pky is the total level of two U(1) affine symmetry algebras in the dual CFT. The
derivation of these charges, and their role in the thermodynamics of the undeformed
background (3.19), is discussed in appendix D. In that appendix we also provide a holographic
interpretation of the charged BTZ black hole in the three-dimensional reduced theory.3
The charged BTZ black hole (3.19) describes thermal states in the dual CFT with
energies Q,, and U(1) charges Qr g. In order to construct backgrounds dual to charged

3From a three-dimensional perspective, the background (3.19) can be obtained from (3.2) by the gauge
transformations A — A1) —é(audu—f—avdv), A® A<2)+é(audu—ozvdv), and B — B+ayardvAdu.
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thermal states in single-trace T'T + JT + T'J-deformed CFTs, we perform the sequence of
TST transformations (3.12) on the background described by (3.1) and (3.19). In terms of
the A; parameters defined in (3.13), the charged tri-TsT black hole is characterized by the
following three-dimensional fields

€2d7"2 1 2
) +£2h{ [r+2(au—A_02 = A_T2)(ay—Aya? =\, T2)| dudv+ — (AM)

ds?’= ———
A(r2—4T2T7 he®

+(a3+T3)[(1—av)\+)2+)\iT3]du2+(a3+T3)[(1—au)\_)2+)\2Ti]va},

B=10h [;+auav—ay)\_(az+T5)—au)ur(az—i—Tf)—i—/\o(ai—i—Tf)(a%—FTg)] dvAdu,

Lh
A = —iew{ A er 420 (1—apdy) —2X0(a = Ay a2 = A T3 (@2 +T2) ] du
4 (3.22)
+ [)\_T+2av(1—au>\_)—2)\0(au—)\_aZ—)\_Tg)(aZ—i—Tg)]dv},
Lh
A = ﬁ{ [Agr+200(1— A i) +2(awdo—A) (@2 +T2)]du
4
— o200 (1—auA ) +2(ando— Ay (a2 +T2)]dv},
kh
e2® =" e ¥ =h[Aor+(1—auapXo)? + (2T +a2 T2+ T2T) N,

np

where the quantization parameter 7 and the flow function h read

= (1= @A) (1 — aphy) — [y + Xo(a? + Tg)} [apA_ + Xo(a? + Tf)}, (3.23)
Rl = (1 — auds — @y + o) + (A2 — ap o) T2 + (A — ayh)?T2

3.24
+ (X0 — Ap A )r + NAT2T2, (3.24)

As described earlier, the value of n is determined by requiring that the electric charge is
preserved after the TST transformations such that (3.7) still holds. Requiring the dilaton
to be real then implies

nt>0. (3.25)

This condition imposes physical constraints on the phase space variables which translate
into constraints on the thermodynamic potentials of the dual field theory.

Note that the charged (3.22) and neutral (3.14) tri-TsT black holes share the same
asymptotic behavior, and hence describe states in the same TT + JT + TJ-deformed CFT.
The charged black holes are characterized by additional phase space variables which, as
described in section 6.1, lead to nonvanishing values of the deformed U(1) charges.

The charged tri-TsT black hole (3.22) is a 7-parameter solution to the supergravity
equations of motion that describes a variety of backgrounds that are dual to thermal
states in two-dimensional CFTs deformed by single-trace irrelevant operators. For example,
when A4 vanish, the black hole (3.22) describes a generalization of the finite-temperature
backgrounds dual to thermal states in TT-deformed CFTs described in [30]. Similarly, when
Ao and A_ vanish, the black hole (3.22) describes thermal states in single-trace JT-deformed
CFTs with extra U(1) charges, generalizing the backgrounds constructed in [32].
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In this paper we will focus on the charged tri-TsT black holes with arbitrary values
of the deformation and phase space parameters. As described in the next section, the
background (3.22) can also be used to construct the spacetime dual to the NS vacuum
by analytic continuation of the phase space variables. The geometric properties of the
charged tri-TsT black holes, including their curvature and the asymptotic behavior of
their background fields, are considered in section 4. The gravitational charges, entropy,
and thermodynamics of these backgrounds are studied in detail in section 6, where we
also show that the neutral and charged tri-TsT black holes describe thermal states in
TT + JT + TJ-deformed CFTs.

3.3 The Neveu-Schwarz vacuum

In this section we construct the background dual to the NS vacuum or ground state
in TT + JT + TJ-deformed CFTs, i.e. the analog of global AdS3 in the AdS3/CFT,
correspondence. Generalizing the method used in [30] for TT deformations, our strategy is
to find a unique point in the parameter space of charged tri-TsT backgrounds (3.22) where
the solution is nonrotating and smooth everywhere without the appearance of a horizon
or singularities.

We begin by noting that when the T, and T, parameters of the TsT backgrounds (3.22)
are real, the solutions describe rotating black holes with at event horizon at r = 2T, T,.
In order to construct the NS vacuum, we must first analytically continue T}, and T}, to
purely imaginary values, and then choose phase space variables that guarantee a smooth
background. Let us perform the following coordinate transformation

r=2/T,T,|(1+2p%), pe€][0,o00). (3.26)

For generic values of the phase space parameters, the aforementioned analytic continuation
introduces conical singularities as well as divergences in the norms of the gauge fields at
the origin p = 0. In three dimensions, conical singularities can be interpreted as the result
of adding point particles whose masses are proportional to the deficit angle. However, we
are interested on the empty (vacuum) spacetime which is not rotating, and where both
the metric and the gauge fields are regular at the origin. These conditions can be used to
determine the values of the phase space variables T, T}, o, and «,,.
The NS vacuum is required to satisfy the following conditions

il p=0 = 0, ggis:)p% =% AW|pmp = AD) |, =0, (3.27)
where (u,v) = (¢+t,o—t). The first condition turns off the angular momentum so that the
solution is not rotating, the second condition translates into the absence of conical defects,
and the third one imposes a trivial holonomy on the gauge fields. The last condition is
equivalent to requiring the norm of the gauge fields to be finite at the origin. Imposing the

above conditions we obtain

_ I Xo2=Xo—vV4—4h+ O+ +A)?%]
Tu:Tv:ZT& To=35— )
; D EMESWENSY|
(/\+—|—)\7)[2—)\0— \/4—4)\0+()\++)\7)2]

2[(A+ +A-)% = 23]

(3.28)

Qg = Oy =
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Note that in order for the background to remain real the values of o, and «, should also
be real. As a result, the deformation parameters must satisfy

1
Ao — 7O+ A< (3.29)

This condition (3.29) generalizes a similar condition found for the deformation parameter
in TT-deformed backgrounds [30] and, as described in section 6.4, it also guarantees that
the energy of the vacuum is real.

The phase space parameters (3.28) determine the bulk solution that is dual to the
NS vacuum in the TT + JT + TJ-deformed CFT. In particular, setting A+ = 0 yields
ay = @ = 0 and the corresponding background reduces to the NS vacuum in single-
trace TT-deformed CFTs [30]. For general TT + JT + T.J deformations, the spectral flow
parameters a,, and a, are generically nonvanishing. As shown in 6.4, the choice (3.28)
guarantees that the undeformed U(1) charges of the analytically continued background
vanish, which is consistent with the spectrum of the TT + JT + T'J-deformed CFTs.

Let us further elaborate on this point with another special example: the JT' deformation
where \g = A_ = 0. From (3.28) we obtain ry = 1/2, which is the same value of ¢ found
in global AdS3. On the other hand, the spectral flow parameters are given by

_ 2 —VA+ A,

T: w = 0y = .
J ay =« . (3.30)

Hence the NS vacuum for JT-deformed CFTs is dual to the following smooth solution

dp? 1 2
R T (= #

p?+1

(2 2V4+ 2] —4 kv + A3
Bo =+ <p2 + @)dv ndu, 2P = YETAE_0 (331)
2 AL 2p
14

2 _
Aél) _ _AE]Q) _ + \/ZTJFQ(du — dv)] .

2
50 Arpidu

The non-vanishing spectral flow parameters (3.30) play a crucial role in the construction
of the NS vacuum for the JT deformation, since without them the TsT transformation of
global AdSs3 [32] would not satisfy all of the requirements (3.27) that guarantee a smooth
geometry. It is interesting to note that the three-dimensional metric in (3.31) corresponds
to a timelike warped AdS spacetime, in contrast to the Ramond vacuum (null warped AdS),
and a generic black hole solution (spacelike warped AdS) [46].

We also note that (3.28) implies that the phase space variables depend on the deforma-
tion parameters after the TsT transformation. This means that the phase space variables
Ty, Ty, oy, and «, should not be interpreted as the same variables parametrizing the
space of solutions before the deformation, except in the limit where all of the deformation
parameters vanish. A similar behavior is observed in the backgrounds dual to both single
and double-trace T'T and JT deformations [6, 9, 30, 32]. Nevertheless, we note that letting
the phase space parameters depend on Ay, A4, and A_ does not affect the matching of
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the worldsheet spectrum or the microcanonical entropy to the spectrum and entropy of
TT + JT + TJ-deformed CFTs described in sections 5 and 6.

To summarize, the values of the phase space parameters given in (3.28) determine the
background dual to the NS vacuum in single-trace TT + JT + T J-deformed CFTs, the latter
of which is characterized by smooth background fields free of conical defects or singular
gauge fields. We will derive the gravitational charges of this background in section 6.4,
where we will show that these charges match the energies and U(1) charges of the vacuum
in single-trace TT + JT + TJ-deformed CFTs.

4 Geometric properties

In this section we describe geometric properties of the charged tri-TsT black hole (3.22) in
different regions of parameter space. In particular, we describe the behavior of the Ricci
scalar in the Einstein frame, the potential existence of CTCs and curvature singularities,
and the asymptotic behavior of the background fields.

4.1 Singularities and CTCs

The three-dimensional Ricci scalar of the tri-TsT black holes (3.22) can be written in the

string and Einstein frames as?

& fieg

. reg _ 4P
T hl(ewh1)3 Ry =e Zh—1(e—wh—1)3’

R(S) (4.1)

where fr(gg and fr(ebgj;) are regular but cumbersome functions of the radial coordinate, the
deformation parameters, and the phase space variables. For example, for the 7T deformation
with a, = a, =0, the fr((fg) and fr(eEg) functions are given by

Fln s —arayo = —2h72[3 = 22031212 + BNTITS — Dor (14 NT272)], (4.2)

P 0 s oo = —2072 [34 26A3T2T2 + BNTITS + 12207 (1+ AT2T2) + 4037
(4.3)

Note that for generic values of the deformation parameters the fr(jg and fr(eEg) functions do
not feature inverse powers of the flow function h, in contrast to the special case considered
above. In what follows we will be concerned with the factors of e and h in the Ricci scalar,
but we will have more to say about fr(eEg) in section 4.2.

The Ricci scalar in the string and Einstein frames (4.1) diverges at the zeroes of the

“ and h~! given

denominator, namely when e “h~2 = 0. From the expressions for e~
in (3.22) and (3.24), we see that these functions are strictly positive for positive values of

the radial coordinate provided that

A >0 and Mg — )‘+)\* > 0. (4.4)

“In three dimensions the string (G/..,) and Einstein frame (g,.) metrics are related by g, = e **7“G ..
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Consequently, the condition (4.4) guarantees that the tri-TsT black holes (3.14) and (3.22)
are free of curvature singularities.

When )¢ < 0 the equation h~le™ = 0 is satisfied at a positive value of the radial
coordinate, namely at
(1 — uayXo)? + a2 X3T2 + a2)3T2 + N3T2 17

TUJ = , 45
Aol (4:3)

where the dilaton w becomes singular and the Ricci scalar (in either frame) diverges. On
the other hand, when \g — A A_ < 0, the equation h~! = 0 has a solution at a positive
value of the radial coordinate that is given by

(1 — @A — apdi + @uapho)? + (A= — ayXo)?T2 + (A — ayAo)? T2 + N3T2T?
Mo — A | ’
(4.6)

rh =

where the Ricci scalar and both of the dilatons diverge. In particular, we have the following
special cases:

e when A4 = 0 and either «, or o, vanish, the singularities at r, and 7}, merge as in the
uncharged TT-deformed background discussed in [5, 30] (see figure 2b);

e since e"“h~! =1 when \g vanishes, only the second singularity (4.6) at r} is present
in the case where \og =0 and Ay A_ > 0;

e there are no curvature singularities in the JT or T'J cases where only A, or A_ are

nonvanishing.

CTCs. Let us now discuss the possiblity of having closed timelike curves (CTCs) in the
charged tri-TsT black holes (3.22). CTCs are possible in this class of spacetimes due to the
identification of coordinates (3.6). In order to see this, we first note that the norm of the
spatial circle (3.6) generated by 0, = %(6u + 0y) is given in the Einstein frame by

0,05 = gpo =T { [ Loy (r2—4T2T2)+r ror+ra Ty +riTo ¢, (4.7)
v Op = Gop k2 0 4 + - utv ulv utv vty (0 :

where 7, and r, are defined by
Ty =1 —ay(Ay + X)) + Xo(a +T2), ro=1—a,(Ay +A2)+Xo(a2 +T2). (4.8)

Thus, the tri-TsT backgrounds (3.22) are free of CTCs when the deformation parameters
satisfy

1
Ao — (A +A) =0, (4.9)

since this guarantees that 7, > 0 and 7, > 0 such that each term in (4.7) is positive outside
of the horizon at r, = 2T, T,. In particular, when restricted to the Ramond vacuum, the
constraint (4.9) reduces to that of [19].
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Since (4.9) is stronger than (4.4), we find that (4.9) guarantees the existence of black
hole solutions without CTCs or curvature singularities outside of the event horizon. Thus,
the space of tri-TsT backgrounds (3.22) contains a real ground state and black holes free of
pathologies for the following choice of deformation parameters

1
0< Ao — (0 + A< (4.10)

The condition (4.10) is also reflected on the perturbative spectrum of winding strings and,
consequently, on the spectrum of single-trace TT + JT + T'J-deformed CFTs. Indeed, as
we will see in sections 5.2 and 6.4, the first inequality in (4.10) guarantees a real spectrum
for generic values of the energy above the Ramond vacuum (i.e. for real and nonvanishing
values of T, and T},); while the second inequality in (4.10) is necessary for the energy of the
vacuum to be real.

When the deformation parameters of the charged tri-TsT black hole satisfy
1 2
Ao — Z()\JF—F)\f) <0, (4.11)

closed timelike curves appear in the region r > r. where r. is given by

TuTy + \/(7’5 + ’4)‘0 - ()‘-i- + )‘—)2’T3) (T?J + ‘4)‘0 - ()\"F + )\—)Z‘Tg)
2|X0 — (A4 +A2)?

(4.12)

re =

It is useful to compare the locations of the CTCs (r.), the horizon (r,), and the curvature
singularities (77, ). From (4.5), (4.6), and (4.12), it is not difficult to show that

TZZ > Te 2 Thy TZ > Te 2 Th. (4.13)

As a result, we find that CTCs are encountered before or at the location of either one of the
singularities and that all of these pathologies are located in the exterior of the black hole.
Note that the relative positions of the curvature singularities is the same in the string and
Einstein frames but depends on the choice of parameters. For example, for the Ramond
vacuum where T, = T), = a,, = o, = 0 we find that v, > r; > 7. > 0if Ay A_ > 0 and
rh > >re > 01 AL <0,

In the region of parameter space (4.11), the perturbative string spectrum becomes
complex at high energies (see section 5), which suggests the necessity of a cutoff in the bulk
at large radius. It would be interesting to directly relate the maximum value of the real
energy, a cutoff in the bulk, and the location of the CTCs.

4.2 A region of positive curvature

Let us now consider the curvature of the charged tri-TsT black holes in more detail.
As described in section 4.1, the Ricci scalar in the Einstein frame can be written as
R = (243wt fr(eEg) where fr(eEg) is a quartic polynomial on the radial coordinate that
depends on the deformation parameters and the phase space variables. Interestingly, we
find that there are regions where the curvature of the spacetime becomes positive before
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we reach any singularities or CTCs. We will illustrate the emergence of these regions of
positive curvature quantitatively in the case of the TT deformation, as well as qualitatively
in the most general case where none of the deformation parameters or phase space variables
vanish. We note that the string frame Ricci scalar and other curvature invariants have also
been studied for the Ramond vacuum in the pure T'T case with \g > 0 in [47].

4.2.1 The TT case

Let us first consider the a,, = a,, = 0 case where the Ricci scalar is given by
Ry = —2072¢"h? (34 2603T2T2 + BNTIT, + 1200 (14 NJT2TZ) + 403r?] . (4.14)
We see that the Ricci scalar vanishes asymptotically such that

R(p) = _S 1 +0(r ). (4.15)
(enp)? Agr?
When Ag > 0 the factor in the square bracket of (4.14) is always positive outside the
horizon which results in a Ricci scalar that is always negative. The negative curvature and
asymptotic behavior of the TT-deformed backgrounds persists when we turn on the «, and
o, parameters as illustrated in figure 2a.

Interestingly, when A\g < 0 the Ricci scalar (4.14) has positive roots at

3+ BAJT2T2 £ \/6 — SA3T2T2 + GASTT

- 4.1
& 2] (4.16)

Since the curvature is negative in the IR, the Ricci scalar becomes positive in the region
r— < r < ri. Furthermore, the first root at r_ is located before the region with CTCs and
singularities, that is

2212
* 1+ )‘OTu Tv
v [ Aol

This means that the bulk solution interpolates between an AdS3 region in the IR and a

(4.17)

T <Te=Tp=T

region of positive curvature at r— < r < r. before reaching the threshold of CTCs and
the location of the singularity (see figure 2b). This is similar to the interpolating two and
three-dimensional geometries described in [48, 49].

Note that since r_ scales inversely with |\g|, the region of positive curvature is pushed
away to infinity as we take the limit |A\g] — 0. In addition, we note that the region of
positive curvature can be made arbitrarily large by making |A\g| small, namely

V6 —1

o] T O (4.18)

Te—T_ ~

such that the proper distance in the radial direction scales as — log |Ag].

The existence of a smooth region with positive curvature outside the horizon is a generic
feature of TT-deformed backgrounds with \g < 0 and arbitrary values of the a, and
parameters. In this more general case, the behavior of the Ricci scalar when only «,, or ay,
vanishes is shown in figure 2c while its behavior when neither of them vanish is illustrated
in figure 2d.
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Figure 2. The Ricci scalar for TT backgrounds with generic values of the T, and T, parameters
and different choices of a,, and «, (not drawn to scale). When 0 < A\g < 1, the curvature is negative
everywhere and the spacetime is smooth and free of CTCs. When Ay < 0 the background has
a region of positive curvature that is found before any CTCs (the shaded region) or curvature
singularities (dashed lines) are reached.

4.2.2 The general case

Let us now consider the most general class of charged tri-TsT black holes where none of the
deformation parameters or phase space variables vanish. For these backgrounds, the Ricci
scalar in the Einstein frame is asymptotically flat but approaches zero from above or below
depending on the choice of the deformation parameters

8k 1
(€np)? Xo(Ao — ApA_)r?

Rpy = — +O(r73). (4.19)
We observe from (4.4) and (4.19) that R(g) — 07 when the black hole has one singularity
while R(gy — 07 when the black hole has two or no singularities.

Whenever a singularity is present, namely when \g < 0 and/or \g < Ay A_, there is
always at least one region of the spacetime with positive curvature that is found before
reaching the first singularity, as illustrated in figures 3c and 3d. Depending on the parameters,
the region of positive curvature may be found before encountering any CTCs. When the
spacetime has one singularity there is an additional region of positive curvature found after
the singularity, see figure 3c. Furthermore, when there are two singularities it is possible
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(@) do— (A +2-)>>0 (b) 0 <ApA_ <Ao< (A4 +A2)?

Rg) Rg)

ry /_\ T} [\ rl
0\_j - T y T(I \/r

() 0< Ao < ApA- (d) o <0< ApA-

Figure 3. The Ricci scalar for generic values of the phase space variables and different choices of
the deformation parameters of the charged tri-TsT black hole (not drawn to scale). In these plots
we have assumed that Ay A_ > 0 but a similar behavior is found when A A_ < 0 provided that the
inequalities in (4.4) are handled appropriately.

to find yet another region of positive curvature that lies between r}, and 77, as shown in
figure 3d.

When \g — %()\4_ + A_)? > 0, the Ricci scalar is negative and the spacetime is free of
CTCs and curvature singularities (see figure 3a). This is the same behavior observed for the
TT backgrounds in the previous section. Similarly when 0 < [AyA_| < Ao < $(A4 + A)?
the curvature remains negative everywhere but the spacetime develops CTCs as shown in
figure 3b. This situation — CTCs but no singularities — is not possible for TT backgrounds.
On the other hand, this is generically the case for JT or T'J backgrounds which feature
CTCs and a constantly negative curvature for any choice of parameters; and is the best case
scenario for JT + T'J backgrounds which also feature CTCs for all values of the parameters.

4.3 Asymptotic behavior

We conclude this section by describing the asymptotic behavior of the charged tri-TsT
black holes. Let us first consider the gauge fields and dilatons. In contrast to the

charged BTZ black hole (3.19), the gauge fields AW A@) | B and dilaton w of the TsT-
transformed background (3.22) approach constant ratios of the deformation parameters at
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the asymptotic boundary,

2 1 AN A 1
- P Do & (+ A ) ()
2()\0_/\+/\_)dv/\du+0<r>, 2, /\Odu—i- )\Odv +0 )
A0 — AL 1 { A A 1 (4.20)
w_ AT A+A - @Q_ (M~ 4 A= 1
e " +O<r>’ A 2, <)\0_)\+)\du )\O_)\+)\dv>+(’)(r>.

On the other hand, the dilaton ®, which is constant for the charged BTZ black hole, becomes
a linear dilaton for the tri-TsT background

1 k
®=-1lo {
2% [ pn(ho — AAs)

Let us now describe the behavior of the metric near the asymptotic boundary. For

r] +0>r ). (4.21)

generic values of the deformation parameters, the three-dimensional metric in the string
frame is flat near the boundary since the Ricci scalar vanishes there. More explicitly, the
line element behaves as

Nol2dr? ds%
N i0o—da )2 (Ao—ArA )

Note that the asymptotic expansion of the metric depends only on the deformation param-

ds?

1
5, dsp =1 Aodudv—Z(A+du+A_du)2 . (4.22)

eters Ag, Ay, and A_. This is compatible with the interpretation of the sequence of TsT
transformations (2.13) as describing irrelevant deformations of the dual CFT.
The determinant of the boundary metric (4.22) is given by®
752)\0(/\0 —ALAl)
1 :

It is interesting to note that the boundary metric becomes degenerate when A\g = 0

det gp = (4.23)

or Ag = ApA_, mirroring the behavior of the metric in models of holography without
Lorentz invariance, such as the flats /BMS field theory correspondence [50] and the (warped)
AdSs3/warped CFT correspondence [46, 51]. For these choices of the deformation parameters,
the bulk metric is asymptotically flat since () — 0 at infinity, except in the J T and TJ
cases where the Ricci scalar is constant and negative everywhere, and is given by

JT: Ry =—602(1—ayAi)® — 802N T7, (4.24)
TJ: Rpy=—60"2(1—a,\_)*>—8°NT}. (4.25)
Note that whenever the boundary metric becomes degenerate, the bulk spacetime necessarily
features CTCs, since A\g = 0 and A9 = AL A_ are both in the region (4.11).
4.4 Summary of the phase space

Let us conclude this section by summarizing the phase space of charged tri-TsT black holes:

e in the region 0 < \g— i()\+ +A_)? < 1 the tri-TsT backgrounds have negative curvature
everywhere, are free of any pathologies, and their phase space includes the NS vacuum
and the charged rotating black holes described in sections 3.3 and 3.2, respectively;

°In the Einstein frame the additional factor of (Ao — A+ A—)72 in (4.22) cancels, so that the determinant
of the boundary metric is still proportional to (4.23).
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o for \g — %(/\4r + A_)% > 1 the black holes are free of CTCs and curvature singularities
outside of the event horizon, the curvature remains negative, but the NS vacuum
becomes complex;

e when 0 < [ALA_| < A < %()\4_ + A_)? the charged tri-TsT backgrounds have negative
curvature and CTCs, but no singularities;

e finally, when \p < 0 and/or A9 < ApA_ the black holes have one or two singularities as
well as CTCs. In these cases the Ricci scalar is negative near the horizon and becomes
positive at a finite value of the radial coordinate before reaching the first singularity.
By an appropriate choice of the phase space variables it is always possible to find the
region of positive curvature before encountering any CTCs.

5 The perturbative spectrum

In this section we derive the spectrum of strings winding on the TsT-transformed backgrounds
described in section 3 where two of the TsT coordinates are identified with the same isometry
of T*. We then interpret the worldsheet spectrum from the point of view of single-trace
TT + JT + TJ-deformed CFTs. In particular, we show that the spectrum of strings with
one unit of winding matches the spectrum of states in the untwisted sector of the symmetric
orbifold Sym?” M,,. The spectrum of strings winding on TsT-transformed backgrounds with
other choices of the TsT coordinates is considered in appendix B.

5.1 The spectrum of winding strings

The spectrum of strings winding on TsT-transformed backgrounds can be obtained from
a spectral flow transformation that relates the values of the worldsheet stress tensor
before and after the TsT transformations [30]. In this section we delineate the main steps
necessary in the derivation of the spectrum of the tri-TsT backgrounds described by (3.1)
and (3.22) satisfying the identification of coordinates (3.4)—(3.6). A more general but
technical derivation of the spectrum is given in appendix A.

Let us denote the target space coordinates before and after the TsT transformations
respectively by X and X®. The X coordinates satisfy periodic boundary conditions,
while some of the X coordinates satisfy winding boundary conditions where X (o 4 27) =
X%o) + 27w ® . The main steps necessary in the derivation of the spectrum are:

step 1: find a (nonlocal) field redefinition X®[X#] such that X satisfies, locally, the same
equations of motion and constraints as the undeformed fields X;

step 2: read off the boundary conditions X®(o + 27) = X*(0 + 27) 4 277(®) where ~(®)
may depend on the winding and/or the momentum along the TST coordinates;

step 3: implement the boundary conditions by a spectral flow transformation Xo = Xo 4
(@) (Cz+ (z) where ¢ and ¢ are constants determined by the background geometry;

step 4: use the X found in step 3 to relate the values of the worldsheet stress tensor and
other currents before and after the TsT transformations;
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step 5: impose the Virasoro constraints and express the deformed quantum numbers in
terms of the undeformed ones.

Let us now go through these steps and derive the spectrum of the worldsheet theory.
The first step follows from the fact that TsT transformations can be realized by a nonlocal
field redefinition that is given by [52-54],

0X =0X —207%Y, 1 OX M, -
OX =0X —207%Y, 1, TiMOX, (5:1)
where M,z = G(10)ap + B(10)ag and the I'; matrices are defined in (2.11). For the TsT-
transformed backgrounds considered in section 3, the TsT coordinates X* = 4, XV = 0,
and XY = § mix with each other after the TsT transformations while the other coordinates
are identified directly without any mixing, i.e. X = X’ for i & {u,v,y}.

One of the crucial ingredients in the derivation of the spectrum are the nonlocal boundary
conditions satisfied by the target space coordinates X, These boundary conditions, which
are described in step 2, are captured by the so-called v parameters that are sensitive to the
winding boundary conditions of the strings under consideration. We are interested in strings
that wind |w| times along the spatial circle (3.6) of the deformed background. In order to
distinguish between the left and right-moving U(1) charges associated with translations
along v, it is also convenient to introduce winding w®) along this coordinate. Hence, the
deformed target space coordinates satisfy the following boundary conditions

(u,v) ~ (u+ 27w, v + 27w), Y~y + 2w, (5.2)

For the class of tri-TsT backgrounds described in section 3, the nonlocal boundary conditions
satisfied by the X coordinates can be read off from (5.1) and are given by (see (A.3) for
the general formulae)

i(r, 0 +2m) = (7, 0) + 27y, Y = w + 2fip () + 2i-p(y).
6(7_7 o+ 27r) = 6(7—1 U) + 27-(7(1})7 ’Y(U) =w— 2ﬁ0p(u) - 2/2+p(y)7 (53)
Q(T7 o+ 271‘) = @(T, J) + 277’7(”7 W(y) = w(y) + 2ﬁ+p(v) - Qﬁ*p(u%

where (7,0) denote the worldsheet coordinates while p(,) is the momentum conjugate to
X which is defined in terms of the worldsheet Noether currents in (A.4).

The worldsheet fields X obey the same equations of motion and constraints as the
undeformed fields X, but satisfy twisted boundary conditions (5.3). This allows us to carry
out step 3, namely to generate new solutions satisfying nontrivial boundary conditions by
a spectral flow transformation. Our background fields satisfy conditions (A.8) and (A.11)
which guarantee that the hatted fields given by

b=+ +0), o=0-11-0), J=7++vYo, (5.4)

are solutions to the equations of motion provided that the tilded fields are also solutions to the
equations of motion. This shift of coordinates induces a spectral flow transformation of the
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affine left and right-moving SL(2, R) x U(1) parts of the symmetry algebra of the worldsheet
theory. Note that the equations of motion allow for one extra parameter in the shift of g,
namely § = 3 + 7% (¢ + v7) (see appendix A for details). After the TsT transformations,
this parameter changes the target space momentum and winding of the string along the
y coordinate. On the other hand, the identifications (3.5) and (5.2) guarantee that these
charges are quantized and hence unchanged by any continuous deformation. As a result,
for the tri-TsT backgrounds constructed in section 3, charge quantization requires v = 0.

We can now follow step 4 and use (5.4) to relate the worldsheet stress tensor before and
after the deformations. For general backgrounds and choices of the TsT coordinates, the
zero modes of the deformed stress tensor are given in (A.19) and (A.20). For our tri-TsT
backgrounds, the zero modes of the stress tensor before (Lo, Lg) and after (Lo, Lo) the TsT
transformations are given by

- 1 k 2
Lo = Lo+ pey™ + 5o ™ + 5 (1) 55
5.5

o 1 k 2

In order to discuss the flow of the U(1) charges, we also need to keep track of how the
deformed chiral U(1) currents (A.9) associated with linear combinations of translations and
winding along y are related to the undeformed currents. Plugging our background into the
general expressions given in (A.15), we obtain

K() = K() + %’Y(y), f(o = f% — %")/(y), (56)
where (Ko, I:(o) are the zero modes before, and (KO, IA(O) are the zero modes after, the TsT
transformations. It is natural to identify the zero modes KO and IA(O with the deformed
U(1) charges qr.(fi;) and qg(ji;) in the dual TT + TJ + JT-deformed CFT. Using the v
parameters (5.3) and the expressions for the zero modes (5.6), we find that the deformed
U(1) charges are given by

v > 1 N N,
qr (f1;) = Ko = 5 (p(y) + k’4w(y)) + kafitp(o) — kafi—p(u); 57)
5.7

. : 1 . .
qr (fii) = Ko = 3 (p(y) - k4w(y)) — kafir-p(o) + Kafi—pu).-

The last step in the derivation of the spectrum amounts to imposing the Virasoro
constraints before and after the deformation. From the dictionary relating the bulk and
boundary coordinates, it is natural to identify the worldsheet Noether charges associated
with =10, and —¢~19, with the left and right-moving energies E; and Eg associated with
0, and —0z in the boundary theory. As a result, we have

Py = LEL (i), p) = —LER(f). (5.8)

Furthermore, it is convenient to express the zero modes of the deformed stress tensor in

terms of the undeformed U(1) charges which are given via (5.7) by
1

1
qr. (0) = B (p(y) + k4w(y)> ) qr (0) = 3 (p(y) — k4w(y)) . (5.9)
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Note that the momentum p(,) and the winding w® are integers since y is a compact
coordinate identified modulo 27. Consequently, the undeformed U(1) charges (5.9) are
quantized and hence unchanged by the deformation, a fact that makes them useful in the
parametrization of the deformed spectrum.

Finally, in terms of the energies Ey, p(f1;) and the U(1) charges ¢z, r(0), we find that the
spectrum of strings winding on the TsT-transformed backgrounds constructed in section 3
can be written as

B1(0) = By(io) + 2N(ia),  Er(0) = Bn(fi) + -T1(is), (5.10)

where TI(fi;) is given by

(1) = fi—qr(0)Er(ft;) — fiyqr(0)Er(fi) — Ll Er (ft) Er(fis)
k4

+ 5 i Br() + fi-Br (). (5.11)

The expressions for the deformed energies (5.10) are valid for strings winding on the spatial
and internal circles of the tri-TsT backgrounds of section 3 for any values of the phase
space parameters Ty, T}, v, and «,. In particular, this spectrum agrees with the spectrum
computed in [19] for strings winding on the Ramond vacuum where all of the phase space
parameters vanish.

The worldsheet spectrum is also characterized by the values of the deformed U(1)
charges qr, r(f1;), which can be written in terms of the deformed energies (5.8) and the
undeformed U(1) charges (5.9) as

qr(fi;) = qr(0) — kafii LER(f1;) — kaftLEL (i),

. . 5 . . (5.12)
qr(ft;) = qr(0) + kafis LER(f1;) + kafi LEL(f1;).

Note that both of these charges depend on the energies in such a way that the momentum
along y, namely qr,(f1;) +qr(f4:), is unchanged by the deformation. As a result, the deformed
U(1) charge qg(ji;) differs from the undeformed one even when the 7'J deformation parameter
[i— vanishes, contrary to what may have been otherwise expected.

5.2 The spectrum of the symmetric orbifold

In this section we interpret the worldsheet spectrum in terms of the symmetric orbifold
structure of single-trace TT + JT + TJ-deformed CFTs. In particular we will show that
the spectrum of strings with winding |w| = 1 matches that of the untwisted sector of the
symmetric orbifold, namely the spectrum of the TT + JT + T'J-deformed seed CFT.

5.2.1 The twisted sector

We begin by recalling that a single-trace deformation of the symmetric orbifold Sym? M
consists of deforming each copy of the seed M — M, such that the deformed theory
remains a symmetric orbifold, namely Sym” M,,. As a result, each state in the single-
trace TT 4 JT + TJ-deformed CFT can be thought of as a composite state that consists
of r single-particle states satisfying >, _,n, = p where n, is the length of a Z,, cycle
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and r is the total number of cycles that make up the state. In our conventions, n, = 1
corresponds to a state in the untwisted sector of Sym” M,,, i.e. a state in the TT+JT+TJ-
deformed seed CFT. We can label the states in the deformed theory by the choice of n,
coefficients {nq} = {n1,n2,...,ny} such that, for example, {1,1,...,1} describes a state in
the untwisted sector while {p,0,...,0} describes a state in the maximally-twisted sector of
the symmetric orbifold.

The total energies and U(1) charges of a state in Sym” M, can be written as

Er r(i) Z E qr,r (1) Z q. R (i), (5.13)

where E} (n “)(uz) and q(L }’%) (ui) are the energies and U(1) charges of a single particle state.
For single-trace TT + JT + T.J-deformed CFTs, we expect the energies E(Lrjf%) (i) to satisfy
the same formulae for the spectrum of strings with winding w = —n,, where the minus sign
follows from our conventions.® Using (5.10), (5.12), and the dictionary (2.4), the energies
and U(1) charges of a twisted state in the deformed theory can be written as

Na Na 2 n, Na Na 2 Na
By (0) = B () = =10 (), B (0) = B () - 0 (1),
0" (0) = a" (i) + kapes B (13) + kapu B (1), (5.14)
g (0) = a5 (i) — kapes By () — kapo— BY'™ (2),

where ky is the U(1) level of the undeformed seed and T1(")(y;) is given in (5.11) with

Err— E,(: }12), qL,R — q(L R), and fi; is written in terms of u; using (2.4).

The general solution for the deformed energies of a twisted state can be written as

— VB2 +4AC

By (u) = — 54

T () = T (0) (5.15)

where J = {(E[, — ER) is the angular momentum, while A, B, and C are defined by
A= 2o — ky (/L+ +M—)27
Na — Na — Na — n 2
C = nalBg™ (0) = ki 'qfy” (0)° + ki 4l (0) + ¢ happ— I ™) (0)] (5.16)
B = nal + 21105 (0) — 2p_qiy (0) + 207! (Mo — kaprppi- — k4/ﬁ) T (0).

In particular, the spectrum of twisted states is real for states above the Ramond vacuum,
namely for states satisfying na€k4E§%na)(0) — q%(0) > 0, provided that

A =29 — kg(py +p_)? > 0. (5.17)

This is the same constraint (4.9) that guarantees the absence of closed timelike curves in
the space of TsT transformed backgrounds, in agreement with the results obtained for the
Ramond vacuum in [19].

5Tt would be interesting to confirm this directly from a field theoretical calculation.
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5.2.2 Matching the spectrum in the untwisted sector

Let us now consider the spectrum of single-particle states in the untwisted sector of
the symmetric orbifold Sym” M,,. The latter should correspond to the spectrum of the
TT + JT + TJ-deformed seed CFT M u- 1t is not difficult to verify that the spectrum of
strings with one unit of winding — obtained by setting n, = —w =1 in (5.14) or (5.15) —
matches the spectrum of (double-trace) TT + JT + T'J-deformed CFTs on a cylinder of size
27 R = 27/l [18, 20]. The matching between the worldsheet and the field theory spectrum
in the untwisted sector is a first indication of the correspondence between states in single
trace TT + JT + T J-deformed CFTs and backgrounds obtained from a sequence of TsT
transformations of AdSs x S% x T* spacetimes.

The NS vacuum of the deformed theory is made up of the ground states from each
copy of the symmetric orbifold, hence it is state in the untwisted sector of Sym” M,,. As a
result, the left and right-moving energies of the vacuum are given by

a 1
Ern(i) ZE% (13) = PEL (1), (5.18)

where Eg%(uz) are the energies of the vacuum in the deformed seed M, the latter of which
(1)

can be obtained from the undeformed energies E} 1(0) via (5.15). In the undeformed seed,
the ground state is characterized by an energy and angular momentum that are given by

., JYo) =0 (5.19)

Then, using (5.15) and (5.18), we find that the energy and the angular momentum of the
NS vacuum in single-trace TT + JT + T'J-deformed CFTs is given by

_ 2 _ 2
B (1) = —< (= V€ — 2hpo + kka(ps + p)

J (i) = 0 5.20
6 2k — kka(pg + p—)? ) (1) ) ( )

where we recall that ¢ = 6kp is the total central charge of the undeformed symmetric
orbifold. Since the NS vacuum has vanishing U(1) charges before the deformation, the
undeformed U(1) charges ¢7"%;(0) vanish, and the deformed U(1) charges read

k4

vac vac vac k4 vac
qr (i) = —§(M+ + p— ) B (i), qr“ (i) = 5(N+ + p— )BT (). (5.21)

Note that the vacuum energy (5.20) differs from the energy of the vacuum in the deformed
seed M, only by a factor of p. In addition, we note that

epig — kkg(py + p_)? < 02 (5.22)

guarantees the energy and the deformed U(1) charges of the vacuum are real and that
this is the same constraint (3.29) that leads to a real vacuum solution in the bulk side of
the correspondence.
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6 Gravitational charges and thermodynamics

In this section we study the thermodynamics of the TsT-transformed backgrounds described
in section 3. We begin by computing the gravitational charges, entropy, and thermodynamic
potentials of the charged tri-TsT black holes, the latter of which are shown to satisfy the
first law of thermodynamics. We then derive the density of high energy states in single-trace
TT + JT + TJ-deformed CFTs and show that this quantity matches the entropy of the
black holes constructed in section 3.2. Finally, we compute the energies and U(1) charges
of the TsT-transformed background obtained in section 3.3 which match the charges of the
NS vacuum in the dual 7T + JT + TJ-deformed CFT.

6.1 Thermodynamics of charged tri-TsT black holes

In this section we use the covariant formulation of charges to derive the energies and U(1)
charges of the charged TsT black hole (3.22), and determine its thermodynamics potentials,
entropy, and the first law of thermodynamics. For convenience, we carry out this analysis
in three dimensions, where the computation of the gravitational charges and the analysis of
the thermodynamics simplifies significantly.

6.1.1 Conserved charges

The charged tri-TsT black hole is a 7-parameter solution to the equations of motion of
(the bosonic sector of) type IIB supergravity. We have written the black hole in (3.22) in
terms of three-dimensional variables, as the computation of its gravitational charges and
thermodynamics simplifies in lower dimensions. In three dimensions, the TsT black hole
is characterized by the metric, Kalb-Ramond field, gauge fields A and A as well as
the dilatons ® and w given in (3.22). By construction, the backgrounds considered in this
paper have fixed values of the magnetic and electric charges (3.7). Moreover, as argued
in section 3, the variables A\g, Ay, and A_ parametrize the deformed theory, instead of
the phase space of solutions, and are therefore fixed constants. As a result, the charged
tri-TsT black holes are characterized by four independent charges corresponding to linear
combinations of the energy and angular momentum, as well as two U(1) charges associated
with the gauge fields A and A®.

In the covariant formulation of gravitational charges [55-57], the infinitesimal charge
associated with a symmetry generated by the Killing vector £ can be written as

63
- A7l Jos

0Q¢ X¢: (6.1)
where 0¥ is the boundary of a codimension-1 spacelike surface and the one-form x; is
determined from the action of the theory (see appendix C for details). The left and right-
moving energies of the black hole (3.22), denoted by Q, and Q,, are the gravitational
charges associated with the £~9, and —¢~'9, Killing vectors. Using the covariant formalism,
we find that the left and right-moving energies are integrable in the space of solutions
parametrized by T, Ty, cu,, and a, with fixed values of the deformation parameters. This
is consistent with our interpretation of A9, A4, and A_ as deformation parameters instead
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of phase space variables. The left and right-moving energies of the charged tri-TsT black
holes are given by

Q, = % (a2 +72) [1 - aw (s +A) + Ao (a2 +72)]

Qy = % (a%%—Tf) [l—au A+ +2A2)+ Xo (ai—l—Tf)} .

(6.2)

In addition to the gravitational charges (6.2), the charged tri-TsT black holes have
electric charges associated with the A®) and A gauge fields that are defined by

3 p2
Q) = 7 [ aa®) 240 sap,
T
S 6.3
) GO e 2)  —85—2w 4(1) (63)
Q :*m\/G *dA — € A /\*dB,
4 S

where *x denotes the Hodge dual in the three-dimensional Einstein frame. In ten dimen-
sions, these charges correspond to the momentum and the electric charge along the y
coordinate, namely

1 _
QW =9, QW=rQY, QY= (270,)F /ce 22010) 519 dB(1), (6.4)

where Q, is the gravitational charge associated with the Killing vector 9,, ng) is the
electric charge along y, C' is the spatial surface transverse to (r,y), and 1o is the Hodge
dual in the ten-dimensional string frame. In addition, we note that the factor of k4 in the
definition of Q) in (6.4) comes from our ansatz for the dimensional reduction (3.1).

It is convenient to write the U(1) charges in terms of the following linear combinations

1 1

Qr = (Q(l) _ Q@))j Qr = (Q(l) + Q(2))' (6.5)

O |
O |

These definitions mimic the definitions of the undeformed U(1) charges (5.9) obtained in
the derivation of the worldsheet spectrum. This follows from the fact that Q, corresponds
to the momentum conjugate to y while —ng) corresponds to the winding along y, where
the sign follows from our conventions on the worldsheet. Since the coordinate y is compact,
these U(1) charges are quantized and preserved by any kind of continuous deformation.
As a result, it is natural to identify the U(1) charges (6.5) with the undeformed left and
right-moving U(1) charges of the bulk spacetime.
For the charged tri-TsT black hole (3.22) the U(1) charges are explicitly given by

¢ ¢
Qu=—""Lou 1= Ay +A) + 20 (2 +T2)| + 2 (A Qu+21Q0),

065 52 (6.6)
Qr = —l—%av L= au O+ A) + 20 (02 +72)] = 5 (- Qu+ A Q).

We observe that the o, and «, parameters are necessary to describe TsT-transformed
backgrounds with independent U(1) charges. Otherwise, when o, = o, = 0, the U(1)
charges become proportional to the left and right-moving energies, as considered previously
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in [32]. Tt is also important to note that these charges are still identified with the undeformed
U(1) charges of the black hole despite their dependence on the deformation parameters.”

Motivated by the definition of the deformed U(1) charges (5.12) obtained in the
derivation of the perturbative spectrum, we can define the following U(1) charges in

the bulk

. 14 14
’L\’ =Qr — 54 A-Qu+2:Qy) = —627404“ [1 —ay (A +A2)+ Xo (a?} —}—TUQ)} ,
(6.7)
. 15 15
H=Qr+ 5 (Qu+ Q) = +%av 1= au g +20) + 20 (a2 +72)] .

Although these charges lack a geometrical interpretation, they are still useful in the
characterization of the tri-TsT black holes and can be identified with the deformed U(1)
charges of the TT + JT + T.J-deformed CFT. Note that the deformed U(1) charges (6.7)
are proportional to the spectral flow parameters o, and «,. Hence, the tri-TsT black holes
constructed in section 3.1 are neutral with respect to the deformed U(1) charges, while the
tri-TsT black holes constructed in section 3.2 are charged with respect to these charges.
The conserved charges (6.2) and (6.7) allow us to express the tri-TsT black hole directly
in terms of the physical charges 9, , and Qz’ r- In order to accomplish this we note that
the phase space parameters Ty, Ty, o, and «, can be written in terms of the gravitational

charges as
Qy, u 0 . 2\ ) Qy = Vi ) A\ ?
£+ 2000 — 5= (@1 + Q) £+ MlQu — 5= (Q) + Q%)
0 W

Qy = :
2 ; N\’ v X ; ;

€+ MlQu + 9 (QY + Q) €+ MlQu+ 5 (Q) + Q)

Interestingly, the factors appearing in the denominator of these equations are also featured

in the entropy of the charged tri-TsT black holes described below.

6.1.2 Thermodynamic potentials, entropy, and the first law

The charged TST black hole (3.22) features a horizon at r, = 27T, T, whose location is
not affected by the TsT transformations. In particular, the horizon generator for this
background is given by the following Killing vector

& = 0y — Q0. (6.8)

The inverse Hawking temperature 8 and the angular potential €2 featured above can be
written as

dEeR) oehER) e

As discussed in [30], there is a subtlety in trying to relate the deformed and undeformed spectra directly

from the expressions for the conserved charges computed in the bulk. In particular, (6.6) suggests that
the undeformed U(1) charges Qr,r depend on the deformation parameters, but this is ultimately a result
of our choice of variables. Instead, in order to determine the nature of the deformed background in a
gauge-independent way, we should consider the relationship between different physical observables.
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where 17, r denote the left and right-moving temperatures which are given by

1 r[Ty — A (T + aTy) + XoTu(a2 + T72)]

TL Tulv 7 (6.10)
1 [Ty = M (T + auTo) + NoTo(0g +T2)]
TR B TuTv .

The temperatures (6.10) are thermodynamically conjugate to the left and right-moving
energies (6.2). They can be alternatively determined from the thermal identification
(u,v) ~ (u+ /0Ty, v —i/¢TR) which guarantees that the Euclidean continuation of (3.22)
is free of conical singularities.

In addition to the temperatures (6.10), there are two chemical potentials py, and pgr
that are conjugate to the U(1) charges Q1 and Qg in (6.6). These chemical potentials can
be determined from the values of the gauge fields at the horizon via (see e.g. [58])

pe =AY =AY o pr=g(AD + AP (6.11)
For the charged tri-TsT black hole (3.22) the chemical potentials read
0?20, Ty + A1 Ty(a2 + T2) — ATy (a2 + T2)]
HL = — ’
UPTTy (6.12)
B +7r£2 20, Ty — A Tu(02 + T2) + A_Ty(a2 + T2)]
p = £45TuTv '

In particular, note that up — pp is independent of the deformation parameters and is thus
unchanged by the sequence of TST transformations. In the ten-dimensional theory, the
chemical potential 5 (pg + pr) is conjugate to the momentum along y while (ug — puz) is
conjugate to the winding charge. Hence, the chemical potentials can also be determined
from the ten-dimensional horizon generator £;(19) and from the value of the ten-dimensional
B-field at the horizon, namely

1 1 —9a
En(10) = Or — Q0 — i(ﬂR + pr)0y, i(ﬂR —pr) =4 2§h(10)(8y)ﬁB(10)aﬁ‘rh- (6.13)
The entropy of the charged tri-TsT black hole can be obtained from the area A of the
horizon and is given by

A e
Spr = —— = K

&= 3 [Tt = au(rg +A0) + Moo + T2)]

(6.14)
FT[1— au(h +A0) + (el +T2)] ).

where 7 is given by (3.23), which we reproduce here for convenience,
=1 =\ ) (1 —ap)y) — {Ozu)\+ + Ao (ai + Tf)} [aq,)\_ + Ao (a% + Tf)} :

In particular, it is not difficult to verify that the tri-TsT black hole satisfies the first law of
thermodynamics, which can be written as

1 1
6Sp1 = 7-0Qu + 7-6Qu = 1 B(uLdQr + proQR)- (6.15)

TRé
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Note that the contribution of the Ay parameters to the entropy (6.14) is multiplied by
the a,, and «, variables. As a result, when «,, and «, vanish, the entropy (6.14) takes
the same form as the entropy of the black holes dual to thermal states in single-trace
TT-deformed CFTs [30]. This is also a feature of thermal states in 77T + JT + T'J-deformed
CFTs with vanishing values of the deformed U(1) charges, as described in more detail in
the next section.

The entropy (6.14) takes a simple form in terms of the phase space variables but it
is not suitable for comparison with the entropy in the field theory as it is not written in
terms of the physical charges. Furthermore, the regime where (6.14) is well defined is not
manifest in terms of the phase space variables. For these reasons, it is more convenient to
write the entropy in terms of the conserved charges such that

X 02 ! ! 2
St = 2w{\/ﬁgu [g Aol — <QL+QR>} -7 (QL— EPWE ;A+Qv)

2 14 15 2
- 9 <QR+24)\Qu+24)\+QU> }

C €A+

(6.16)

6.2 The entropy of single-trace TT + JT + TJ-deformed CFTs

In this section we derive the asymptotic density of states in single-trace TT + JT + T'J-
deformed CFTs following the lines of [30] (see also [5]).

The states in the symmetric product Sym” M,, obtained from a single-trace T T +
JT + TJ deformation consists of composite states made of the product of twisted and
untwisted states.® As described in section 5.2, these states can be labeled by a set of integers
{nqe} = {n1,n2,...,n,} that correspond to the lengths of each of the Z,, cycles that make
up the state. In a symmetric orbifold the log of the density of {n,} states at fixed values of
the total energies Er, r(1;) and deformed U(1) charges qr r(pi) is given by

r

SN (B g, qrr) =Y 8" (B[, a") (6.17)

a=1

where exp S("“)(Ej(f}l%), qgf“)) is the density of single particle states with energies E](-ffz)(ui)

and U(1) charges q(Ln}l%) (1i). The latter are related to the total energies and charges of a
state in the symmetric orbifold via (5.13).
Since the energy levels do not cross under the TT + JT + TJ deformation, the density

of states is preserved by the deformation. As a result, the Cardy formula for each twisted

8The results of this section rely on the assumption that the deformed theory is a symmetric orbifold.
As discussed in section 2.1, the symmetric orbifold structure has been conjectured to exist, before the
deformation, only for the long string sector of the bulk theory.
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sector can be written in terms of the deformed energy using (5.14) such that

§lna) = zﬂ{\/nakwg ) (0) - —ap (0)2+\/nak£E1(g ()= (0)° }
4 4

Ng Na Na Na k Na
—2w{\/kE<L (i) [ral 200 B i) =20 [ i)+ ()| | =0 i)?

Na Na Na Na k Na
+\/kE1(% ) [na€+2uoE2 (i) +204 [q(L ) (wi)+aly )(m)H—,aqga )(Ni)Z}-

(6.18)
The entropy formula (6.18) is valid in the Cardy regime where
(na) 2
0) k
g/ A UL 6.19
o) - Lot (6.19)

Furthermore, it is not difficult to verify that the following partition of the energies and U(1)
charges extremizes the entropy (6.18)

Na Na Na Ng
E(L,R)(Mi) = ;EL,R(/M); q(L,R) (pi) = ?QL,R(M) (6.20)

Using the partition of the energies and the U(1) charges (6.20), we find that the total
entropy (6.17) is independent of the choice {n,} of the Z, cycles and is given by

S(Errar,r) = S (B g, q1.r)

= 277{\/§EL (1)

- \/EER (144) {E + 250EL (i) + 2Mp+ lar (i) + qr (Hi)]] - k;QR (1i)? },

k

0+ 2ZOER (i) — Ql; lqr (1) + qr (Nz’)@ B iQL (i)

k
(6.21)

where ¢ = 6pk is the total central charge of the symmetric orbifold before the deformation.
The regime of validity of the deformed Cardy formula (6.18) depends on the twisted
sector. In particular, it is clear from (6.19) that maximally twisted states have the lowest
threshold and dominate the entropy at lower energies (see [30] for more details). In addition,
using (6.20) we find that the total energies and U(1) charges of the states contributing
to (6.21) satisfy

Ep(0) = Epp(u) — ;Hmi),

qr.(0) = qr.(is) + kap+ Er(pi) + kap—Er (1), (6.22)

qr(0) = qr(pi) — kapry Er(pi) — kap—Er(ps),

where TI(y;) is given in (5.11) with fi; expressed in terms of p; via the dictionary (2.4).
The entropy (6.21) generalizes the expression found in [30] for single-trace T'T-deformed
CFTs by including the contributions from the JT and T'J deformations. In particular, up
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to corrections proportional to the deformation parameters, the entropy takes a similar form
as Cardy’s formula for a CFT with additional U(1) charges.

We note that the entropy (6.21) has been derived in the microcanonical ensemble where
the energies and U(1) charges are held fixed. We can express the entropy in the canonical
ensemble in terms of the conjugate temperatures and chemical potentials defined by

1 s _ s
TR OErpRr(wi) HLR = 9qr,r(0)

(6.23)

In this way we can find the relationship between the deformed thermodynamic potentials
and the deformed charges, expressions which can be compared to the ones found for the
tri-TsT black holes in section 6.1. In particular, from the entropy (6.21) it is not difficult to
derive the Hagedorn temperature Ty of single-trace TT + JT + T'J-deformed CFTs. For
fixed values of the undeformed U(1) charges ¢z, r(0), the Hagedorn temperature can be
obtained by letting 2Er, g(u;) — E(p;) — oo in (6.21) such that

S(Er,r.qL,r) ~ BuE(k),  Bu = TlH = 277\/2@0 — kka(ps + p-)? (6.24)
We observe that the Hagedorn temperature is real provided that (5.22) is satisfied. This is
to be expected since (5.22) guarantees the existence of real vacuum energies in single-trace
TT 4 JT + T J-deformed CFTs. Up to conventions, (6.24) agrees with the expression for
double-trace TT + JT + T'J-deformed CFTs with fixed U(1) charges derived in [21]. This
is compatible with the fact that the Hagedorn temperature is not an extensive quantity
and should be given by the Hagedorn temperature of the seed theory.

It is also interesting to note that (6.21) differs from the entropy of double-trace
TT + JT + TJ-deformed CFTs by the additional factors of p accompanying the deformation
parameters. In particular, since p counts the number of copies making up the symmetric
orbifold, when p = 1 we recover the entropy of double-trace TT + JT + TJ-deformed CFTs.

6.3 Matching the thermodynamics

In this section we show that the asymptotic density of states in single-trace TT + JT + T'J-
deformed CFTs matches the entropy of the charged tri-TsT black holes computed in the
previous section. We will also show that the neutral black holes (3.14) constructed in
section 3.1 correspond to a special class of thermal states whose deformed U(1) charges
vanish and whose thermodynamics share several similarities with thermal states in 77-
deformed CFTs.

The holographic dictionary (2.4) implies that the bulk and boundary charges are
identified via

Qu,v <~ EL,R(/%)? QL,R A QL,R(O)' (625)

In addition, the flow equation (5.12) guarantees that the bulk U(1) charges (6.7) are identified
with the deformed U(1) charges, namely Qf r = qr,r(1i). It is then straightforward to see
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that the entropy of the charged tri-TsT black holes (6.16) matches the asymptotic density
of states (6.21), namely

Seu = S(EL,R,qL,R)- (6.26)

Similarly, the thermodynamic potentials (6.10) and (6.12) of the black hole match the
corresponding expressions derived from the field theory side via (6.23). We thus conclude
that the charged tri-TsT black holes (3.22) are dual to thermal states in TT + JT + TJ-
deformed CFTs with arbitrary values of the deformed energies and U(1) charges.

As a consistency check we note that if we assume that the entropy (6.16) of the tri-TsT
black holes is unchanged before and after the deformation, we can reproduce the relationship
between the deformed and undeformed energies of a maximally twisted state in single-trace
TT + JT + TJ-deformed CFTs given in (6.22). We can obtain the deformed energies
from (6.16) because the angular momentum and the undeformed U(1) charges are quantized,
and hence preserved by the deformation. The reason (6.16) only reproduces the spectrum
of maximally twisted states is that they dominate the entropy at low energies.

It is important to note that the matching of the entropy holds for all values of the defor-
mation parameters, including the 7T and JT limits. In particular, when the A4+ parameters
vanish and the U(1) charges are turned off, our tri-TsT black holes, their perturbative
spectrum, and the matching of their entropy with the field theory side reproduces the TT
results obtained in [30]. On the other hand, in the JT case where \g = A_ = 0, our results
generalize the finite-temperature analysis of [32] in the following ways: (i) by constructing
a more general class of black hole solutions with arbitrary values of the deformed U(1)
charges; and (ii) by showing that their entropy still matches the density of high-energy
states in single-trace JT-deformed CFTs.

We conclude with comments on the entropy of the neutral tri-TsT black holes (3.14).
Recall that the latter are TsT-transformed backgrounds characterized by vanishing values
of the a, and a, parameters. This means that the U(1) charges vanish before the TsT
transformation, i.e. that the undeformed background is just the BTZ black hole. From
the values of the deformed U(1) charges given in (6.7), we see that these charges also
vanish for this class of backgrounds. As a result, the entropy of the neutral tri-TsT black

holes becomes®

2 >
Spu| =2l SEL (14 B, )+ [SBR (1+ Eg) ¢ (6.27)
Oy =0y =0 6 P 6 P

In addition, we note that when the o, and «, parameters vanish, the energies (6.2) and

the physical temperatures (6.10) of the tri-TsT black holes also reduce to the energies and
temperatures characterizing the TT-deformed backgrounds constructed in [30]. As a result,
we find that the neutral black holes describe special states in the dual TT+JT+T J-deformed
CFT that mimic the behavior of thermal states in TT-deformed CFTs.

?One may wonder how (6.27) is compatible with the fact that the neutral tri-TST black holes have
nonvanishing undeformed U(1) charges (6.6) and chemical potentials (6.12). This can be understood by

noting that the charges and chemical potentials satisfy Qr = —Qr and pur = pr, so that their contribution
to the first law of thermodynamics (6.15) vanishes.
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6.4 Matching the ground state

Let us now revisit the ground state geometry constructed in section 3.3. Therein, we argued
that the NS vacuum can be obtained from analytic continuation of the charged tri-TsT
black hole, where the values of the phase space variables are determined by requiring a
smooth non-rotating background free of conical defects or singular gauge fields. Plugging
the vacuum parameters (3.28) into the gravitational charges (6.2) we find that the deformed
energy and angular momentum of this background are respectively given by

2—\4—4x+ A+ A1)
%;ac _ _ ¢ \/ + 5 , Q:;ac =0, (628)
3 400 — (A +A0)

where Q}“¢ and QU are the gravitational charges associated with the Killing vectors =10,
and 0. Similarly, plugging (3.28) into (6.6), we find that the undeformed U(1) charges
Qr,r vanish, which is consistent with the fact that the vacuum must have vanishing U(1)
charges before the deformation. As a result, the deformed U(1) charges defined in (6.7) are
given by

, 12 , L
zz,vac _ 4 A_|_ +)\—)ng67 Q?{,vac Y4

= -2 = O+ A5, (6.29)

Using the holographic dictionary (6.25), the above energy, angular momentum, and deformed
U(1) charges match the corresponding quantities for the NS vacuum in single-trace T'T +
JT + TJ-deformed CFTs given in (5.20) and (5.21).

The matching of the vacuum energies provides additional evidence, beyond the spectrum
and the thermodynamics, that the charged tri-TsT backgrounds (3.22) describe a general
class of backgrounds that are dual to states in single-trace 7T + JT + T'J-deformed CFTs.
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A Spectrum for multiple TsT transformations

In this appendix we derive general expressions for the spectrum of strings winding on
TsT-transformed backgrounds supported by NS-NS flux.

Let us consider IIB string theory on a TsT-transformed background with NS-NS flux.
The worldsheet action can be written as

1

Sws = “

a a e 1 an
/ @2 (Vo Gy + € B) 0, X0, X" = / d%2 M,s0XX°, (A.1)
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where G and B,g denote the ten-dimensional string frame metric and Kalb-Ramond field,
Mug = Guop + Bag, 2 =7+ 0 and z = 7 — o are the worldsheet coordinates, 0 = 0, and
o= 0z, and the worldsheet metric and Levi-Civita symbol satisfy 7,z = —1/2 and €,z = 1.
A special feature of TsT transformations is that the equations of motion and Virasoro
constraints of the deformed theory (A.1) can be mapped to those of an undeformed theory
with twisted boundary conditions by a nonlocal change of coordinates [52-54]. This fact
continues to be true for backgrounds obtained from multiple TsT transformations. In this
case, the nonlocal change of coordinates mapping the deformed and undeformed theories
can be written in matrix notation as

OX = OXMM ™ =90X —2072Y, 1; X MT, A
0X = M 'MOX = 0X — 202y, ju Iy MOX, (4.2)
where X denote the twisted target space coordinates of the undeformed background Ma,g.
The change of coordinates (A.2) introduces twisted boundary conditions on the coordi-
nates involved in the TsT transformations. In order to see this, let X™ and X™ denote the
target space coordinates satisfying winding and/or twisted boundary conditions, and let X*
denote the rest of the coordinates which are assumed to satisfy trivial boundary conditions.
Using the nonlocal map (A.2) we find that the Xm, Xm, and X? coordinates satisfy

X™(o+2m) = X"(0) + 207, A =wt™ 425, (T map),
X™(o+2m) = X™(0) +2m7y"™, A = wl™ 1+ 257 (D) mnpiny. (A.3)
Xi(o 4 27m) = X'(0),

where w(® denotes the winding along X while P(a) is the momentum conjugate to X<.
The latter is defined by

1 o 1 o 3
Pl@) = 5 %](a) = o }{](a) + J(a) (A.4)
where j,) is the worldsheet Noether current generating shifts of X that is given by

j(a) ( )8+]( )8 ( aﬂ5X56+8X5Maﬂé). (A.5)

In particular, using (A.2) it is not difficult to verify that the Noether currents of the
deformed and undeformed backrounds satisfy j,) = 3((1).

It is also instructive to write the winding number as a conserved charge on the worldsheet.
The Noether current associated with the gauge transformation 6B = dA reads

0(*) = HX0 — DX*D. (A.6)

The conserved charge associated with this current corresponds to the winding number along
the X direction and is given by

1 1
(@) = = §gla)r — — a_ (@
qp o fﬂw 5 ]{&,X w'. (A.7)
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Once the boundary conditions of the X2 coordinates have been determined, the
worldsheet spectrum can be obtained from spectral flow of the underlying symmetry algebra.
Following [30], let us assume a general undeformed background Mag satisfying

B[QM‘mW] =0, 8[QM5}T—,L = 0. (A.8)

This constraint implies the existence of chiral and anti-chiral currents associated with shifts
of the X™ and X™ coordinates that are respectively defined by

1. 1 .

}Al(m) = E;ZGmQaXo‘é = §j(m) - ﬁMmaé'Eua)7
2 oA 2o 1, Co ) (A.9)
_ o . o

Consequently, the chiral currents are equivalent to the Noether currents associated with a
combination of a translations and gauge transformations.

The boundary conditions (A.3) can then be implemented by a shift of the target space
coordinates such that

XM= X" 4 4my Xm=Xm_ Mz (A.10)

where X™ and X™ satisfy trivial boundary conditions and are interpreted as the target
space coordinates of the undeformed theory. The shift (A.10) is responsible for a spectral
flow transformation of the symmetry algebra generated by the currents (A.9). Further-
more, (A.10) is guaranteed to be a solution to the equations of motion provided that X
satisfies the equations of motion and that the constraint (A.8) holds.

A subtlety arises when the undeformed background features a T factor such that
one or more of the target space coordinates corresponds to a free field in the undeformed
theory. For these coordinates, which we denote by X @ the corresponding components of
the undeformed background field MQB satisfy a stronger condition than (A.8), namely

DaMsp =0,  9oMpss =0, (A.11)

which implies the existence of chiral and anti-chiral currents E(é) and Z(d) associated
with shifts of the same coordinate X¢. Consequently, for this kind of coordinates the
twisted and/or winding boundary conditions (A.3) can be implemented by the following
generalization of the spectral flow transformation

X = X% 4+~ (54 p7). (A.12)

The v variable affects the relationship between the chiral currents of the undeformed
theory and the Noether currents of the deformed one. This can be seen by writing the
undeformed chiral currents fz(d) and B(d) in terms of the deformed ones B(d) and ﬁ(d). The
former are defined in (A.9) with all hats replaced by tildes, namely

1

Ay = €5 2Gma0X 0, himy = £52GnadX 0. (A.13)
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Using the shift of coordinates (A.12) we then find
7 2 1 —2A & 7 Z 1 —2A a’
haay = haay = 5(1+ )5 Gawy 0, hgy =he) + S1=v) Gaay¥)0.  (A.14)

Note that the deformed chiral currents ﬁ(é) and 13(,1) depend on the Noether currents (A.5)
and the v(® parameters characterizing the TsT transformations but are independent of v.
The physical implication of this is that different choices of v correspond to different choices
of circles in the deformed background along which the conjugate momenta are quantized.
The reason for this is that the undeformed chiral currents (A.14) must be independent of
the deformation parameters. This is possible for different values of v provided that linear
combinations of the momenta featured in (A.14) are quantized and hence preserved by the
deformation. As a result, different choices of v lead to slightly different spectra due to the
corresponding changes in the global properties of the deformed spacetime. In particular, in
terms of the zero mode charges Ky = % ¢ hs and Ko = % § hg, the relationship between
the deformed and undeformed chiral currents (A.14) becomes

~ A, 1 A >/ = = 1 A v/
Ko =Ko —5(1+ 2 Gaay' ™), Ko= Ko+ S1- V)5 Caay\ ), (A.15)

where K and K| are the undeformed zero mode charges.

Let us now derive general formulae for the spectrum of strings winding on backgrounds
obtained from multiple TsT transformations where some of the TsT coordinates may
be taken from T™ factors of the undeformed spacetime. In this case, the spectral flow
transformations associated with the TsT transformations can be implemented in different
ways via (A.10) or (A.12), leading to more general expressions for the spectrum than the
ones obtained in [30].

We first note that under the shifts of coordinates (A.10) and (A.12), the left-moving
component of the deformed stress tensor T = TZZ = —6;2GQBOX @9 XP transforms as

T =T —20;2C 00X ™ — (14 )0;2G3a0X W — 172G,y ™A )
R ) o A.16
— (14 0)052 Gy ™A@ — i(l + )22 Gy D), (410

where T’ denotes the stress tensor in the undeformed theory. Next, using the definition of
the chiral currents (A.9) together with eqs. (A.10) and (A.12) we find that

2i 7{ 2GmadX® = Cpmy + (M — 2Cm )™ + [Mina — (1 + 1) Gy @
™ A ) . A B (A.17)
+ Mmﬁfy(m) + = %MmiaoXZa
2w
1 jod i A A A A ~/ A —
2 ]{ 2G3a0X* = Cpay + (Mam — 2Gan)y™ + [Maz — (1 +v)Caw ]y + Mamn™
(A.18)

A ~

where we used the fact that Mmm/, Mo, Mg, Mda, and M, are all constant, a result
that follows from the constraints (A.8) and (A.11) imposed on the undeformed background.
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The equations above imply that the zero mode Ly = Ly = —% $ T of the left-moving
component of the stress tensor satisfies

" 1 1 . :
Lo = Lo + ppnyy™ + 5L+ V)p@)y A @ 4 072 Ny A ) 51~ D02 My ™A@
~(m)
2702

}(1_1/ )K 2Maa’7(é) (@

1 .
+ Z(1 4 )05 2 Mgmy DA™ 4 1

2

%MmiaaXia
(A.19)

where Ly denotes the zero mode before the deformation. Similarly, following the steps
described above, we find that the right-moving zero mode of the stress tensor Lo=1Lo=
—% ¢ T is related to its undeformed value Lg by

7 7 7 1 V -2 3 m)(m) ;. L -2 77 a) o (1
Lo = Lo = payy™ — 5(1 — )p@V + €5 My ™A™ + 5(1 + V)0 Mgy @A™

Lo N2 @ L 22 (@).(@) 7}1{ i
+2(1 V)l Mpay\™y —|—4(1 v Magy'® +2€2 M0, X"

(A.20)

Finally, imposing the Virasoro constraints before and after the deformation, we can express
the spectrum of the deformed theory in terms of the undeformed one.

Note that egs. (A.19) and (A.20) generalize the expressions for the zero modes of the
stress tensor derived in [30] in two ways: first, by including the effect of multiple TsT
transformations; and second, by allowing the TsT coordinates to be taken from a 1™ factor
of the undeformed spacetime. In particular, we note that when v = 1, (A.12) reduces to the
first equation in (A.10), while it reduces to the second equation in (A.10) when v = —1. In
both of these cases, the shift of coordinates affects only one component of the stress tensor
such that (A.19) and (A.20) take the same general form derived in [30]. In contrast, for any
other values of v the spectral flow transformation induced by (A.12) affects both of these
zero modes. As a result, the worldsheet spectrum depends on the choice of v, in addition to
the choice of the TsT/winding coordinates, and the choice of the undeformed background.

B More tri-TsT backgrounds

In this appendix we describe two additional kinds of TsT-transformed backgrounds where
the internal U(1) currents in the TT + JT + T.J deformation are associated with two
isometries of 7% or two isometries of S3. We also derive the spectrum of strings winding on
these backgrounds and show that it differs slightly from the spectrum derived in section 5.

B.1 J and J associated with two isometries of T4

Let us first consider the case where the J and J currents in the TT 4+ JT + T'J deformation
are associated with two different isometries of T%. This case corresponds to the second
entry of table 1.
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B.1.1 Neutral black holes

We begin by considering the simpler class of neutral tri-TsT black holes obtained by
performing the following sequence of TsT transformations on the undeformed BTZ x 53 x T4
background

TsT TST (y,0: 1) TsT (B.1)

u,v; fi0) u,ys; fi—)

The resulting TsT-transformed background is more complicated than (3.14), where J and

J were taken from the same isometry of 7%, and can be written in ten dimensions as

9 02 dr?

(10) ™ 4(r2 — 4T2T2)
+ (1 + NTHT2dv? — 0ly(r 4 200T2T?) Ny dudy + A_dvdys) + X\ _rdydys
+ B+ Xor + NT2 + NTZT2)dy? + G+ dor + M3T2 + NT2T2)dyd], (B.2)

ds + 35210 dy? + dO3 + h|Crdudv + (1 + X T2 T2 du®

h
Buo) = Bo, + 5{(r + 20 T2T2) (v A du + A A_dy A dys) + La[Nyrdu A dy

—Ardv Adys — 20 _T2(1 + A2 T2)du A dys + 22 T2(1 + A2 T2)dv A dy] }

2
np

where we used the definition of the \; parameters introduced in (3.13), while the quantization
parameter 1 and the flow function h are given by

7]_1 =1- )‘(2)T3T37 (B.3)
Rl =14 Nr + A2T2 + N2 T2 + N2 N2 1272 + N3T2T2. (B.4)

There are several similarities between (B.2) and the netural tri-TsT background (3.14)
constructed in section 3.1. We first note that both backgrounds satisfy the same identification
of coordinates as the undeformed BTZ x.S% x T* spacetime, namely (3.4)—(3.6). Similarly,
the quantization parameter n, which is determined by requiring the magnetic and electric
charges to remain quantized after the TsT transformations, is the same for both of these
backgrounds. Importantly, both (B.2) and (3.14) describe neutral black holes (with a
horizon at r, = 2T, T,) whose deformed U(1) charges vanish. Although (B.2) cannot be
used to describe the NS vacuum for this class of TsT-transformed backgrounds — we will
discuss how this can be done in the next section — we note that when T, = T, = 0 in (B.2)
we obtain the Ramond vacuum found in [19].

There is one important difference between the tri-TsT black holes (B.2) and (3.14)
regarding the range of parameters for which the metric is free of pathologies. We find that
the black holes (B.2) are free of curvature singularities and CTCs provided that

Ao > 0, (B.5)

which is more constraining than the condition (4.4) where A\ can be negative. When )y < 0,
there is a curvature singularity at A~ = 0 which corresponds to the following value of the

43 —



radial coordinate

L4+ A2T2 + X272 + N2 T2T2 + N T2T72

——u-v

| Aol

Ty = (B.6)
This is also the location beyond which CTCs appear in the deformed background (B.2).
The difference between (4.4) and (B.5) is related to the different spectra of TT + JT + T'J-
deformed CFTs when the J and J currents are taken from the same or different U(1)
symmetries of the undeformed theory. This is described in more detail in section B.1.3
where we derive the spectrum of strings winding on (B.2). In particular, we note that (B.5)
guarantees that the spectrum of both neutral and charged thermal states in the dual
TT + JT + TJ-deformed CFT is always real.

B.1.2 Charged black holes

In order to construct charged black holes for this class of TsT-transformed backgrounds, we
first need to turn on a left and right-moving U(1) charges along the 0, and 0y, isometries of
the BTZ x83 x T* spacetime. This can be accomplished by a spectral flow transformation
that is given by

/ /
Yyl s 7 Ys = gt B10)y = Bio) + ta(aydu A dy — cpdv A dys).
4

Uy
(B.7)

Note that we impose the same identifications of coordinates (3.4)—(3.6) after the gauge
transformations (B.7), which guarantees that the new solution differs from the BTZ xS x T
background. The resulting background features left and right-moving energies that are
given by (3.20), and the same left and right-moving U(1) charges (3.21) (although the
latter are now associated with the isometries along y and yg). The reason why the change
of coordinates (B.7) yields a black hole with U(1) charges can be understood from a
three-dimensional perspective, since (B.7) turns on additional gauge fields associated with
translations along the y and yg coordinates in the three-dimensional theory. In addition,
we note that the gauge transformation (B.7) preserves the same boundary conditions on
Ma/g = G(l())aﬁ + B(l())aﬁ as the undeformed BTZ xS3 x T* background, namely

My = Mgy = My, = 0. (B.8)

Performing the sequence of TsT transformations (B.1) on the charged background
described above yields black hole solutions that are dual to general thermal states in the
class of TT+JT+TJ-deformed CFTs under consideration. These black holes are 7-parameter
solutions to the supergravity equations of motion that are characterized by three deformation
parameters (Ao, A+, A_) and four phase space variables (T, T}, o, o) parametrizing its
mass, angular momentum, and two U(1) charges. In particular, after analytic continuation
of (Ty,T,), and an appropriate choice of (au, «,), the resulting background can be used to
describe the NS vacuum in this class of TT + JT + TJ-deformed CFTs.
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B.1.3 Perturbative spectrum

The spectrum of strings winding on backgrounds obtained from a sequence of TsT trans-
formations was derived in appendix A. The main ingredients in this derivation are the
undeformed background and the directions along which we perform the TsT transformations.

For the charged tri-TsT backgrounds considered in this section, the undeformed back-
ground is described by the charged BTZ x.S% x T* background obtained from (3.1) and (3.2)
together with the spectral flow transformation (B.7). Let us recall that TsT transformations
induce twisted boundary conditions on the target space coordinates of the undeformed
background, the latter of which are characterized by the so-called v parameters (A.3). For
the sequence of TsT transformations (B.1), the v parameters are given by

,_y(u) — w4+ 2110]7(1;) 4 zﬁ—p(ys)? ,-)/(y) = w(y) + 2ﬁ+p(v),
Y

) = w — 2fiop(u) — 2011 P(y), y W) = wWs) — 251 _pe,, 9
where w denotes the winding along the spatial circle ¢ = %(u + v), while w® and w®s)
denote the winding along the y and yg coordinates. Note that in contrast to (5.3), we must
impose additional twisted boundary conditions along the gs coordinate, which follows from
the fact that this is one of the TsT directions in (B.1).

The zero modes (L, Lo) of the worldsheet stress tensor for this class of TsT-transformed
backgrounds are given in terms of the undeformed values (io, Lo) by

~ 1 k
Lo=Lg _|_p(u)fy(u) + 5 (p(y)ﬁy(y) + p(ys)f}/(%)) + Z4 [(V(y))2 + (fy(ys))ﬂ’

_ ~ v 1 k4 2 2
Lo = Lo — py7™ — ,<p(yw(y) +p(ysﬂ(y8)) _ M [(V(y)) + () },
2 4
where we used (A.19) and (A.20) with v = 0, which is compatible with the identification of
coordinates (3.5). The momenta featured in (B.10) are related to the deformed energies

Er r(fti) and the undeformed U(1) charges ¢1,(0) and ¢j(0) of the string via

(B.10)

Pw) = LEL (), Pw) = —LER (fui), (B.11)
1 1
qr. (0) = 3 (p(y) + k4w(y)> , qr (0) = 3 (p(ys) - k4w(ys)) . (B.12)

Thus, imposing the Virasoro constraints before and after the deformation, we find that the
spectrum of strings winding on this class of tri-TsT backgrounds can be written as

EL(0) = Er(fu) + %Hz(ﬁz’)a ER(0) = Er(fu;) + %lb(/li), (B.13)

where TIa(f1;) is given by
o (fti) = fi—qr(0)EL(fi;) — fiy-qr(0) ER(fii) — Lo EL(fii) Er(fi:)
bky 7, . . .
+ 5t [ Er () + B2 Br ()] (B.14)

Additionally, the deformed U(1) charges for strings on these backgrounds can be obtained
from the zero modes of the chiral currents given in (A.14) and satisfy

qr (i) = qr(0) — kafir CER(f;), qr(fi) = qr(0) + kaftLEr(fi;). (B.15)
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The deformed U(1) charges allow us to write the deformed energies in a more compact way
where the effect of the JT and T'J deformations is captured entirely by the deformed U(1)
currents

ar(fii)? + qr(fi)?
ky

qr(0)2 + ¢ (0)? " [ 1
(0) - z(0) — 20310 E1, (11) ER(jis).-

(B.16)

ngL,R(O) + = wEEL’R(,lVLi) +

The spectrum described by (B.13) and (B.15) is valid for strings winding on TsT-
transformed backgrounds obtained from the charged BTZ xS x T* background via (B.1),
and includes deformed versions of the NS vacuum and charged rotating black holes. The
spectrum (B.13) differs slightly from the T'T 4 JT + T'J spectrum given in (5.10) where
the J and J currents are taken from the same isometry of 7. From the field theory side,
this is a result of having J and J currents that are the chiral and antichiral components of
different U(1) currents in the deformed theory. We also note that (B.13) reduces to the
spectrum derived for the Ramond vacuum in [19] using a different approach.

B.2 J and J associated with two isometries of S3

Let us now consider the case where the J and .J currents are associated with two isometries
of §3 (the fourth entry in table 1). This case corresponds to a TT 4 JT + T.J deformation
where the left and right-moving U(1) currents J and .J are part of a larger SU(2)1, x SU(2)g
symmetry group before the deformation.

B.2.1 Neutral black holes
In this case the deformed neutral black holes can be obtained by performing the following
sequence of TsT transformations on the undeformed BTZ x .83 x T* background

TsT(uv0) BTy, TT(ug0u ) (B.17)

The factors of 2 accompanying the deformation parameters i+ are necessary to account for
the normalization of the Noether currents associated with translations along v and ¢, which
follows from the identification of coordinates given in (3.4). The TsT transformation (B.17)
of the BTZ x5 x T? background is described by the following ten-dimensional metric,
B-field, and dilaton

(2dr? 2 2h
2 _ 210 2 2 22
ds(ig) = 1(2—4T27?) +O3> imrdy; + ZdQ + { (4r+8)\+)\_ cos O TT ) dudv

+4 (1423 72) T2du?+4 (1402 72) T2dv? =2 (r+200T2T2 ) (A g dudip+ ) dvdop)
—4c080 (r4+AT2T?) (A g dudg+\—dvdip) —4cosd (-T2 dudi+ A, T dvdo)
(L A0+ X T2 FT2T2 ) dyp? + (14 dor+ AL T2+ AFT2T2) dp?

+ (2 (14 20r +AFT2T2 ) cosf+ AL A 7| dz/quﬁ}, (B.18)
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2h
Bioy = T {2 <T+2/\0T3T3 —2X4 A_T2T? cos 0) dvAdu+ ()\+r—2)\_T3 cos 9) duNdy

—(Ar—2)yT2eost) dvndg+2 [Ny (r+2T2T2) cos0-A T2 (1+2312) | dunde
=2 [\ (r+ A T2T?) cos0— Ay T2 (140272 | dondy

- {(1+AOT+A3T5T3) cosO—A A <;+)\0T3T3>} d¢Ad¢>}

2
e2®0) — M7
np

where the deformation parameters \; are related to fi; via A; = 2k[i;, while the quantization
parameter n and the flow function h satisfy

V= 1= NAT2T2 - NAT2 — D272 + N2 NAT2T?

n uwto
hl =14 (Ao — 204\ 9 22 2 2 2 2 242 22 (B.19)
- 0 = 22 A= cosO) (r+ MT2TE) + NAT2 + A2 T2 + A2 T2TY.
Unlike the neutral backgrounds (3.14) and (B.2), we see that in this case the flow function
acquires dependence on 6 in addition to its dependence on the radial coordinate. Further-
more, we note that a real value of the dilaton requires ! > 0, which leads to constrains
on the thermodynamic potentials of the dual TT + JT + T'J-deformed CFT.

For this class of TsT-transformed backgrounds, the identification of coordinates is
different after the TST transformations and is given by (3.5) and (3.6) together with

(v,0) ~ (v =2, +4m), (u,v,90,0) ~ (u—TA_,v — T4, + 2w, ¢+ 27). (B.20)

The identification of coordinates (B.20) differs from (3.4) and is necessary for a smooth
background geometry. The identification (B.20) affects the definition of spacelike surfaces
and, consequently, the values of the conserved charges. In particular, (B.20) guarantees that
the magnetic charge in this class of backgrounds is always given by @, = k for any values of
the temperatures. Similarly, the quantization parameter in (B.19) is sensitive to the global
properties of the spacetime and guarantees that the electric charge is also preserved after
the deformation and given by Q. = p. Relatedly, the background (B.18) features several
compact U(1) isometries associated with the circles described by (3.5), (3.6), and (B.20).
Translations along these circles are generated by the Killing vectors

Out 0y, 20y — A0y, 205— A 0w, 0y, (B.21)

and their gravitational charges — which correspond to the angular momentum and several
internal U(1) charges — are quantized and hence preserved by the deformation.

The backgrounds obtained via the sequence of TsT transformations (B.17) are dual
to states in TT + JT + T.J-deformed CFTs where the J and J currents belong to an
SU(2)r x SU(2)g symmetry group before the deformation. In particular, when the T;, and
T, parameters are real and nonvanishing, the tri-TsT backgrounds (B.18) describe rotating
black hole solutions that are dual to a special class of thermal states in TT + JT + T.J-
deformed CFTs characterized by vanishing values of the deformed U(1) charges. On the
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other hand, when T, = T}, = 0, the background (B.18) describes the Ramond vacuum of
the dual field theory.

In analogy with previous cases, the black holes in this class of TsT-transformed
backgrounds are free of curvature singularities and CTCs provided that A~' > 0. This
means that the deformation parameters must satisfy

Ao — 2[ALA_| >0, (B.22)

where the expectation value is needed since the value of h~! depends on 6. When (B.22) is
violated, there is a curvature singularity at h~! = 0 which is located at a f-dependent value
of the radial coordinate

14 (Ao — 221 A= cos O)NTET2 + NAT2 + N2 T2 + N2 N2 T2T7?

x _ —utv B.23
Th Ao — 2\ A_ cos b ( )

Closed timelike curves also appear in the region r > r; when (B.22) is not satisfied.

It is interesting to note that at fixed § = 7/2, the finite-temperature generalization
of (B.18) is locally equivalent to the black hole (B.2) considered in section B.1 up to
a constant shift of the dilaton. This can be seen by exchanging the (¢, ) coordinates
with (2y1,2y2). The global properties of these spacetimes differ, however, due to the
identification (B.20). This is the reason why these backgrounds are locally equivalent only
up to a shift of the dilaton, since the latter is sensitive to the global properties of the
spacetime through the quantization parameter 7.

B.2.2 Charged black holes

We can construct charged TsT black holes for this class of TT + JT + T'J deformations by
turning on U(1) charges associated with the 1) and ¢ coordinates of the 3-sphere. This can
be achieved by performing the following spectral flow transformation on the BTZ xS3 x T4
background before the deformation

Y= —ayu, ¢ —¢— v, Bug) — Bug) + (aydu A dip — apdv Adg).  (B.24)

As discussed previously, we must also impose the identification of coordinates (3.4)—(3.6)
after the gauge transformation (B.24). The resulting background is globally inequivalent to
the BTZ x.5% x T* background and features the same left and right-moving energies given
in (3.20), and the same values of the left and right-moving U(1) charges shown in (3.21),
although the latter are now associated with translations along the 1 and ¢ coordinates.
In addition, we note that the spectral flow transformation (B.24) preserves the following
boundary conditions on Maﬂ = @(10)a5 + 3(10)QB

My = Mgy = My, = 0. (B.25)

The tri-TST holes obtained from the sequence of TST transformations (B.17) describe
charged thermal states in single-trace T'T + JT + T'J-deformed CFTs where the J and .J
currents are part of a larger SU(2);, x SU(2)r symmetry group before the deformation.
These black holes generalize the special solutions described in section B.2.1 and feature
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arbitrary values of the deformed U(1) charges. In particular, in the pure J T case where \g
and A_ vanish, these solutions generalize the neutral black holes constructed in [32]. In

addition, we note that the NS vacuum of the dual TT + JT + T J-deformed CFT can be
obtained by an appropriate choice of the phase space parameters.

B.2.3 Perturbative spectrum

Let us conclude this section by deriving the spectrum of strings winding on this class of
TsT-transformed backgrounds. The « parameters characterizing the twisted boundary
conditions induced by the sequence of TST transformations (B.17) are given by

A(¥)
~(9)

Y = w + 2fi0p () + 4i-p(g), = Af14p(w),

i (B.26)
= —4fi-p(u)-

Y = w — 2fi0p) — 4Dy,

These v parameters take a similar form as (B.9), except that (i) we have not included
winding for the ¥ and ¢ coordinates since it is not necessary to distinguish between chiral
and antichiral currents () leads to a chiral current while ¢ leads to antichiral one); and (i7)
there is a rescaling of i+ which, as described previously, is necessary to account for the
normalization of the Noether currents generating translations along ¢ and ¢. Using (A.19)
and (A.20), the deformed zero modes of the worldsheet stress tensor are given by

Lo = Lo+ pur™ +pwr™.  Lo=Lo—pu™ —pen'?,  (B27)

where (Lo, I:/()) denote the zero modes before the deformation.

It is convenient to write the spectrum in terms of the (un)deformed energies and the
undeformed U(1) charges. For the class of TsT transformations (2.13), the undeformed
U(1) charges are given by

= ;f’w 1%

qr(0) > 2 A .
> f e ]{ gy + 02 Gos7 D | = pig) = kit—piu),

—

by = €2 G ™| = Py — kiip(), 5.2

where the deformed ﬁ(a) and undeformed ﬁ(a) currents are defined in (A.9) and (A.13).
Note that these charges are preserved by the deformation despite their dependence on the
[i+ parameters. This follows from the fact that these linear combinations of the momenta are
quantized as can be seen from the Killing vectors generating the compact U(1) isometries of
the background (B.21). Using p(,) = £EL(fii), pr) = —¢ER(fi), and imposing the Virasoro
constraints before and after the deformation, we then obtain

Er(0) = Er(fu) + Hg( i), Er(0) = Er(fu) + H3( i) (B.29)
where II3(/1;) is given by

I5(f4;) = fi-qR(0)Er(j1:) — firqr(0)Er(fii) — Lio Er (i) Er(fii)
+ 20k [Ji3 Br(fis)® + i” Bw(j)?]. (B.30)
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In addition, we find that the deformed U(1) charges, which correspond to the zero modes

of the chiral and antichiral currents ﬁ(w) and }_1(¢), read

qr(fii) = qr(0) — 4kfiy ER(fi;), qr(fii) = qp(0) + 4kji_Er(fi;). (B.31)

The spectrum described in (B.29) and (B.31) is valid for any tri-TsT background
obtained from the charged BTZ xS x T background described by (3.1) and (3.2) together
with the spectral flow transformation (B.24). This spectrum agrees with the spectrum
derived in appendix B.1 up to an identification of the U(1) level that is given by k4 — 4k.
This identification follows from the aforementioned normalization of the U(1) currents which
implies that the U(1) level in this case is 4k. The fact that the spectrum derived in this
appendix agrees with the one derived in appendix B.1 is to be expected, as both of the
TsT transformations (B.1) and (B.17) associate the J and J currents in the TT + JT +T.J
deformation with two different isometries of the background spacetime. This contrasts the
TsT transformation used in the main body of the paper (2.13) where both the J and J
currents are associated with the same isometry of T4

C Gravitational charges

The charged TsT black hole described by (3.1) and (3.22) is a solution to the equations
of motion of (the bosonic sector of) ten-dimensional type IIB supergravity. We have
written the black hole in terms of three-dimensional variables, as the computation of its
gravitational charges and thermodynamics simplifies significantly in lower dimensions. In
three dimensions, the TsT black hole is characterized by the metric, Kalb-Ramond field,
gauge fields A(1) and A(2), as well as the dilatons ® and w given in (3.22). These fields
are solutions to the equations of motion of the dimensionally reduced action which, in the
Einstein frame, can be written as

1
Iy = yr / d3 {R+4£ 2Pt —40,00"® — S 0yw0"w — 20, 0w

C.1
8 aemr0 ) pye A 10 po) peye € Huva} e
4 Hy 4 H 12 pre ’
where the field strengths F(), F() and H are respectively given by
FO =gA® — F® =qgA®@  H=dB—2dA? A AW, (C.2)

In particular, we note that H contains a Chern-Simons term, namely dA® A A1) and that
the action (C.1) is invariant under the following gauge transformations

§A@ =g \®  §B=dA, (AW 6B) = (dAW, 242 A g\W). (C.3)

In the covariant formulation of gravitational charges [55-57], the infinitesimal charge
associated with a symmetry generated by the Killing vector £ is given by

0Q¢ = aq /az Xe; (C.4)

— 50 —



where x¢ = ﬁx’é”ewalmadddmal A ... Adx%-2 is a (d — 2)-form determined from
the d-dimensional action, ag is the overall constant in front of the action, and 9% is the
boundary of a codimension-1 spacelike surface. For the three-dimensional action (C.1) we
have a3 = £3/4m¢? while the one-form x¢ is defined by

Xe = keg + ke + ke g0 + ke g2 + keo + ke, (C.5)

where k¢ ; denote the contributions of the background fields to the gravitational charge.

The components kg l} of k¢ y can be succinctly written as'?

KEY = 19120 (1g] PV VE) + €7V 0g% o — €7V adg™, (C.6)
Ky = glol 20l e m e (B — AR A cr
+ %e—“—%gmwﬁ (6Bap — 2036 AP AY), e

k:g;(l) = §|g|1/25(|g|1/264‘1’QWF(l)”“Agl)fa) + Rei0- 2wy p(Duag A1) (C.8)
kg,l;m) = 62‘21|g|—1/25(|g|1/26—4‘1’F(2)”“Ag)5“) + 2oty pDuag A2 (C.9)
k' = 267 VH (4D + w)60, (C.10)
kg‘z, = 'VH(2® + w)dw, (C.11)

where the variation § of any background field f,,. ,, is defined as 6 f,,. ., = (61,07, +
0T, 01, + 60, 0n,, + 00,00, ) fruy . AR O fF1Fm i = GFY LGRSO o vttt -

D The charged BTZ black hole

In this appendix we describe in more detail the conserved charges and the thermodynamics of
the charged BTZ black hole (3.19). In particular, we point out that the covariant formalism
is automatically compatible with holographic renormalization in the three-dimensional
theory and does not require the addition of counterterms.

We first note that the presence of the Chern-Simons term in the definition of the
three-form H in (C.2) suggests that the gauge fields AM and A@ are dual to linear
combinations of chiral and antichiral currents in the dual CFT. This can be made manifest
by noting that /[gle 8®~2“H is required to be a constant such that the on-shell variation
of the action (C.1) satisfies 613 = —(pks/27) [5, E#VAE})(SAZ(?) + ... where OM denotes the
asymptotic boundary and we have ignored the variation of the other fields.!! With this in
mind, the energies and U(1) charges of the charged BTZ black hole can be written as

C, % Cr2 Q?‘%

ONote that in these expressions we have omitted terms that vanish when £ is an exact Killing vector but
which otherwise contribute in the analysis of asymptotic symmetries.

"The fact that /|gle ®*72“ H is a constant follows from the fact that this combination is proportional
to the electric charge in higher dimensions.
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where pky is the total level of two affine U(1) symmetry algebras whose zero mode charges
are given by 1, and Qg. In particular, we note that (D.1) is the Sugawara-like combination
of charges we expect to find in a theory with additional U(1) symmetries. Furthermore,
the U(1) charges (D.2) are compatible with the holographic dictionary of the AdS/CFT
correspondence associated with the presence of the aforementioned Chern-Simons term.

In terms of the conserved charges (D.1) and (D.2), the entropy of the charged BTZ
black hole (3.19) is given by

_me . c QQL C Q%«I _
SBH = 3 (T, +Ty) =27 [J 6 (EQU - ]9134) + J 6 <€Qv T ks = Scardy-  (D.3)

The entropy (D.3) matches the Cardy formula for the density of high energy states in

two-dimensional CF'Ts with total central charge ¢ = 6pk and a pair of left and right-moving
U(1) currents with total level pky. This provides evidence that the charged BTZ black
hole (3.19) is dual to a charged thermal state in the symmetric orbifold CFT described
in section 2.1.1. Furthermore, (D.3) suggests that this is the appropriate background on
which to perform the sequence of TsT transformations (2.13).

It is important to note that a boundary counterterm is necessary to make the two
linear combinations of the gauge fields %(A(l) + A®) and %(A(l) — A®)) dual to two chiral
currents in the dual CFT [59]. This boundary counterterm leads to a modification of the
Brown-York stress tensor in the bulk, and consequently, to a modification of the charges
obtained from integrals of the stress tensor. More generally, in holographic renormalization
it is crucial to take into account all of the contributions of the counterterms that are
compatible with the desired boundary conditions. The covariant formalism automatically
takes these contributions into account, which are essential to obtain the right expressions
for the energy and match the entropy to Cardy’s formula in the microcanonical ensemble.

Finally, we note that the o, a,,dvAdu term in the B-field of the charged black hole (3.19)
does not affect any of its charges as long as the dilaton is a fixed constant, i.e. as long as the
dilaton is not a phase space variable. It is not clear how to justify the presence of this term
from a purely three-dimensional perspective although it is necessary to satisfy the boundary
condition (3.18) on the higher-dimensional fields. Note that the supergravity equations of
motion require the dilaton to be a constant that can in principle vary in the phase space
of solutions. Although the a,a,dv A du term does not affect the gravitational charges, it
does guarantee that the latter are integrable if the dilaton is allowed to vary. A BTZ black
hole with a variable dilaton is not physically desirable since, for example, it renders the
electric charge counting the number of NS1 branes supporting the background a non-integer.
Nevertheless, the charged tri-TsT black holes (3.22) do require constant shifts of the dilaton
that depend on the phase space variables. In this case, we find that the a,a,dv A du term
in the undeformed background (3.19) is essential to render the gravitational charges of the
deformed background (3.22) integrable.
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