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Abstract

We show that the three-dimensional asymptotically linear dilaton background that arises
in the near-horizon decoupling region of NS5-branes compactified on T4 admits bound-
ary conditions that lead to an infinite set of symmetries. The associated conserved
charges, which implement field-dependent coordinate transformations, are found to be
identical to the corresponding generators in a symmetric product orbifold of TT - de-
formed CFTs. Their algebra is a non-linear modification of the Virasoro x Virasoro alge-
bra, which precisely coincides with the algebra of the “unrescaled” symmetry generators
in T T-deformed CFTs. This further strengthens a previously proposed link between the
single-trace TT deformation and compactified little string theory.
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1 Introduction

One of the most important open problems in quantum gravity is to generalize the highly suc-
cessful AdS/CFT correspondence [1] to other spacetimes, such as the more realistic asymp-
totically flat ones. While a fascinating link [2, 3] has been recently uncovered between the
rich asymptotic structure of Minkowski spacetimes [4, 5] and properties of flat space scatter-
ing amplitudes [6] - culminating in the celestial holography program [7-10] - the underlying
quantum-field-theoretical structure of the holographic dual to flat space has yet to be un-
derstood. Basic considerations based on e.g., the behaviour of black hole and entanglement
entropy [11], as well as the structure of correlation functions [12], suggest the corresponding
QFT is non-local.

Part of the difficulty lies in the lack of tractable string-theoretical examples of flat hologra-
phy. In this article, we will concentrate on the asymptotically linear dilaton spacetime in string
theory [13], where the metric is asymptotically flat, but the dilaton has a non-trivial asymp-
totic profile. This spacetime is obtained from a decoupling limit of the geometry created by
NS5-branes and can be viewed as intermediary between the well-understood anti-de Sitter
case and the challenging asymptotically flat one; for example, the growth of the black hole
entropy with energy is Hagedorn, which is intermediary between the sub-Hagedorn growth
in AdS and the super-Hagedorn one in flat space. The conjectured holographic dual to string
theory in this background is known as little string theory (LST) [14-17]: a non-local, non-
gravitational theory containing strings, which arises in the low-energy decoupling limit of the
NS5-branes.

The behaviour of observables in LST has traditionally been inferrred from its holographi-
cally dual spacetime. However, more recently [ 18] put forth a very interesting alternate QFT
definition of little string theory, at least when compactified on T4, in terms of a solvable irrel-
evant deformation of a two-dimensional CFT known as the TT deformation.

The T T deformation [19,20] is a universal deformation of two-dimensional QFTs by an op-
erator that is bilinear in the stress tensor components. Remarkably, this deformation appears
well-defined - despite its irrelevant nature - and leads to a theory that is UV complete [21], al-
beit non-local at the scale set by the dimensionful deformation parameter. Moreover, many ob-
servables in the deformed theory, such as the finite-size spectrum and the deformed S-matrix,
are entirely determined by their counterparts in the original QFT [19, 20,22,23]. For the case
ofa TT - deformed CFT, the deformed spectrum is known in closed form and can be used to
determine the density of states, e, as a function of the energy
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where c is the central charge of the undeformed CFT and u is the T T parameter. This expres-
sion interpolates between a Cardy regime at low energies and Hagedorn behaviour at high
energies, which is suggestive of a connection to strings.

The original TT deformation put forth by Smirnov and Zamolodchikov is “double-trace”
from the perspective of AdS/CFT. As a result, its holographic interpretation is to simply change
the boundary conditions on the dual AdS; metric from Dirichlet to mixed [24], without affect-
ing the local curvature. In order for the irrelevant deformation to locally modify the geometry
of the dual spacetime, one needs to consider instead the so-called “single-trace” T T deforma-
tion [18], which is possible when the undeformed CFT is a symmetric product orbifold (SPO)
of some seed CFT. This deformation takes the form

p -
DT, @)
i=1

where p is the number of copies in the SPO, and produces a symmetric product orbifold of
TT- deformed CFTs, many of whose properties are universally determined by the original
seed [25].

The connection between single-trace T T and LST arises from considering the NS5-F1 sys-
tem instead of just NS5 [26]. In this case, the decoupled background geometry interpolates
between AdS; in the IR and a three-dimensional linear dilaton spacetime in the UV. Worldsheet
string theory is well understood in this entire background [27]; in particular, the IR AdS; re-
gion is described by an SL(2,R) WZW model [28]. Holographically, it is expected [29] that at
least the long string sector of this theory should be described by a symmetric product orbifold
with respect to the number of F1 strings, p, of a seed CFT of central charge ¢ = 6k, where k is
the number of NS5 branes. In [18], it has been argued that turning on the single-trace T T de-
formation (2) in this theory corresponds precisely to the deformation of the dual background
from AdS; to asymptotically linear dilaton. The TT coupling is proportional to the inverse
string tension, a’.

If correct, this proposal provides an alternate QFT definition of compactified LST in terms
of an essentially solvable theory. This proposal has passed several non-trivial checks, such as
the fact that black hole entropy precisely follows the T T relation (1) between entropy and en-
ergy [18,30], and that the spectrum of long strings in the deformed massless BTZ background
precisely matches the single-trace T T - deformed spectrum [31]. It has also made some inter-
esting predictions [32,33] for the behaviour of entanglement entropy in T T - deformed CFTs.
Its ultimate status is, however, somewhat unclear, due to the fact that the full CFT dual to the
IR AdS; is not a symmetric product orbifold (see [34] for a recently proposed dual). More
work is thus needed before the full picture emerges.

In this article, we further strengthen the link between the single-trace T T deformation and
compactified LST by showing that the asymptotically linear dilaton background dual to the
latter possesses an infinite set of symmetries, whose form and algebra precisely match those of
a single-trace T T - deformed CFT [25]. These symmetries are a straightforward generalization
of the infinite symmetries of standard T T - deformed CFTs, which have been first predicted by
the holographic analysis of [24], then studied at classical level in [35], proven to exist at full
quantum level in [36], and are further explored in [37].

More specifically, [24] showed that the asymptotic symmetry algebra of the spacetime dual
to T T-deformed CFTs - namely, AdS; with mixed boundary conditions - is Virasoro x Virasoro
with the same central extension as that of the undeformed CFT. The asymptotic symmetry
generators are parametrised by two arbitrary functions of certain “field-dependent coordi-
nates”, u, v, whose radii depend on the left- and right-moving energies of the background as
R,, = R+ uHg;/m, where R is the radius of the circle on which the theory is defined. The
Virasoro generators L,,, L,, correspond to the natural Fourier basis of functions multiplied by
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the field-dependent radii. Writing L,, = R,Q,,, L,, = R,Q,,, the algebra of the “unrescaled”
generators Q,,,Q,, is a non-linear modification of the Virasoro x Virasoro algebra

- = L ime wHy cm
l{Qm) Qn} - Ru (m n)QTTH'n + TEZR-RHRH (m n)Qan + 12 Rﬁ 5m+n >
n A Mm—n) -
l{Qm: Qn} - 7'CRRH Qan B (3)

where Ry = R+ uH/m; a similar bracket holds for {Q,,,Q,}. Even though this algebra is
more complicated and likely receives quantum corrections to all orders in #, the “unrescaled”
basis of generators: i) is very natural to consider, being just the Fourier basis; in particular, the
left/right-moving energies simply correspond to Q,,Q, and ii) may be preferred for defining
pseudo-local observables in the theory, in analogy to the case of J! AJ2 and JT - deformed
CFTs.! It is not hard to argue [25] that for single-trace T T - deformed CFTs, the algebra of the
corresponding “unrescaled” generators is still given by the above, but with the replacement
u— u/p.

The main technical result of this article is to show that the asymptotic symmetry algebra
of asymptotically linear dilaton spacetimes is precisely (3) with u — 7a’/p. To capture the
field-dependence of the asymptotic symmetry generators, we perform the asymptotic analysis
around non-trivial black hole solutions in these spacetimes. Due to the strong background
dependence of the asymptotic diffeomorphisms, we can only compute the charge algebra per-
turbatively around the black hole backgrounds, where the perturbation corresponds to adding
boundary gravitons. The terms we compute are however sufficient to see the entire structure
of (3) emerge.

This article is organised as follows. In section 2, we review the black hole backgrounds
we study, present a consistent truncation to three dimensions that captures them, and recall
the relationship between their thermodynamics and that of single-trace TT. In section 3, we
classify the general linearized perturbations of these backgrounds and use their symplectic
product to motivate a set of boundary conditions that lead to an infinite set of asymptotic
symmetries. We also show that the associated conserved charges take an identical form to
those in TT. In section 4, we present the perturbative computation of the charge algebra
around the black hole backgrounds. Finally, in appendix A we revisit the calculation of the
asymptotic symmetry algebra for the spacetimes dual to double-trace TT - deformed CFTs,
explaining how to reproduce both the algebra (3) and the originally found Virasoro using
covariant phase space methods.

2 Setup

In this section, we review the construction of the asymptotically linear dilaton back hole back-
grounds from a decoupling limit of string theory, and present a consistent truncation to three
dimensions that captures their essential properties. We then review the link between the ther-
modynamics of these black holes and that of TT - deformed CFTs.

IThe Virasoro generators of T T - deformed CFTs are obtained at full quantum level by transporting the ones of
the seed CFT along the TT flow [36]. The same procedure yields flowed generators in J* AJ? and JT - deformed
CFTs, whose algebra is Virasoro by construction, but which are explicitly different from the Virasoro generators
of conformal symmetries in these theories. The interplay between physical and flowed generators is essential for
defining analogues of primary operators in the non-local J T-deformed CFTs and for computing their correlation
functions [38].
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2.1 The backgrounds

We start by considering the non-extremal NS5 - F1 string frame solution of type IIB string
theory, with n units of momentum along the common S* [30,39]

1 r dr
2 _ 2 2, "o . 2 2702 2
ds —f—1|:d0 —dt +ﬁ(coshandt+s1nhando) :|+f5 (T+r d93)+.zl:dxi ,
=
gZa'p 1 / 26 _ 2S5
HZTdO'/\dt/\d ﬁ +2(1ka3, e =gsf—, )
1 1

where dQ% and wgs are the metric and, respectively, the volume form of the unit S, and the
various harmonic functions are given by

2 2 2
r rgsinh®ay s
f=1-=3,  fisga=1+"—F5—>, (5)
r r
with 2 7 212
2g%a 20’k 2g-a’“n
sinh2a; = i 5 P , sinh2as = ——, sinh2a, = gs—z (6)
vrg rs R2yr§

Here, p and k are the number of F1 strings and, respectively, NS5 branes supporting the so-
lution, g; is the ten-dimensional string coupling, R is the radius of the S! parametrized by o
and v is the volume of the T* in string units, V4 = (27)*a’?v. This way of writing the metric
makes manifest the boost that generated the momentum of the solution.

We now take the standard NS5-brane decoupling limit, where the asymptotic string cou-
pling g, — 0, with
. T
ro=—, r ) (7)

8s 8s

held fixed. We also introduce the null coordinates U,V = o +t, which are identified mod 27R.
In this limit, the six dimensional string frame decoupled geometry becomes

2 1 f.g — 2 / P2 2 2 ka/
ds’* = — | dUdV + —=(e*dU—e *dV)* |+ a'k| ——— +d23 |, ¥ =—, (8
fi 4 F2—1g frf
and
_ 2pe* ,
H—VWO)B"‘Zkast, (9)

where w5 is the volume form on the non-compact part of the space-time. This background
interpolates between AdS; as # — 0 and an asymptotically flat spacetime with a linear dilaton
as # — oo. The AdS; geometry in the IR can also be obtained from the standard a’ — 0
decoupling limit. As such, it is useful to work in coordinates in which this limit is smooth, by
letting

f=dp, fo=0adpg. (10)
Since the metric only depends on the ratio 7, /#* = py/p, it will take exactly the same form in
terms of the new variables, and so will ws; only e?? will pick up a factor of (a’) 2, as will the

first term in H. Finally, it is useful to introduce a new coordinate r (different from the previous
one) and notation

_ ppe®

4

p(Z) e—Zan

, Ly, 2

p2
p=r + ) , Lu 5 (11)
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in terms of which the decoupled metric and dilaton become

r2

ds* =
ré+pr2/(a’v)+L,L,

; ) ,  L,L, , (dr? )
r?dUdV + L,dU? + L,dV? + —2dUdV |+a'k | — +d93 |,
r r

2 — kr? (12)
al(rt+ pBr2/(va’)+L,L,)’

where the quantity f is defined as

2 2

. 1 P 2 1

% = p(z) (Sll’lh2 a; + E) = 70 (vpfa/) +1= E\/pz +4a2v2L, L, . (13)
0

The reason for pulling out a factor of a’v is that we would like 8 to have a finite limit as
a’ — 0. In the second step, we used the definition of a;, sinh2a; = %, to solve for a; in
0

terms of py and the relation pg =16L,L, to write f in terms of these variables.
The energy and momentum of these solutions are given by [30]

Rvp? 2
E= ﬂ(e‘“‘l +cosh2a,) =Rv (Lu +L,+ Q (L/) +4L,L, — L) ,
.

2 va a’

p= 1% =Rv(L,—L,), (14)

where we measure the energy with respect to deformed massless BTZ. One last useful manip-
ulation is to absorb the factor of v above into a redefinition of the radial coordinate and of
L,, L,. More precisely, we let

r/Z L/ L/
r?— —, L,— %, L,— =X, (15)
v Vv v

and then drop the primes. This will simply amount to dropping the factors of v from the metric
and from the formulae for the energy and momentum. To remove this factor also from the
dilaton, one can simply define

20 = L op (16)
v

The decoupling limit @’ — 0 can now be straightforwardly taken, taking into account the
fact that the metric scales with an overall factor of a’, as usual. The six-dimensional string
coupling reduces to a constant, gé = k/p, which can be made as small as desired by taking the
number of F1 strings to be large. To further study these solutions, it is convenient to introduce
a consistent truncation to three dimensions that captures all of their essential properties.

2.2 Consistent truncation to three dimensions

The six-dimensional string frame action is

1 _ 1 1 2m)*va’? %
S=— | d°x/ge 2¢(R+4a o ——Hz), — = = ,
2K7 J Ve Wpote 12 2K2 2x2, (2m)3a’2
17)
and the associated equations of motion read
1 1
RMN+2VMVN¢—ZHMABHNAB =0, O¢p—20¢)°= —EHZ, d(e2?xH)=0. (18)


https://scipost.org
https://scipost.org/SciPostPhys.16.1.006

Scil SciPost Phys. 16, 006 (2024)

We would like to perform a consistent truncation to three dimensions on S2 using the following
simple Ansatz, inspired by the family of solutions we described

ds® =ds; +0%ds; ,  H=20"ws +be* w, (19)

where £,b are constants and ¢ is assumed to be a function of only the three-dimensional
non-compact coordinates, x*. Comparing with the background H-field (9), we find

2p 2p
= 'k b= = —, 20
t=vak, Jal ke 20)

Note there should be an additional factor of v in the denominator of b; we have removed it by
rescaling e® as in (16). This rescaling also removes the factor of v from the six-dimensional
Newton’s constant. However, it does not affect the string equations of motion (18), since ¢
itself only shifts by a constant.

Thus, £ and b are fixed parameters, depending only on the number of branes and ', but
not on the state-dependent properties of the black hole solutions. Performing the truncation
is trivial: the Ansatz for the H-field automatically solves the last equation in (18), while the
middle equation reads

D36 — 204" =3 (a> — b%e™), 21)

where we have introduced the shorthand a = 2/¢. The sphere components of the Einstein
equations set ®R,, = L,%gab, and

1
®R,,+2V,V,¢ + EbZe‘“i’ guy=0. (22)

One can easily check that the black hole solutions satisfy these equations. To derive them from
an action, we can introduce g, = e guv> which obeys

" b2 - 1
Ry, + (aze4¢ — ?esd’) &uv—49,90,90 =0, O¢ = —Ee"'qb(a2 —b2et?). (23)

These equations can be derived from the action

1 L b
S= Bx/g|R—4(0 )+ | a® — —e*? |e*?
167'EG3J x\/g[ 4(0¢) +(a 5 ¢ )e
b2
_ 3 -2¢ (R 2, .2_0 44 2
16nG3fd xy/ge ( +4(0¢) +a 5 e ) (24)

where 161G = 4nv/a’k—3. One may drop the factors of v/a’ from a (or £),b and G5 by
rescaling the metric by a’, as we will do in the next section.

2.3 Relationship to TT - deformed CFTs

As mentioned in the introduction, the finite-size spectrum of a TT - deformed CFT is en-
tirely determined by that of the original CFT. The relationship between the undeformed and
deformed energies takes the simple form

©) _ ,uER) ©) _ ( ,uEL)
E"=E/ |1+ —|, Ey ' =Ex|1+—— |, 25
L L( TR R R TR (25)

where E; p = (E £+ P)/2 and Eiof)z are their undeformed counterparts. This relationship can
be used to compute the entropy in TT - deformed CFTs, using the fact that the number of
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energy levels does not change with the deformation. Consequently, the entropy is still given
by Cardy’s formula

cEVR cEPR
Scardy =27 6 +27 6 (26)

when written in terms of Eioz)z- To obtain the entropy as a function of the physical energies
E} g, one simply needs to plug in the expression (25) into the formula above, obtaining

Gpmm N CEy (R + pEg/m) +2n\J CEp(R+UE,/m) 27

6 6

This analysis holds for the standard, double-trace TT deformation. The “single-trace” TT
deformation relevant to our case corresponds to a symmetric product orbifold, S, of TT -
deformed CFTs, and its (untwisted sector) entropy is obtained by equipartitioning the energy
between the p copies [18]

CEy(Rp+pEg/7) Z’T\J cEg(Rp + UE, /) 28)

S~ =2 )
TT/S, ”\J 6 6

where c is the central charge of the seed CFT.

One of the interesting observations of [18] was that the relationship between the entropy
and the energy of the asymptotically linear dilaton black holes reviewed in the previous sec-
tion takes precisely this form, where p is given by the number of F1 strings supporting the
background and the central charge of the seed CFT is ¢ = 6k. Concretely, the entropy of the
decoupled black holes is

S = 27Rv{, ﬁpg cosha; cosha,, . (29)

To compare with the TT formula, we first compute the single-trace analogue of the relation
(25) between the undeformed and deformed energies,? using u = ma’

Rp cosh?(a; £ a,,)

o/ sinh? 2a,

/
0) — a _
E g =E g+ R—pELER = , (30)

and the explicit expression (14) for the deformed energies. Thus, the entropy can be written
as

S = 27/ pkE,R + a’kE; Eg + 271/ pkEgR + a/kE Eg, (31)

exactly matching that of a symmetric product orbifold® of p T T - deformed CFTs, with u = na’
and ¢,y = 6k. This entropy interpolates between a Cardy regime at low energies and a
Hagedorn one at high energies. Note the number of F1 strings drops out from the high-energy
entropy, as expected from the fact that this regime (for which E; ra’ >> pR) is controlled by
the physics of the NS5-branes alone.

Given this interesting connection to T T, it is useful to translate the parameters we have
used to describe the black hole solutions to a notation that may be more natural from the
TT perspective. This parametrization, which has been extensively used and explored in [24,

2If the T T interpretation of these backgrounds holds, then the quantity Eg should be fixed as the T T coupling,

a’, is turned on. Note this is different from turning on the a; parameter of the solution via a TsT transformation,
as then p, would be fixed instead. This can be easily seen by writing EEO; as

© _ Rvp] cosh*(a, + a,)
LR= T

2
- s with sinh2a; = _pz .
sinh2a, va'pg

3Note this does not mean the dual is necessarily a symmetric product orbifold - indeed, the seed CFT we started
from is not, so neither should be its deformation.
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35], relies on the observation that the stress tensor of a TT - deformed CFT only has two
independent components off-shell, which can be conveniently written in terms of two functions
of the coordinates, £ and £, as in (A.4). For the black hole backgrounds, these functions are
simply constant. The energy and momentum of the solutions are given in terms of them by [24]

L+L+2ull L—L

— P=nRp ———, 32
1—2LL Py et (32

E=mnRp

where, as explained in the appendix, £, £ and u are rescaled versions of those in [24] and
the factor of p is related to the symmetric orbifold. Comparing these expressions with (14)
written in terms of the rescaled L, ,,, namely

R
E=R(L,+L)+~ (Vp?*+4a2L,L,—p), P=RU,-L,), (33)

we find the relation between the parameters to be

(34)

u= v a =

np L L np L ,_ M
1—u2LL’ 1—u2LL’ T

The inverse relations read

2Ly f= 2 p2LL = b=p B =+/p2+4a2L,L,. (35)

L=+ 2B +p)’ “bip’

In the following, we will continue to use the L, ,, a’ notation for the analysis of the perturba-
tions of the black hole backgrounds. Then, we will switch to the more natural TT notation
L, L, u when computing the conserved charges and making the link to single-trace TT.

3 Asymptotic analysis of the black hole backgrounds

In the previous section, we have shown that the asymptotically linear dilaton backgrounds of
interest can be captured by a consistent truncation of the type IIB action to three dimensions,
which we now quickly summarize. The truncated theory consists of three-dimensional gravity
non-trivially coupled to the dilaton, for a total of one propagating degree of freedom. The
equations of motion read

®) 2p? 44 2__2 P’ 4
RW+2V“VV¢+F6 g.bW:O’ D3¢—2(8¢) :_E 1—ﬁ€ 5 (36)

where, as noted at the end of subsection (2.2), we have pulled out an explicit factor of &’ from
the metric. As a consequence, now G; = (4k%/2)~1. The black hole solutions are given by

) r? ) ) 5 LyL, dr?
§2 = (r dUdV +L,dU?+L,dV +—dUdV)+k—,
a'rt+pri+ao’'L,L, r2 r2

e”? = p =+/p2+4a2L,L,, (37)

a'rt+pr2+a’L,L,’
where the overbars denote the fact that these are the background values of the fields. The
goal of this section is to understand the boundary conditions that linearized perturbations
of these backgrounds satisfy. Of particular interest are the perturbations generated by large
diffeomorphisms, as these correspond to the asymptotic symmetries of the system. Our choice
of boundary conditions will be guided by the asymptotic vanishing of the symplectic form

9
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evaluated on these solutions, computed using the covariant phase space formalism [40, 41],
which in turn ensures the conservation and finiteness of the corresponding charges.

We start with a thorough characterization of the linearized solutions above the black hole
backgrounds (37). We then compute the symplectic form in the covariant phase space formal-
ism and use it to select a set of boundary conditions. We subsequently compute the asymptotic
conserved charges and compare them to the conserved charges in TT - deformed CFTs.

3.1 The linearized solutions

We consider linearized perturbations of the backgrounds (37)

guv:guv‘i'ehuqn ¢:¢;+65¢) (38)

where € is a small parameter. We expand these perturbations in Fourier modes, fixing radial
gauge for the string frame metric. In components, we have

(A0 R 0 -
Ry = OV [ R f() 0 |, 8¢ =e ORIV E(r), (39)
0 0 0

The linearized equations of motion couple these four functions in a non-trivial way. Below, we
briefly explain their structure and how the solutions are obtained. We assume that L, , # 0; a
separate analysis would be needed otherwise. We then classify the solutions into modes gener-
ated by diffeomorphisms and propagating ones; the mode counting turns out to be analogous
to that in AdS; and is summarized in table 1.

Solving the linearized equations of motion

To disentangle the equations of motion, we first note that the scalar equation only mixes d ¢
with the trace of the metric perturbation, which is proportional to

h(r)= (r* + L,L,)fo— Lyr2f3—L,r%f;. (40)

The scalar equation then only contains f, h and their derivatives up to f”” and, respectively, h’.
Another simplifying observation is that a linear combination of the Einstein equations (more
precisely, L, E,,, — L,E,,, where E,; denotes the ab component of the Einstein equation) only
depends on the following linear combination of the functions

g(r) = Luf3 - val ’ (41)

and its derivatives up to g” and* f. Thus, h and g are in principle determined by f. Trading
fa,3 for h, g, one can then solve the remaining Einstein equations® for f; and f. One finds that
f obeys a third order differential equation, which is decoupled from all the other functions.

“The coefficient of f in this equation is proportional to (L,x*—L,w?), so g decouples from f at zero frequency.

SFor completeness, we list herein the steps leading to the solution, which were carefully chosen so as to not
have to divide by the frequency at any point. After replacing f,; by g,h, we solve the rr Einstein equation for
f; (as a function of f;,h and up to third derivatives of f and up to the first derivative of g). Plugging the result
back into Einstein equations one finds that a particular linear combination of the uu and uv components is purely
a fourth order differential equation for f. Subtracting this equation from the uv component so that the f”” term
cancels yields an expression that involves f and its derivatives up to f” , plus some terms linear in f;,h (and
g), with coefficients that vanish in the zero frequency limit. It turns out this is exactly the form of the ur and vr
Einstein equations (which additionally have factors of g’), so we can add them to the previous equation in such a
way that the f;,h terms cancel. We are left with a third order differential equation for f only, the g and g’ terms
having cancelled out by themselves. One can explicitly check that the previous fourth order equation for f is a
linear combination of the third order one and its derivative, so we can just concentrate on the latter.

10


https://scipost.org
https://scipost.org/SciPostPhys.16.1.006

Scil SciPost Phys. 16, 006 (2024)

The asymptotic large r expansion of the coefficients of this equation (multiplied just by —4)
reads

orr? | (L + 'Ly +Por/art |1 () KB kB 0 Y sy o) | f”
4L,L, 4L,L, a'k 4L, | 4L,
(5601(’1”6 N (7x2L, + 7w?L, + 5B wk /o’ )r?

4L,L, 4L,L,

1 kBx?  7kBw?
+ Loy 7kPx N 7k w
a'k 4L, 4L,
(O)K(3 + 4ka’ wr)r®  (5k2L, + 5w3L, + wk - ai(w, k))r?

4L,L, 4L,L,

+ 8ka’w1<) r? + O(ro))f”

+ i(ls + ay(w,K))r + O(F_l))f

2k B w?K?r? N 2(BKr2L, + Bw?L, + wk - asz(w,«))
LL, a'L,L,

+ O(r—2)) f=o0, (42)

where a;(w, k) are known polynomials in the given arguments and the background parame-
ters, whose particular form is not very illuminating for the general structure of this equation.

The three independent solutions of this equation behave asymptotically as r—°, where the
power s is determined by the asymptotic behaviour of the coefficients of f and of its derivatives.
Interestingly, the asymptotic behaviour of the solutions changes discontinuously as one or both
of the (null) frequencies is set to zero. Concretely, we find

w,k#0: s=1x+v1—4kd'wk, 0,
w=0, or k=0 : s=0,4,0,
w=k=0: s5=2,40. (43)

Thus, except for one solution with s = 0 that we will discuss shortly, the w, x — 0 limit of the
remaining weights is not smooth, which is a rather puzzling behaviour from the point of view
of the dual holographic interpretation. The form of the asymptotic expansion above makes it
clear why this happens at a technical level: the r — 00 and w, k — 0 limits of the equation do
not commute. One can easily check this does not represent the generic behaviour of the wave
equation upon these backgrounds; if we studied a probe scalar, for example, or simply ignored
the coupling between the dilaton and the background metric, we would find the equation
of motion has a standard expansion near infinity, with a smooth zero frequency limit. We
conclude that it is the particular couplings of the dilaton to the background - as dictated by
string theory - and the inclusion of backreaction that conspire to produce a linearized equation
of motion with this curious property.

Another interesting observation is that the black hole energies parametrized by L, , do
not enter the asymptotic formula for the weights, but only appear at subleading order in the
asymptotic solution.® This property is not a priori guaranteed; indeed, previous analyses of the

"

Asymptotically, the equation for f (normalized so that the coefficient of f” is r®) takes the form

4B(1 + kd’ wk)
a'r

+M(Lu;<2+va2)+(’)(r’3)]f’—[8kﬁ5m +O(r74)]f =0.
WKT r

We can thus write the (propagating) solution asymptotically as

2
ref" 4 |:5r2 + —(L,x*+L,w?)+ (’)(r‘z)]f” + [(3 +4ka’ wk)r +
wK

2 [a’s(2ka'w1< —s)(L, k% +L,w?)+ 2wk (s + (s + 2)ka’w;<)]
r2wka’(s +2) (4xka’ w + s2 + 2s)

f@)~r= (1 - + O(r_4)) , se{s,,s_}.
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SL(2,R) spectrum of warped AdS; backgrounds in string theory have found that the weights
did generically depend on the black hole temperature [42].

Given the solution for f (parametrized by three arbitrary integration constants), one can
easily solve for the remaining functions (namely g,h and f;), for which f and its various
derivatives act as an inhomogenous source term. As mentioned above, the equation for g is
second order, which will lead to two more integration constants. The equations that one ob-
tains for h, f; depend on whether one works at zero or non-zero frequency. In the former case,
f1,h satisfy first-order differential equations, which lead to two more integration constants; in
the latter case, they are entirely determined’ by the solutions for f and g.

Analysis of the solutions

As is well known, three-dimensional gravity does not have any propagating degrees of free-
dom; the only propagating field in the consistent truncation is the dilaton. We thus expect to
have two asymptotically independent propagating solutions to the equations of motion (one
normalizable and one non-normalizable) and a number of pure large diffeomorphism modes,
corresponding to the asymptotic data of the boundary gravitons.

It is easy to check that the two propagating modes we expect correspond to two of the
three solutions to the equation for the scalar perturbation, f. These solutions are most easily
identified for generic w, k, where they correspond to the first two values of s in (43). Since
the weights, denoted s., sum to 2 = d, their most natural holographic interpretation is as the
source and the expectation value for a scalar operator of a momentum-dependent dimension

A=1+vV1—4ka'wk. (44)

Such a behaviour is characteristic of irrelevant deformations. The combination wk is Lorentz
invariant, and an anomalous dimension that is a function of a’wx is precisely what one expects
from the broken scale invariance of the system [43]. Note, however, that the @’ — 0 limit
of (44) is 2, so the dual operator does not appear to correspond - as one would have naively
expected - to the continuation of the “single-trace T T” operator defined in the IR theory, which
has dimension 4. This behaviour continues to hold for perturbations around the asymptotically
linear dilaton vacuum, to which the arguments of [43] truly apply; at a technical level, it is
due to the fact that the r — oo and a’ — 0 limits of the dilaton equation do not commute.
This does not happen for probe fields [44-46] or if one ignores the backreaction of the metric
on the dilaton. A more thorough analysis of holography in this spacetime is clearly needed
to shed light on this issue, as well as on the discontinuous behaviour of the weights (43) in a
black hole background.

Note that the conformal dimension (44) becomes imaginary at large frequencies, and the
associated oscillatory behaviour at infinity is precisely the one expected for fields in asymptot-
ically flat spacetimes. This regime would again deserve a more in-depth study. However, in
this article we restrict to wk < 1/(4ka’) so that the weights are real (in particular, 1 < s, < 2)
and thus we only need to consider Dirichlet boundary conditions at infinity for these modes.

’The difference comes from solving the remaining ur and vr components of the Einstein equations, which were
not discussed in the previous footnote. If the frequencies are zero, then these equations vanish identically, so the
previously obtained equations for h’, f; are the ones that determine them, yielding two additional integration
constants. If the frequencies are non-zero, w, k # 0, then the ur and vr Einstein equations yield a solution for f;
and h, which can be shown to be compatible with the previously discussed first order differential equation. Thus,
in this case one no new integration constants are generated.
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The solution for f that corresponds to the s =0 asymptotic behaviour can be induced by
a diffeomorphism & = rF,d,, which acts as 6¢p = £"9,¢. This solution can be worked out
explicitly

o (r*—1L,L,)
art+a’L,L, +r2p "’

FEO) == (45)

and this knowledge can be used to reduce the third order differential equation for f to a second
order one for the propagating modes only.® It can be explicitly checked that the additional
homogenous solutions to the remaining equations can be induced by a (string frame) radial
gauge-preserving diffeomorphism, which takes the form

2 / 2 ./
i +2a’'L,L,)oyF, —L +2 oyF
gstrdmg — FU(U,V)-l-k(r ﬁ a Ly v) Vir v(/j r a) Ut'r —ZkalavFrlnr aU
ra r4—L,L,
2 / 2 7
+2a'L,L,)o,F, — L +2 oyF
+[FV(U,V)+k(r pt2al,Ly) e L“(ﬁ ra)oky —Zka’aUFrlnr]av+rFr(U,V)8r.
=Lyl

(46)

The action of this diffeomorphism on the asymptotic metric yields

1 oyF,  ufutdly 82F,  8,0,F
hl] =r—>oo [; ( aUFU;aVFV asz'U —2kh’lr 8U[év;'r a‘?Fr r , (47)

where the log term comes from solving the non-homogenous differential equation for h. Both
parantheses receive corrections at O(r~2) and we have ommitted the radial components of
the metric perturbation, which are zero in this gauge.

From a holographic point of view, it is more natural to parametrize the solutions in terms
of the components of the asymptotic metric that they induce, namely J;F, and d,F;. Note
that, unlike in AdS;, here the UV component of the boundary metric is not independent of
the other two for generic functions Fy; . Indeed, if we act with the a’ — 0 limit of (46) on
the BTZ black hole (as they are are just the radial-gauge-preserving diffeomorphisms of that
background), we find that their action on the diagonal component of the boundary metric is

instead

5 )
in the standard Fefferman-Graham notation. Thus, the UV component of the boundary metric
can be considered as an independent piece of boundary data, which is not the case for asymp-
totically flat spacetimes.” This additional factor of F, is important in off-setting the effect of
boundary conformal transformations in AdS. Due to the different structure of (47), this does
not happen in the asymptotically flat case where, apart from the log term, F, only appears at
subleading order in the metric.

59 =F, (48)

Zero-frequency perturbations

We have so far analysed the general solutions to the equations of motion. Let us now concen-
trate on the case of zero-frequency perturbations («w = x = 0) which, as we already noted,
cannot be treated as a subcase of the general case.

8For this, one writes f(r) = f“=9(r) f "dr'f(r') and finds that f(r) satisfies a second order differential equa-
tion, whose leading coefficients are the same as those given above for f”, f” and f’ (the subleading coefficients
are different).

°To obtain a behaviour more similar to AdS, one may consider the Einstein frame metric 8w = et Suvs
ore g,
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Let us start with the f equation, whose solution can now be found explicitly also for the
propagating modes, and reads

a'C, (r*—L,L,) b (B +2a'r?)
a’'L,L,+a'rt+pr2  2(a’L,L,+a'r+ pr2)
2 7 7.2 r? r2+m_
¢(4)|:/3+2ra+( +/3+4ar)(2mlnrz_m 1):|
2r2(a’L,L, + a'r*+ fBr2)

fr)=—

N (49)

There are three integration constants: C, - the constant mode of F, - and the propagating
modes ¢y and ¢4y, which we have labeled according to their leading large r behaviour. Note
this behaviour does not match the zero frequency limit of the general one (43), which would
have predicted modes behaving as r° and r—2 at infinity. Since their asymptotic weights do not
satisfy the holographic pairing relation (nor are they paired inside the symplectic form, as we
will soon show) the modes ¢,y and ¢4) cannot be interpreted holographically as a source and,
respectively, expectation value for some operator, despite being the only propagating modes
at zero frequency.

Having solved for f, we can find the solutions for the remaining functions. Whenever
possible, we label the integration constants by the components of the asymptotic metric that
they induce

Coly
. Con(F + Ly Ly + 5B+ 2C 2Ly + (L L, Cy — B0k Ot 2a/C LA —L,L,)
T a’L,L,+a’r*+ pr2 (OL’LuLV+oz’r4+ﬁr2)2
4.2 1.2 60/
r'p—a'r*BL,L,+1r°Ba 2
C2a/L ('L L, + a'r*+ pr2)2 P+ L +O(r R JOR
v u-'v
Cpy(r* + LyL,) + Cyu Ly 72 + C, L1 r2[a/(rf +1,L,) 2a’:|¢(2)+c r*p(r*—L,L,)
f2= / 14 2 + 174 2)2
a’'L,L,+a'r*+ PBr (a’L,L, +a'r4+ fBr2)
+O0(r Ny,
CuuLy
f _ vv(r +L,L, + 5 2 uv _(LuLva+ﬂ )2L 2a’Cerr2(r4—LuLv)
3T oz’LuLv +a'rt+ Br2 (oz’LuLv-+—oz’r4+[5r2)2

r*p?—a'r?pL,L, +r®pa’
2a’L, (/'L L, + a'r* + Br2)2

bor+ (s + 00 f0n. 50

Note that since C,. = const, no log terms are induced. It is easy to see that the C;;, C, and Cy,

modes can be generated by acting on the black hole background with the diffeomorphism

gstrmg o<t [CWV +(C,, + Y) U]aU + [CuuU +(Cpy — Y)V]aV +C,ro,,

rad
S, B (C_ _ C_)
4 '\4L, 4L,)°
From here, it is easy to identify the significance of each diffeomorphism-induced mode: C, is

a simple rescaling of the radius, C,, is a boost, C,,, is a rescaling of space and time, etc.'® Note
that this form of the diffeomorphism breaks down in the vacuum.

y= (51)

19By comparison, the diffeomorphism used to generate constant perturbations of the BTZ black hole is
CAdS U CAdS 74 CAdS CAdS
BIZ —| ¢Sy + 22— g, +| CMU + 22— | g, + | CA%S — 2 ro,,
ra w 2L, u 2L, w41, 4L,

AdS

where CAdS parametrize the AdS boundary metric and c; , the change in the stress tensor expectation value.
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We are ultimately interested in classifying these diffeomorphisms as allowed (normaliz-
able), disallowed (non-normalizable) and trivial (no effect on physical observables), where
normalizability is measured by the symplectic norm of the induced metric perturbations. This
is the goal of the next section. In the mean time, a simple diagnostic that may shed light
on this question is to study how their coefficients respond to varying the parameters of the
background. Since the perturbations are in string frame radial gauge, the identification is
straightforward

sa’ 2L,L,6a’
a’ : Cr:_c’i"zz_a/’ ¢(2):_%’ Cuu:va:Cb:¢(4):0,
a'L,5L oL
oL, : ¢(2)=_ 73 u, Cp= Lu’ Cuuzcvvzcuv=Cr=¢(4)=O: (52)
u
a'L,6L oL
5Lv:¢(2):_#’ CG==7"> Cu=0Cy=Cuw=C=¢u=0.
v

Since variations of L, , should definitely be part of the phase space, we conclude that the
modes ¢ 3y and C;, should be allowed by the boundary conditions. It is interesting to note
that, contrary to the AdS; case, changes in the energy and momentum are not generated by
diffeomorphisms only, but one also needs the propagating mode ¢,). Since the modes C, and
C,, vary as the (irrelevant) coupling constant of the theory is changed, we would expect them
to be fixed. Note that a’¢ ) corresponds precisely to the variations of —f3/2.

Another useful exercise is to compute the left and right-moving energies (i.e., the charges
associated to the isometries J;;, d_y) carried by these modes

B B L,C, 1 B b4
Ep =2R [chu +L,Cpy| 1= 4a'L, + L, Cyy + u4 - Z 2+ a’'L, ¢(2) + L, ’
B ( B ) L,Cp 1 ( B ) P
Er=2R|—C,,+L,C,|1— +L,C,, — ——12+ + . (53
R |:4a, s vSuu e an vSuy 4 4 a'L, ¢(2) L, (53)

The charges are finite for all the modes, as the only potential quadratic divergence (propor-
tional to C,) cancels between the Einstein (84) and the scalar (85) contribution to the con-
served charges. Thus, the energies do not provide information regarding normalizability of the
modes. Moreover, one notes that all modes but C, carry non-trivial energy and momentum,
indicating that they are all physical, with the possible exception of C,..

The table below summarizes the most general solution to the linearized equations of mo-
tion and its parametrization
Note that for the non-zero frequency solutions, the propagating modes must be described in
momentum space, whereas the ones generated by diffeomorphisms are more naturally anal-
ysed in position space.

3.2 Choice of boundary conditions

Having characterized all the linearized perturbations of the geometries, the next step is to un-
derstand the boundary conditions that these perturbations obey. As we saw, a simple analysis

Table 1: Classification of the solutions to the linearized equations of motion.

frequency w=Kk=0 w,k#0
propagating ¢(2), ¢(4) ¢(s+): ¢(s_)
pure diffeomorphisms | C,, Cyy, Cyy> Gy Cp Fy,Fy,F,
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of the asymptotic behaviour of the solutions is insufficient to answer this question, and a more
systematic approach is needed.

In general, in order for a theory to have a well-defined phase space, one requires that the
symplectic d — 1 form associated with any two allowed perturbations vanish asymptotically.
More precisely, in three dimensions one imposes that

W p[®,519,5,8]=0(r°),  ©,.4[®,5,9,5,8]=0(r"), (54)

where a denotes the tangent indices to the boundary located at r — oo, ® stands generically
for the fields in the theory, 6® are arbitrary variations thereof and the notation o(r~°) signifies
that the fall-off must be faster than the indicated power of r. The first condition above ensures
that the symplectic flux is conserved, whereas the second leads to normalizability of the sym-
plectic form at infinity. The boundary conditions are chosen such that these requirements are
satisfied. Since w is only defined up to the addition of an exact form, w — w+dwy, where wy
is antisymmetric in the variations, the boundary conditions only need to be satisfied for some
choice of this boundary term. Note that the analysis of the symplectic form will not necessarily
indicate all the modes that need to be fixed, but rather which modes shoud not be allowed
simultaneously.

When one of the perturbations is generated by a diffeomorphism, 6¢ = L:¢, the sym-
plectic form can be related on-shell to a d —2 form k¢

w[®,5:9,59] = dk:[®,58], (55)

whose spatial integral at infinity yields the conserved charge difference (82) associated to the
corresponding diffeomorphism. The boundary conditions (54) then ensure that the charges
are conserved and, respectively, finite. The above-mentioned ambiguities in the construction
of w may contribute to the conserved charges (see e.g. [42]) and would, in principle, be related
to counterterms in the action.

The covariant phase space formalism constructs the symplectic form directly from the ac-
tion, in our case (24). The result for Einstein gravity coupled to a scalar with kinetic term
—3(0 ¢)? and an arbitrary potential is

—_ 1 . p
©O=w, + Wy = mewp(w‘g‘anscal)dx”/\dxp, (56)

with

(@1, —#RL ;P — ¥ by hE™ + 1y (Vb — FMhy) — (1 2)]

(57)
where § is the Einstein frame metric and hy,,, = 618y, hayy = 628,,- The scalar contribution
to the symplectic form is

N[+~

w8, 6,8,6,8] =

Wl = —81(x9"$) 826 — = IV 529 — (1> 2). (58)

scal —

For the action (24), x = 8. Note w is closed on-shell, dw = 0. In the following, we compute
the symplectic form for all the linearized perturbations of the black hole backgrounds that we
have presented. We will perform a separate treatment of the zero and non-zero frequency
modes.

Symplectic pairing of the zero-frequency modes

We start by considering two general zero-frequency perturbations, parametrized by two sets
of constants Cj;, C,, Cy, ¢ (2) and ¢(4), and compute their symplectic form. We find that all but
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the UV component of the two contributions to « vanish. Since w is closed on-shell, its UV
component must be r - independent. We indeed notice that a potential quadratic divergence
in r (proportional to C,, A C,.) cancels between the gravitational and scalar contributions. The
symplectic form reads, up to an overall factor of twice the radius

1
Wyy = Z (CuuLv - vaLu) ACp+Cyy A (CuuLV + CVVLu)

B
+ ¢(2) A (Cuv - 4

CuuLv + CVVLU
a’'L,L,

(CuuLv + vaLu)) + ¢(4) A L L
ubv

, (59)
where the wedge notation stands for the antisymmetric product of the two modes
anb = aPp® —a@pM with the superscript indicating which of the two perturbations
we are referring to. From a holographic perspective, this formula should provide us with the
symplectic pairing between sources and expectation values for the operators of the dual theory
that correspond to the fields of the consistent truncation [47].

As discussed previously, the modes Cj, and ¢(y) must be allowed on the phase space, since
they correspond to variations of the energy and momentum of the black hole solutions. We
conclude that their coefficient inside the symplectic form must be fixed. This yields the bound-
ary condition

_2d'L,

2a'L
Cuu - = -

/5 Cuv > va - /3 Cuv >
which determines the two off-diagonal components of the asymptotic metric fluctuation in
terms of the diagonal piece. Upon making this choice, the second term on the first line of
(59) cancels due to the antisymmetry of the wedge product. We are nevertheless left with a

coupling

(60)

b A Cuy» (61)

where the hat on the C,, mode indicates it must be accompanied by C,,, and C,, perturbations,
whose coefficients are fixed by the mixed boundary conditions (60). The diffeomorphism that
would generate the €, mode is

/ /
£é,1=Cy [(U + ZaﬁLv V) oy + (V + 20;;“ U) av] . (62)

Note this diffeomorphism changes the radius of the o circle.

It is not entirely clear which one of the modes in (61) should be fixed. Both of them are
zero on the black hole backgrounds, which is consistent with either a source interpretation, or
with an expectation value that happens to vanish in thermal states. It would seem natural to
classify ¢(4) as an allowed mode because it is asymptotically subleading to ¢,y; however, we
note from the explicit solution (49) that the full solution is divergent on the black hole horizon
r = {/L,L,. The fact that it is not the zero-frequency limit of any of the propagating modes also
does not aid in understanding its holographic interpretation. The C,, mode could in principle
be allowed, since it carries finite energy; however, the fact that the energy of the black hole
backgrounds is entirely carried by the ¢,) mode, and not C.y, is somewhat puzzling.'! As we
show in the next section, the presence of the latter mode is in fact required when perturbing the
black hole backgrounds, in order to offset the change in the radius induced by an asymptotic
symmetry generator.

As far as the asymptotic charges are concerned, the term (61) would result in the non-
conservation of the charge associated with the diffeomorphism (62) on a background where

It is interesting to note that upon imposing the boundary conditions (60), the energies (53) only depend on
the combination ¢,y —4a'L,L,C,,/B.
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¢(4) is turned on. However, &i¢,,1 is not an allowed diffeomorphism upon the constant back-
grounds - as it would change the asymptotic radius of the o circle - and thus we are not led
to any inconsistency from the point of view of the asymptotic symmetry group analysis. The
holographic interpretation of these modes as sources or expectation values of dual operators
deserves, nevertheless, a more in-depth analysis, which we leave to future work.

In conclusion, of the seven zero-frequency modes listed in table 1, we find that C,, and
C,, must be fixed in terms of C,, as in (60), C, and ¢, must be allowed, whereas the in-

terpretation of the remaining modes C,,,, ¢(4) and C, remains unclear. The fact that C, does
not yet appear in the symplectic form, nor in the energies, suggests it could be a trivial gauge
mode; our subsequent analysis will nevertheless indicate that it is in fact a source mode, which
should be fixed. This interpretation is corroborated by the fact that from the point of view of
the IR AdS;, the C, mode corresponds to the source for the dilaton.

Symplectic pairing of the zero and non-zero frequency modes

Let us now study the symplectic pairing between zero-frequency («w = k = 0) and non-zero
frequency (w, k # 0) modes. The latter come in two types: i) those generated by a diffeomor-
phism of the form (46) and ii) those which are propagating, with asymptotic falloffs given in
(43). We first discuss the symplectic pairing of the zero frequency modes with the non-zero
frequency ones generated by a diffeomorphism.

Before we start, let us make some remarks about the choice of gauge. The zero-frequency
perturbations are naturally described in string frame radial gauge, since then their identifica-
tion with the change in the black hole parameters is very clear.!? On the other hand, the mode
generated by the non-zero frequency diffemorphism can be in any gauge that is compatible
with the boundary conditions, i.e. one that does not exclude physical large diffeomorphism
modes. As it turns out,'® it is better to consider diffeomorphisms that preserve the radial
components of the metric in Einstein frame, rather than string frame. To reach this frame,
one simply adds in a “correcting” diffeomorphism to (46) so that 6g,, = 0 in the final result,
where g,,, = e 4 gy is the Einstein frame metric. Interestingly, this requirement completely
changes the asymptotic behaviour of £" and cancels away the log terms present in (46), which
leads to important simplifications in the calculation of the symplectic form.

The most general diffeomorphism that preserves the radial metric in Einstein frame reads

k(r?dyF, —L, aVFr))
Ay
r4—1L,L,

k(r?d,F, — L, dyF,)
ré—L,L,

rad

Einst. :(FU(U,V)+ )au+(FV(U,V)+

r3F.(U,V)
art+r2f+a’lL,L, "’

(63)

where Fy;, Fy, and F, are arbitrary at this stage. Note that the radial component of this dif-
feomorphism, as well as the associated perturbation of the dilaton it induces, is now more
subleading at large r than it was for the string frame radial gauge perturbations. This allows
for the possibility that it be an allowed mode while its string frame counterpart is not, as we

12This is due to the fact that in string frame, the black holes’ metric has g,, = rlz In Einstein frame, the radial
component depends on the black hole parameters, and thus their variation will not preserve g,... While it is in
principle possible to redefine the radial coordinate so that the new radial metric component is independent of the
black hole parameters, in practice the resulting metric is very difficult to work with.

131f we work with a diffeomorphism in string frame, the symplectic form has log divergences that constrain F,
to be at most linear in U, V. We also find r? divergences that depend on the second derivatives of F,, though they
vanish if F, takes the form (72), G satisfies (60) and C, = 0. While fixing F, = O in string frame would resolve
these issues, it would also impair our ability to find a central extension to the asymptotic symmetry algebra we
discuss in the next section.
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will soon argue is the case. From now on, F, will exclusively denote the function labeling the
radial component of the diffeomorphism in Einstein frame (63), and not (46).

We thus compute the symplectic product between perturbations generated by the diffeo-
morphisms above and arbitrary zero-frequency modes. Unlike when the diffeomorphism was
in string frame radial gauge, now all the log terms in the symplectic form vanish. Moreover,
the potential quadratic divergence (o< C,) in the w,, component now completely cancels be-
tween the metric and the scalar contribution. The finite part of w,, has terms proportional to
all the parameters of the zero-frequency solution. Since Cj, and ¢ parametrize the black hole
backgrounds, we must require that their coefficients vanish independently, which constrains
the functions appearing in the diffeomorphism (63) as follows

L,OyFy=L,dyFy, dyFy + oy Fy = L(LvaUFV'i_LuaVFU)' (64)
2a’'L,L,
The most general solution to these equations is
2d'L, - - 2d'L
Fy=f@+ ~fM+ey, F=f)+ - fW+ey, (65)
p+p p+p

where ¢y  are integration constants and the “field-dependent coordinates” u, v are defined as

_(p+pU+2d'L,V . (p+B)V +2a'L,U
u= B = ,
2p 2p

(66)

where their overall normalization has been chosen for later convenience. Note these coordi-
nates u, v have identifications

u~u+2nRr,, v ~v+2nRr,, (67)
where 0el ' odlL ,
+p+2a’'L a +p+2a a'H

po=brRE20hy g ol o Prpraely gy oM g
2p PR 2p PR

where we used (33). The reason for using the notation H; » for the left/right-moving ener-
gies, rather than the previously used E| g, is to emphasize the operatorial origin of the field-
dependent radius of these coordinates; the two quantities are identical as far as the classical
analysis of this article is concerned. Acting with these diffeomorphisms produces a change in
the components of the asymptotic metric that precisely obeys (60), as one can easily check,
where now C;; is space-time dependent.

Note that for F, = 0, these diffeomorphisms precisely coincide with the asymptotic sym-
metry generators (A.7) of the AdS; background with mixed boundary conditions that is holo-
graphically dual to double-trace TT - deformed CFTs, particularized to constant parameters
and with the radial component removed. This background and its associated asymptotic sym-
metries is reviewed in detail in appendix A. A perturbative expansion of these results, which is
more appropriate for comparison with the analysis of the asymptotically linear dilaton back-
grounds, is presented in appendix B.

Evaluated on this solution, the radial symplectic form contains a term

(L,0yFy + L,0yFy)
LULV

b4 , (69)

that is directly analogous to the term (61) encountered in the analysis of the constant modes.
Note that since ¢4 is constant, this term is a total o derivative, so it will not immediately
affect the conservation of the charges associated with the allowed diffemorphisms (80) upon
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a background with ¢, turned on, as one might worry. In any case, these charges vanish
except when f is a constant.
Next, we also find a coupling

2
2 (kaUavFr — Epr) C,. (70)

If C, # 0, then the vanishing of this term would constrain F, to be a Bessel function with
argument UV, which is not the structure we expect. We thus set C, = 0. Note that C, =0
does not imply that F,. = 0, because the former is the radial mode of a diffeomorphism in string
frame, whereas the latter is the radial mode of a diffeomorphism in Einstein frame, which has
a different radial dependence. In particular, its asymptotic behaviour is subleading by a factor
of r=2 with respect to that of C,. Fixing the string frame constant radial mode C, is also
consistent with keeping a’ - here interpreted as the coefficient of the irrelevant deformation -
fixed.

Finally, writing C,,, C,, in terms of C,, using the boundary conditions (60) and plugging
in the solution for Fy y, we find the term proportional to Cyy is

k('L FOD(U,V)+a'L,FEO(U,V)—BFED(U,V))
B

If C,, # 0, then the most general solution for F, is a linear combination of two arbitrary
functions of the field-dependent coordinates (66)

F, = f,() + f,(v). (72)

As we shall see, this constraint also follows from the symplectic pairing of two diffeomor-
phisms.

Let us now analyse the tangent components, w,,, of the symplectic form, which should fall
off faster than 1/r in order to ensure finiteness of the conserved charges. We find that both
components diverge linearly with r, with divergent terms that are proportional with C, and,
respectively, C;; multiplied by various derivatives of F;; and Fy, and that they are both total J,
derivatives of the same scalar quantity. If we plug in the boundary condition (60) for C,,,,C,,,
the term proportional to C,, vanishes on the solution (65) for Fy;, Fy,. As for the other term,
we must set C, = 0 in order to have it vanish.

Moving on to the 1/r term, we find that it is not zero. However, it can be written as

G- 71)

1
Wprq = ;QIY(D +..., (73)

before imposing any constraint on the form of the diffeomorphism, and thus the finiteness of
the integrated charge is not affected. Such a term can be absorbed into a redefinition of the
symplectic form @ —  + dwy, where the one-form wy = r~'YMdr and Y is local. Such
a redefinition does not affect the leading behaviour of w,;, nor does it affect the conserved
charges.'*

The components of the symplectic form for one zero-frequency mode and one non-zero
frequency propagating mode with asymptotic weight s € {s,,s_} scale as

1—s —s

Wap ~ T > Wrg ~T . (74)

For the range of frequencies we are considering, the asymptotic weights s, = 1++v'1—4ka’wk
satisfy s, € [1,2) and s_ € (0,1] . We immediately conclude that s, should be an allowed
mode, and s_ should be disallowed. As previously mentioned, we do not consider the case
where s, become imaginary, where a different analysis is necessary.

14Writing wy(®,5,9,56,8) = &,Y(®,5,8) — 6,Y(®,56,9), the shift in the charge integrand is

20


https://scipost.org
https://scipost.org/SciPostPhys.16.1.006

Scil SciPost Phys. 16, 006 (2024)

Symplectic pairing of non-zero frequency modes

Finally, we consider the symplectic pairing for two non-zero frequency modes, which can be
either generated by diffeomorphisms or be propagating modes.

We start with two pure diffeomorphism modes and evaluate the symplectic form on the
solution (65) for Fy, Fy,, though leaving F, arbitrary. The boundary condition on w,; leads to
the following constraint

9,0,F. =0. (75)

Hence, the radial function must take the form (72). Note this is the same constraint as that
which emerged from (71), but without having to assume that €, # 0. The ®,, components
of the symplectic behave as % asymptotically, but they again take the form (73) and thus can
be absorbed into a shift of e by a total derivative.

Next, we compute the symplectic form for two propagating modes, denoted by their asymp-
totic behaviour s; 5, which can be either normalizable or non-normalizable. We find

51752
5

wab(slsSZ) ~ r2 wra(51,52) ~ rl—sl—sz 5 (76)

which confirms our identification of s, as a normalizable mode and s_ as a non-normalizable
one. The symplectic pairing between one normalizable and one non-normalizable mode of
equal but opposite frequency (so that s; =s, and s, =s_) is

wqp(s_,s,) =2v1—4kd'wk, w,.,=0. (77)

This precisely agrees with the radial symplectic form for a scalar field in AdS;,; [47]

Qrgqg = (d— ZA)J 5¢vev A 5¢source 5 (78)

with A given in (44). Lastly, the symplectic form for one (normalizable) propagating mode
and one pure diffeomorphism reads

Wap(55,E) ~ 1275, ©q(s4,E) ~ 115, (79)

These falloffs violate the boundary conditions (54) for the s, € [1,2) range we have been
considering. However, one can explicitly construct a 1-form wy such that w = dwy, when
evaluated on the modes above. Hence, these possibly problematic terms can be absorbed in
an exact form. It would of course be intersting to provide covariant expressions for all the
counterterms that we have added to the symplectic form.

To summarize, the symplectic form analysis fixes the components Fy;, F, of the Einstein
frame radial-gauge-preserving diffeomorphisms in terms of two arbitrary functions of the field-
dependent coordinates (66), which precisely match those in TT - deformed CFTs. The radial
function F, is also constrained to depend on these coordinates via (72). It is an interesting
question whether F, should be completely determined by Fy y, as it is in AdS. While we do
suspect this to be the case, our analysis - which is solely based on the symplectic form - is
unable to see such a constraint. The same situation occurs in AdS;, where the symplectic form
analysis does not fix the radial component of the allowed diffeomorphisms, which is instead
determined by a boundary condition on the asymptotic metric.

We additionally find that, generically, one of the propagating modes, ¢;_), should be fixed,
whereas the other, ¢(,,), should be allowed to fluctuate, as is standard in holography. The
constant mode C, should be fixed, whereas the boundary conditions on the remaining constant
modes €, and ¢(4) are still unclear. These results are summarized in the following table
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3.3 Conserved charges

In the previous section, we have found that the symplectic form vanishes for perturbations
generated by Einstein frame radial-gauge-preserving diffeomorphisms of the form

2a'L, - k(r? 8, F,.—L, 0yF,) _ 2d'L,
Ef,f=(f(u)+mf(\/)+ A LL, +cy azﬂr(f(1/)+p+ﬂf(u)
k(r?yF, —L, 8,F 3F
J Kook =Ly r)+cv Ay + Lo 3., (80)
r4é—L,L, ar*+r2f+a’'L,L,

where f(u), f(v) are arbitrary functions of the field-dependent coordinates (66) and
F.=f,()+ f,(v), (81)

with f,, f, arbitrary so far. This indicates that the asymptotic charges associated with the above
diffeomorphisms should be conserved.

We would now like to compute these charges using the covariant phase space formalism,
in which the charge difference between two nearby on-shell backgrounds is given by

Qs = § k:[6®,2]. (82)

Here, & stands for an arbitrary variation of all the background fields and k; is a d — 2 form
constructed algorithmically from the action, which depends on the background fields, their
variations and the diffeomorphism &. For the problem at hand, we have

1 1

_ T v o __ vp vp
ke = 2€W’PK€ ’ K= 8nG (Kfag +K€,scal)’ (83)
Kb = (Evﬁﬂh —E"VhHT + &, VR + —hVE —h’”@pé“) , (84)
Kl = xE"0" 69, (85)

where x = 8 and the ~ indicates that we are working in the Einstein frame. This charge
difference needs to be integrable in order for the charges to be well-defined, a property that
is not automatically guaranteed by the definition (82), but needs to be checked separately.
Assuming this is the case, the total conserved charge is obtained by integrating ﬂQg along a
path in configuration space between the background of interest and a reference background.
We will alternatively be using the notation §Q £F for the charge difference associated with a

diffeomorphism of the form (80) parametrized by the functions f (u), f (v).

In our case, if we take 6@ to correspond to the difference between two nearby black hole
solutions, we find that all the charges vanish except for the energy and momentum. These
charge differences are given by

Qs 7 =(fo+ uLlfo+cy)SHy — (fo + uLlfo + cy)SHg, (86)

Table 2: Classification of the linearized perturbations into allowed modes and fixed

ones.

frequency w=k=0 w,Kk#0
mode ¢(2): Cb Cuus va C‘r ¢(4): Cuv FUs FV Fr ¢(s+) ¢(s_)
status allowed ﬁxe(:l) fmczfrms fixed | unclear cons(gr;)med cons(t;;)med allowed | fixed

22


https://scipost.org
https://scipost.org/SciPostPhys.16.1.006

Scil SciPost Phys. 16, 006 (2024)

where f,, f, are the Fourier zero modes of the respective functions and we used (35) to write
the answer in terms of the natural TT parametrization. Given that

H 5 H
L = R

L=—""—, —_—, (87)
TTRp + uHp TRp + uH;

we immediately note that the charges are not integrable for generic (field-independent) f,
and fo. A natural way to remedy this problem, which recovers the standard energies of the
background when f;, =1 and f, = —1, is to choose the constants cy; y; as

cy =—uLlfy, cy =—uLfy, (88)

case in which the charges become trivially integrable, and read

1 - : 1 A 7
Q= foH, = 5 jﬁ dor,pLf@), QY =—foHx= —5§ dor,pLF(v),  (89)

where we have used (32) to write the charges in a notation that resembles the TT one (A.11),
and we note that for constant perturbations 8,u = r,, defined in (68). The (¥ superscript
indicates that this is the only contribution to the conserved charges upon the constant back-
grounds.

To obtain conserved charges that are generically non-zero, we first need to perturb the
black hole background by an arbitrary allowed diffeomorphism 7, which takes the form (80)
for some other functions h(uw), h(v), h,(u),h,(v). We obtain the following expression for the
difference in the charge associated with a diffeomorphism & on the background generated by

n

5,Qs = % § do [45 i/’; FOR (W) — 4;’ i/g FOW () + kr b (u)f (1) — kr B (V)F (v)

+ 50U =R ON (R @+ R )= 50, + £,00) (0@ - n 7)) |.
(90)

Integrating by parts, the cross left-right terms cancel, and we are left with

5,Qz = % § dor, (:T;; £ () () + ki (u)f (u) — k f;’(u)h(u)) +RM

1

= —jgdaru (2p£fh’+£h’r’f—kfr”h)+RM, 91)
2 T T

where in the second line we have translated the result to the TT parametrization (34).

Let us now compare this with the corresponding expression (A.47) for double-trace TT -
deformed CFTs, specialized to £ = const.

1 c
double—tr _ - ’r_ "
5nQ£°“ ertrace — > jg dod,u (Zth —12nfh ) , (92)

where we have used the fact that £/87G = ¢/(127) in (A.47), where c is the central charge of
the undeformed CFT, and we dropped the winding term, which vanishes on the constant £, £
black hole backgrounds. The expressions (91) and (92) are almost the same, up to a factor of
p in the first term - which is related to the symmetric product orbifold - and the fact that the
L - independent terms in (91) depend on more functions than their TT counterpart.
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As discussed at the end of the previous subsection, we would expect that the full set of
boundary conditions on the asymptotically linear dilaton backgrounds includes one that de-
termines the radial function F, in terms of f, f ; however, the symplectic form analysis that we
have performed is insensitive to this additional boundary condition. Requiring that the central
contribution to the charge in (91) match that in symmetric product orbifolds of T T - deformed
CFTs, which is 6kp in our case, allows us to fix the radial function in terms of the other ones
as

folu) = —‘Z’f’(u), fo(v) = —% Fo). 93)

It would be very interesting if we could independently justify this form of F, from an asymptotic
boundary condition on the fields.

Thus, we find that not only do the asymptotic symmetries of the asymptotically linear
dilaton background precisely match (for F, = 0) those of the AdS; backgrounds with mixed
boundary conditions that are dual to double-trace T T - deformed CFTs, but also the conserved
charges match exactly for a particular choice (93) of the radial function F, that is consistent
with the results of the symplectic form analysis, but could not be singled out by it. This co-
incidence is quite remarkable, given that the background metrics (37) and (A.2) are entirely
different, as are the boundary conditions that their fluctuations obey. Even more remarkably,
this identification continues to hold when the two backgrounds are perturbed, as we show in
the next section.

4 The charge algebra

In this section, we use the covariant phase space formalism to compute the algebra of the con-
served charges perturbatively above the asymptotically linear dilaton black hole backgrounds
and show the result is identical to the nonlinear T T charge algebra (3) to the order we checked.
We start by reviewing a few generalities.

The standard definition of the charge algebra in the covariant phase space formalism is

where the last term corresponds to the difference in the charge associated with some diffeo-
morphism, &, between two backgrounds that differ by some other diffeomorphism, y. This
definition relies on the representation theorem [40, 48], which relates the right-hand-side of
(94) to the charge associated to the Lie bracket [&, y ] of the two diffeomorphisms

6,Qc = Qg 415 (95)

assuming the charges are integrable. This conclusion continues to hold when the diffeo-
morphisms are field-dependent, provided one replaces the Lie bracket with a modified Lie
bracket [49,50]

[5:%]*5[€>Z]L.B._5€X+5xg’ (96)

in the representation theorem. It is important to note that in this formalism the integrability
[51] of the conserved charges - which is not guaranteed by the definition (82), but needs to be
checked separately - plays a crucial role in obtaining the correct algebra, especially when the
diffeomorphisms are field-dependent. This fact is neatly exemplified in our analysis, presented
in appendix A, of the asymptotic symmetries of the spacetime dual to the double-trace TT
deformation, where integrability is essential for reproducing the correct charge algebra when
the generators are rescaled by a field-dependent factor.
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4.1 Perturbative calculation setup

The aim of this section is to set up the computation of the charge algebra for the asymptotically
linear dilaton black hole backgrounds. This is significantly more complicated than for the AdS;
spacetimes with mixed boundary conditions dual to double-trace T T-deformed CFTs because
the allowed modes are only known perturbatively around these constant backgrounds, whereas
in the double-trace case the general, non-linear solution (A.2) for the allowed metrics is known.

A quick glance at (95) suffices to understand that the allowed diffeomorphisms we have
found so far are insufficient to determine the full algebra of the conserved charges. The limi-
tation stems from the fact that all the non-trivial charges (i.e., except the energy and momen-
tum) evaluate to zero on the constant black hole backgrounds, and thus Q[ , can only receive
non-vanishing contributions from the zero mode of the Lie bracket of the two diffeomorphisms.
Working in a Fourier basis for the functions f, g that parametrize the two diffeomorphisms,
with f = e™¥/Ru and g = ¢"™/Ru, the computation of the algebra upon the constant back-
grounds will only be able to recover the contributions to the {Q,,,Q,} commutator that have
m+n=0.

Let us briefly discuss this zeroth-order result before moving on to the more general con-
tributions. The computation of the charge variation 6,Q; associated to two diffeomorphisms
&s and ny, upon the constant backgrounds has already been performed in (91), and now we
simply need to interpret it as the commutator {Q;,Q,} of the two conserved charges. The re-
sult can be made more transparent by an integration by parts, which replaces the 2f h’ factor
in the first term of (91) by fh’ —hf’. We thus obtain

k /7
{Qf; Qh} = QSCO]'?/—f’h - ; § do-rufr h 5 (97)

where the superscript (%) indicates that the charge associated with the given diffeomorphism
should be evaluated on the constant black hole backgrounds, where only the zero mode of
the function contributes. This algebra is similar to a centrally-extended Witt algebra. Further
making the choice f, = —pf’/4 that was discussed previously and working in the Fourier basis
for the generators, the charge algebra we obtain to this order is

2m 6kp m3

{Qm>Qy} R Qo+ 12 R >
where Q, = H; and R, = Rr,, with r,, given in (68). The factors of R, are due to the fact that
the periodicity of the coordinate u that enters the diffeomorphisms is field-dependent; note
that they perfectly match the structure (3) expected from T T - deformed CFTs. A similar result
holds for the right-movers. The central term has been chosen to match the prediction from a
symmetric product orbifold of T T - deformed CFTs with ¢ = 6kp. While it would have been far
more valuable to have derived this central extension by finding a natural boundary condition
that leads to (93), the fact that were were able to find some form of the radial function that
yields precisely this value is still a non-trivial result; for example, such a choice would not have
been available had we been working in string frame radial gauge.

Let us now discuss the computation of the charge algebra for generic m,n. For this, we
need to consider a perturbed background that generically has non-zero charges with respect
to arbitrary diffeomorphisms belonging to the asymptotic symmetry group. As in the previous
section, we can generate such a perturbed background by acting with an allowed diffeomor-
phism, 7, on the constant background, g

(98)

g=8+el,g. (99)
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According to our discussion, the charges associated to allowed diffeomorphisms & £ F of such
a background satisfy

O(1), for f,f =const., )

ng’f[g] { O(e), for f,f # const. (100
To compute the charge algebra, we will subsequently act with another allowed diffeomor-
phism, y, on this deformed background and then, according to the recipe (94), we will com-
pute the charge difference 6, Q; associated to a third allowed diffeomorphism, £. The terms
in the algebra with m + n # 0 are visible at O(¢e). Note, however, that the diffeomorphisms
&, x themselves can receive corrections at O(e), which will, in principle, contribute to the
charge algebra at the same order. Consequently, in order to find the full answer for the charge
algebra at O(e), we do need to work out the corresponding correction to the diffeomorphisms.
From the point of view of the expected algebra (3), the O(¢€) analysis reveals the generic linear
terms, as well as the non-linear terms with either m or n zero, whereas the generic non-linear
terms appear only at O(e?).

The O(€) correction to the diffeomorphisms (80) can again be determined using the sym-
plectic form, now evaluated on the perturbed backgrounds (99). This analysis does not, how-
ever, completely fix the correction, and complementary arguments need to be invoked. One
such argument is based on the representation theorem, which relates the O(e€) modification
to the vectors (which appears in the modified Lie bracket (96), but without the factor of €)
to the charge algebra at O(1). Thus, knowing the latter, we can obtain further constraints on
the diffeomorphisms themselves. This argument still does not completely fix the vectors, and
a “minimal continuation” assumption on the functions that parametrize them is also needed.

The final solution for the asymptotic diffeomorphisms up to O(e€) precisely agrees with the
corresponding expression in double-trace T T - deformed CFTs, particularized to perturbations
around a constant background, that we work out in appendix B. Finally equipped with the
solution for the vectors, we derive the charge algebra to O(¢€) and find a perfect match to the
charge algebra in double-trace T T - deformed CFTs, computed to the same order. Throughout
this section, we use the natural TT parametrization (34) of the black hole backgrounds, in
order to facilitate the comparison with the double-trace results.

4.2 Allowed diffeomorphisms upon the perturbed backgrounds

As explained, we consider again the perturbed background obtained by acting with an allowed
diffeomorphism 7, ;, of the form (80) with ¢y given by (88), on the black hole background
g. For simplicity, we set the radial component of 7 to zero, since the symplectic form analysis
is not expected to constrain it very much, and keeping it would significantly complicate the
calculations. Thus, 7 is parametrized by two periodic functions, h(u) and h(v), of the field-
dependent coordinates (66) only. In terms of the T T notation, it takes the form

1 = [h(w) — pLRW) ~ ho) |8y + [A(V) — pL(h(w) — o) ] 3y - (101)

The goal of this subsection is to determine the first-order correction to the allowed diffeomor-
phisms of the perturbed background (99).

As for the case of the black hole backgrounds, we expect the answer to be largely fixed
by requiring that the symplectic product of the diffeomorphism we search for with the pertur-
bation of the background that is generated by varying the black hole parameters L, , vanish
asymptotically. The result takes the form

E=E0 4@ (102)
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where £(©) was previously determined in (80), and £V is to be computed by imposing the
requirements (54). More concretely, this perturbative computation takes the form

o ,_ _ - _
Wgtel,g (_5L4 (8 +€L,8), Lriee (8 + eﬁng))
1

08 _ 6L,8 _ 0g - _ 2
= Wgiel,g (5_[,1’ ,Cg(o)g) +ew; (S—Li,ﬁg(o)g +€w;g (5—Li,£§(1)g + Cg(o)(ﬁng)) +O(e?),
(103)

where for simplicity we have suppressed the factor of the dilaton from the background notation
and L; = L, ,. One important remark is that our analysis determines the metric perturbation
only up to terms that have zero symplectic product with 6; g, such as the constant modes
C, and C,, discussed in the previous section. In principle, we have the freedom to add such
contributions to Lz g without violating the requirements on w, as long as we do not generate
winding for the fixed coordinates U, V.

While we perform the computations on the string backgrounds, it is useful to transcribe the
results in terms of the natural T T notation (35). The vanishing of the symplectic flux through
the boundary at O(e) imposes the following constraints on the components of the correction
£ to the allowed diffeomorphisms

0, (EWY —pceMWV) = 2ulh'(f'(W) + f/(v)),

8, (EWUV —pL MWV = 2ulb'(f'(w) + f/(v)), (104)

where u,v are the field-dependent coordinates (66) associated with the unperturbed back-
ground. The solution is given by

guw:m[Fh(u)wc‘ﬁﬁ(vnzuzcz( J h’f’+(h—h0)f’)+2u£_( f E’f’+(i’z—ho)f’ﬂ,
é”um[ﬁ,;(v)wcph(unzuzcz( f ﬁ’f"+(fl_ho)f')+zuc( f h’f’+(h—ho)f_’)},

(105)

where Fy, F;, are so far unfixed, background-dependent functions of the field-dependent coordi-
nates, which represent the continuation of the O(1) functions f, f to the perturbed background
generated by h,h, and the primitives of h'f’ and h’f’ are integrated over a corresponding
field-dependent variable i / 7 that we have ommitted in order to simplify the notation. These
primitives are defined to not contain any constant Fourier mode, and thus all the possible in-
tegration constants that arise are included in the functions F, Fﬁ ; the zero modes of h, h were
subtracted for further convenience. The most general solution for the vector field should also
include contributions from the zero-frequency modes C, and C,, with arbitrary coefficients,
since including them does not affect the symplectic form. While these terms will turn out to
be essential for obtaining the correct algebra, we can simply add them at the end, without
affecting the result of the discussion below.

It is interesting to compare the corrections (105) with the expansion of the allowed dif-
feomorphisms for the spacetime dual to double-trace TT - deformed CFTs, a computation we
perform in appendix B. We find that the choice

B =2 J (h=ho)f "+ (i Von ), =222 f (i~ F)"+ (Y ) (106)

where the subscript stands for the “zero mode” of the corresponding expression - precisely
reproduces the expansion (B.7) of the allowed diffeomorphisms in that theory up to O(e)
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about the background of constant parameters, barring winding terms. However, from the
point of view of the asymptotic analysis of the charge algebra in asymptotically linear dilaton
backgrounds, this choice needs to be justified from first principles.

For this purpose, we use the representation theorem, which should be satisfied order by
order in the perturbation, provided we use the modified Lie bracket (96) that takes into account
the field-dependence of vector fields.!® To ascertain the necessity of this modified bracket, let
us consider the representation theorem at O(1). The correction to the usual Lie bracket is
given by the change in a vector field under the action of another, which precisely corresponds
to the O(e) term in (102). For simplicity, we will focus on the “left” vector fields, obtained
by setting all the functions of v to zero in (101). The standard Lie bracket of two such O(1)
vector fields is

1+ uLl ulLLl

(&, x]s= m(fg' —8f )0y +uLldy)+ m(gof’ — 08 )0y +uLdy). (107)

Its associated conserved charge on the constant backgrounds only receives contributions from
the first term, and one can easily check that it does not agree with the O(1) charge algebra
that we have already computed in (97). Thus, in order for the representation theorem to be
obeyed, the modification (96) to the Lie bracket is required to be

5 s
et = 6,8 = 1 R eV nLE) (108)
where the ... stand for terms that integrate to zero upon the constant backgrounds. It seems
natural that these terms should take the form D, _ c,( fog™ — gof M)(8y + uLdy,) for some
constants c,, as the correction needs to be bilinear in f, g, antisymmetric, and generically not
posess a zero mode.

At the same time, oy = 4 is the correction to y on the background generated by &,
which is given in (105), and vice-versa. We therefore have

Sex—6,8= ﬁ(c;f—zrg)(auwﬁav). (109)
Equating the last two expressions immediately yields a constraint on the difference Gy —F,. To
further narrow it, note that when, say, f = const, both Gs and F g need to vanish, irrespectively
of what g(u) is: G vanishes because a constant coordinate shift is an isometry of the black
hole backgrounds, and thus the asymptotic symmetries cannot depend on it, while F, vanishes
because & is a background-independent diffeomorphism in this case. Taking this into account,
the O(¢€) information from the Lie bracket fixes the difference to

Gy —Fy = 2uLL(f &' — &f" + 8of '~ fo8"). (110)
Applying the same reasoning for to the right-moving vector fields, we obtain
Gr—Fy =202LL(F T — & + &of — fod)). (111)

Thus, the zeroth order modified Lie bracket can partly fix the O(e) correction to the allowed
diffeomorphisms. The fact that the representation theorem does not fully fix these functions is
not surprising. A comparison with the analogous computation in standard AdS; with Brown-
Henneaux boundary conditions shows that an assumption that f be minimally continued to

15As noted in appendix A, the modified Lie bracket (96) needs to be further modified in order for the rep-
resentation theorem to hold for the spacetimes dual to double-trace TT - deformed CFTs. These subtleties are
however linked to winding terms, and do not appear at the order in perturbation theory that we are discussing.
The representation theorem then (almost) takes its standard modified form, as we show in appendix (B.3).
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higher orders is also necessary. The difference is that for the asymptotically linear dilaton
backgrounds, the minimal continuation does require Fj, to be non-zero.

Guided by our T T intuition, and since u depends on the background parameters, the min-
imal continuation at O(e) of f(u) should be due to a change in the argument of the function,
which implies that EVV = f/§ nu. Comparing this with the general solution (105) with all the
functions of v set to zero, we identify

2pp 1t gt
m(FngZu Eﬁf gf)—f 5gu. (112)

Using (110), it follows that

2u2LL , , , ,
(G —F) = — " (fg'—gf' +gof —fog').  (113)

'‘Scu—f'5,u=
g 05u=f0 1— 1201

1
1—u2LL
20> LL(f—fo)

1-u2LL
the possibility of adding terms that will drop out from the expression above because of anti-
symmetry. The minimal choice, which sets such terms to zero,'® plugged into (112), yields

From here we conclude that 6 u = + yf’, where y can be any constant, reflecting

F,=2uLL(f'(g — &) —f f'g’) = 2MZ£C_U (F'g) +(f'&em —f flg'— gof/)
= 2.u2£f3(f (g—80)f" +(F'8m), (114)

where we are still using the convention that our primitives do not contain a zero mode. The
result precisely coincides with the value of this function in T'T - deformed CFTs, which is rather
remarkable, given that our analysis only used the O(1) representation theorem in the asymp-
totically linear dilaton backgrounds and the assumption that the O(1) vector fields should be
minimally continued at next order. The right-movers work in an analogous way.

The full solution for the correction to the vector field is'”

2uL(ul(h—hg)+h—hy) ., 2ul(h—hy+pLl(h—hy)) -

v
WU_ - +ul A "voul | fIR+EY[C,,.Chl,
g 1_M2££ f u 1_‘u2££ f w f g [ uv b]
2 C(h—h —hy) - 2ul(h—h —h ! .
s LWL =) th=ho) g, 2ulh—ho+pLh=ho)) () o f PR+ EV [ Gl
1—u2LLl 1—u2LL

(115)

where, as promised, we have included back the terms proportional to €, and Cj, that can be
freely added to the solution and read

N A C 2,u£_CA’ A Z;Lﬁé A C
U b uv %4 uy ( b)
Cp,Cyl=|Cp+— U+ —V, C,,Cpl=———=U+\|C,,—— |V.
g [ uv b] ( uv 1) 1 207 g [ uv b] 1 207 uv !
(116)

Remember that upon the constant backgrounds, diffeomorphisms of this form were disallowed,
as they would change the identification of the compact coordinate, o. Here, however, the part
of the correction to the allowed diffeomorphisms that is fixed by the symplectic form analysis
already has winding (due to the terms under the integral in (115)). This winding can be off-set

16In the next subsection, we show such terms do not contribute to the charge algebra.
7The leading behaviour of the w,, components of the symplectic form evaluated on this solution is given by
1/r terms that can be written as (73), and will thus be ignored.
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by choosing the constants C,,, C, that parametrize (116) in such a way that the periodicity of
the coordinates U,V is overall unaffected. This choice corresponds to

oo w(L§ dvf'h + L §duf'h')(1+u2LL)
T 2mR(1 + uL)(1 + ul)

uv

4ulL(l+up2LL +2pul) § duf ' —4uL(1 + p2LL +2ul) § dvf'H
B 27R(1 + uLl)(1 + ul) '
With this choice, the diffeomorphisms (115) are identical to their double-trace counterparts
(B.8).
We will henceforth find it convenient to write the full allowed diffeomorphisms up to O(¢)
in the form

Cp (117)

E=&pm+E&w: (118)

where &,y corresponds to the part of the diffeomorphism that is fixed by the symplectic form
analysis and the representation theorem, while &,y - which is given by (116) with the choice
(117) for the parameters - will be referred to as a “compensating” diffeomorphism, in the
sense that its presence is required to off-set the unphysical winding introduced by &,). As
is clear from the solution above, &(,) receives contributions at both zeroth and first order in
the perturbation, whereas the expansion of £, starts at O(e). It is interesting to rewrite
the compensating diffeomorphisms in terms of the field-dependent coordinates u, v, with the
result

53 :qu+u/5wf-, §¥V :wf-v+,uﬁwfu, (119)
where
2u*LL § duf'h’ —2ul § dvh'f’ 2u*LL § dvf'h' —2uLl § dul'f’
We = = €, Wz =
f 2nR(1 + uf) f 27R(1 + pL)
(120)

These expressions for the winding precisely coincide with the corresponding perturbative ex-
pansion (B.12) of the winding in double-trace TT - deformed CFTs. They can alternatively be
rewritten in the form (A.39) by noting that € £ 9§ duf’h’ and e £ 9§ dvf’h’ are nothing but the
conserved charges Q//p and, respectively, —Q 2 /p (91) upon the perturbed background.

Finally, we need to show, as promised, that adding these winding terms in the final step of
our computation does not affect the previous steps. Had they been included from the begin-
ning, they could have affected the expression (109) for 6, y —6, &. However, from the explicit
form of the solution above, we see that Cy,(,, are symmetric in f < g,f <> g. Hence,
(109) is not affected by adding the compensating diffeomorphisms, and thus the arguments
presented in this section are unaffected.

4.3 Algebra of the conserved charges and match to TT

Armed with the knowledge of the allowed diffeomorphisms up to O(e), we are now finally
ready to compute the algebra of conserved charges to the same order. For this, it is useful
to split the allowed diffeomorphisms as in (118) and to organise the computation into four
separate pieces that correspond, schematically, to

5X(p)+x(w)Q5(p)+5(w) = 5X(p)Q5(p) + 5l(w)Q5(p) + 5X(p)Q§(w) + 5l<w)Q§(w) : (121

Since the compensating diffeomorphisms are at least O(¢), the last term in (121) does not
contribute to the order we are interested in.

We first concentrate on the algebra of the “left-movers”, obtained by setting all the periodic
functions of v to zero. The diffeomorphism & is parametrized by the periodic function f, and
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x by'® g. After various integrations by parts, the O(e) contribution to the periodic-periodic
charge difference is

2

_ / / / Au EE_ /1.7 /1.7
S 1 Qe O(e)—pﬁf‘dﬁru(fg —gf )+ mp£§d0ru(fog W'+ gof 'h) —2mR,pLwy go

L
_ L 2LE Lo ' b doug’, (122)
2nR1—u2LL

where we have introduced the field-dependent radius of the u coordinate, R, = Rr,, and
similarly R, = Rr,. The first term above is precisely the O(¢) contribution to Qf,/_g ¢/, which
agrees with the zeroth order result (97), but is now generically non-zero. Using (89), the
zero modes f, g, of the functions can be traded, at this order, for the zeroth order conserved
charges. The expression can be further simplified by writing it in terms of the the winding
(120), particularized to f = 0. The final result is

— (0) (0)
5x(p)Q§(p) - Qfg’—gf’ + Wng _Wng —p EWf § dO'ruug' . (123)

This precisely matches the analogous charge difference in the perturbative double-trace TT
case, which is computed in appendix (B.2).

The second term in (121) vanishes for the particular choice (88) of integration constants
in the O(1) vector fields that was required by integrability. The details are given in appendix
(B.2) for the double-trace TT case, which works identically. Finally, the third term in (121)
cancels the integral of the non-periodic function in (123) with no finite contribution, leading
to the following final result for the algebra of the left-movers

{Qs,Qe} =8,Qs = Qrg—gp +w,QY —w;Q, (124)

which holds up to O(e). This can be rewritten in terms of the conserved charges as

2H,
p2m?RRy

{QF, Q) = Qpgrgpr + (@@ -QsQ®), (125)

where we defined Ry = R(r,+1,—1) = R(1+uL)(1+ul)/(1—u?LL). Using a Fourier basis for
f, g and taking into account the fact that f’ = imf /R, we find precisely the algebra (3) with
u — u/p that was advertised in the introduction. A similar result holds for the right-movers.

The commutation relations of the charges associated with one left-moving and one right-
moving diffeomorphism can be obtained by setting f(v) = 0 in & and g(u) = 0 in y. The
steps of the computation are explained in appendix (B.2) for the case of the double-trace
TT deformation, which turn out to be identical to this order in perturbation theory to our
computation in the asymptotically linear dilaton background. The result is

{Qf,Qg} = WgQSCO) - WfQ(gO) = ﬁ (Rng/QEcO) +Rqu/(_2§_,0)) , (126)

where the windings are again given by (120), particularized to f = g = 0.

18In principle, one may worry that the variation § ,& of the diffeomorphism between the two backgrounds could
contribute to the charge difference. One can nevertheless show (see e.g. [52]) that this is not the case.
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Hence, the charge algebra that we obtain at O(€) is non-linear in the conserved charges
Qf, Q 7- The source of non-linearity is the presence of charge-dependent parameters,'® namely
the windings which, as discussed in the previous subsection, are required for consistency of
the asymptotic coordinate transformations. This algebra precisely matches the algebra of the
“unrescaled” generators in single-trace T T - deformed CFTs, where the factors of p are exactly
those required by the symmetric product orbifold [25]. We have thus succeeded to establish an
additional important link between asymptotically linear dilaton backgrounds and the single-
trace TT deformation, by showing that the full doubly-infinite set of extended symmetries of
the two theories are identical to the order we checked.

We end this section with a few technical comments. First, we checked that the redefinition
§;ur> S;u+yf’ thatadds aterm yf'h’/(1—u2LL) to Fy, and could not be fixed by the argu-
ments of the previous section contributes to the charge difference (121) only a total derivative
term, which vanishes upon integration. We were therefore justified to neglect this term.

Second, it would be interesting to show that we obtain the charge algebra (A.49) for arbi-
trary functions f, g, rather than just when one of them is a constant. This requires computing
the O(e?) corrections to the charge algebra. While, in principle, this computation can be per-
formed along the same lines of the O(¢€) one, it nevertheless becomes extremely cumbersome.
One may however wonder whether the interesting non-linear terms in the algebra, which are
proportional to the windings, could not be recovered just from the O(¢e) solution for the vector
fields, given that they are always multiplied by the winding, which starts at O(€). This expecta-
tion turns out to be too naive, for two reasons: first, the non-linear contributions include terms
where the charges are at O(1) and therefore the windings are at O(e?); these “compensating”
windings cannot be computed without knowing the full O(e?) correction to the & (p) Part of the
vector fields that is determined from the symplectic form analysis. Second, as can be seen (B.8)
for the doube-trace TT computation expanded up to O(e?) around the constant backgrounds,
the &, piece of the vector fields receives O(€?) contributions that depend on the windings at
O(e) and enter the result of the charge algebra. Thus, the computation cannot be performed
without explicit knowledge of the O(e?) corrections to the allowed diffeomorphisms.

Finally, it is natural to ask whether the algebra (125), (126) can be linearized by a redef-
inition of the generators. Guided by the TT results, we expect that the rescaled generators
R,Qs and R,Q 7 will simply satisfy a Virasoro x Virasoro algebra. As explained at length in
appendix A, the effects of a field-dependent rescaling of the diffeomorphisms on the associated
charge algebra are somewhat non-trivially implemented in the covariant phase space formal-
ism via a different solution to the charge integrability constraints. Concretely, starting from
the O(1) expression (86) and temporarily setting f, = 0 for simplicity, we can easily note that
the charges are again integrable for the field-dependent choice

fozRufoz(RJFM_HR)fo; cy =—uLlfo—

pHp - 2uH;
fo=—
Tp

—t fo> (127)
mp mp

where f, is now field-independent, and we have used (68) and the fact that H; = npLR,, to
manipulate the expressions. A similar choice holds for the right movers. The charges (86)

associated to the diffeomorphisms fyR, 8, and, respectively, —fyR, d, become

= uH; ~ ~
ZQfoRuau = fORuéHL + ﬂ:_poO5HR = 5(fORuI_IL) >
Z Hp = ~
8Q_j, 5 =—foR,6Hy — R £ \6H, = —5(foR, Hy). (128)
4 np

19A similar mechanism for obtaining a non-linear charge algebra has recently appeared in [56,57] for the case
of five-dimensional asymptotically flat spacetimes.
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The set of allowed vector fields that are associated with this new integrability constraint are,
to leading order

£ =R, (Fwaoy +pl(f —2f)ay),  Ex=R,(F0N3y +ul(f —2f)dy).  (129)

One can straightforwardly repeat the steps of the previous section and compute the O(¢€) cor-
rection to these vector fields. The constraints (104) are not affected and the correction takes
exactly the same form as before, depending on two functions analogous to Fy, Fj,. The argu-
ments that determine these functions still hold. However, fixing the constant field-dependent
piece of the O(¢) correction to &, (i.e., the O(€) correction to ¢y in (127) above) is somewhat
more challenging in this case, as the full non-linear TT answer (A.41) shows it is only fixed
by integrability - a property that we did not check beyond leading order in the asymptotically
linear dilaton background. Fortunately, this extra constant does not contribute to the charge
algebra at O(e€) - as can also be seen from (A.36), and the final result for the left-moving
algebra corresonding to this rescaled set of vector fields is

5)( (Rqu) = Rqug’—gf’ 5 (130)

in perfect agreement with the single-trace TT prediction [25]. A similar result holds for the
right-movers, with R, replaced by R,,.

5 Discussion

The main result of this article was to show that the asymptotic symmetry algebra of asymp-
totically linear dilaton backgrounds in string theory precisely matches that of single-trace T T
- deformed CFTs, at least to the order in perturbation theory to which we have checked. This
further strengthens the connection proposed in [ 18] between compactified little string theory
and a symmetric product orbifold of TT - deformed CFTs.

This asymptotic symmetry group analysis of the linear dilaton backgrounds was performed
in parallel to that of the spacetime dual to double-trace TT - deformed CFTs - namely, AdS;
with mixed boundary conditions [24] - using the same formalism. Despite the entirely different
asymptotics of these two space-times and the different boundary conditions for the allowed
fluctuations, the asymptotic symmetry generators and conserved charges were found to be
virtually identical at each step of the calculation, up to a constant rescaling related to the sym-
metric product orbifold. The only quantity that our study of the asymptotically linear dilaton
background could not fix was the central extension of the asymptotic symmetry algebra, as the
symplectic form analysis we used can recover most, but not all, of the boundary conditions that
the perturbations obey. There does exist, however, a choice of boundary conditions leading to
(93), which yields precisely the central extension of single-trace TT - deformed CFTs.

The algebra that we have recovered using the natural Fourier basis of generators is a non-
linear modification (125) - (126) of the Virasoro x Virasoro algebra. As a result, the algebra
itself depends on the background upon which we are evaluating it. This algebra can be lin-
earised via a simple rescaling of the generators by an energy-dependent function, case in which
one obtains two commuting copies of the Virasoro algebra, with the same central extension
as that of the original CFT. Note that in the covariant phase space formalism, the effect of
a field-dependent rescaling of the generators on their algebra can only be seen by carefully
taking into account the constraints imposed by charge integrability, as we show in great detail
in our holographic analysis of the double-trace TT deformation.

For both the case of AdS; with mixed boundary conditions and the asymptotically linear
dilaton backgrounds, the algebra of the rescaled generators agrees with that obtained by trans-
porting the original CFT generators along the double/single-trace T T flow [25,36]. It is not
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clear, however, which or whether one of these bases of generators is preferred: while the al-
gebra of the rescaled generators is certainly more standard, being also a Lie algebra, in the
closely-related JT - deformed CFTs it was found that the natural “physical” symmetry gener-
ators - in the sense that the Ward identities for analogues of primary operators were defined
with respect to them - were the ones satisfying the non-linear algebra [38].

It would be very interesting to compare our results to the asymptotic symmetry group
analyses of three-dimensional asymptotically flat spacetimes [53]. Note that, besides the pres-
ence of a linear dilaton, our setup is rather different from the standard BMS; one, in that the
asymptotic geometry is R>! x ! rather than R%? - with the S! playing an important role in
obtaining a non-linear algebra - and we perform our analysis at spatial - rather than null -
infinity, as it is natural for this spacetime [12]. Since our setup has a well-defined QFT dual
with a non-negligible set of observables that can be computed directly in field theory, finding a
link to asymptotically flat spacetimes could lead to interesting insights into their holographic
interpretation beyond the pure gravity regime [54,55]. On a different note, let us mention
that asymptotic symmetry algebras that are non-linear due to a similar mechanism to that dis-
cussed herein have been recently discovered in five-dimensional asymptotically flat spacetimes
at spatial infinity [56,57]. One may naturally wonder whether such non-linear algebras could
play a larger role in non-AdS holography.

Another interesting direction would be to understand the implications of this work for the
properties of little string theory. According to the standard holographic dictionary, the asymp-
totic symmetries we have uncovered are nothing but the extended symmetries of compactified
LST. The question of which basis of symmetry generators to use could, however, become rele-
vant at this point. If we use the rescaled basis, where the symmetry algebra is simply Virasoro
with a central charge that is very likely 6kp, the symmetries of the UV theory would be in-
timately tied to those of the infrared CFT. This may seem slightly unnatural as, after all, the
IR CFT upon which the irrelevant deformation is built is a somewhat artificial construction,
designed to provide a tractable QFT interpretation of compactified LST, and we would expect
the UV physics to ultimately decouple from the IR one in the deep UV limit. This is indeed the
case for the thermodynamic entropy (31), from which the number of F1 strings drops out in
the high-energy limit E >> Rp/a’. On the other hand, the algebra of the unrescaled genera-
tors, which is dominated by the non-linear term in (125) in the high- energy limit mentioned
above, becomes p-independent, and may thus provide a more natural basis to use. It would
be interesting to better understand the significance of this algebra, both from the perspective
of the high- energy limit of TT - deformed CFTs, and that of little string theory.

Apart from the symmetry analysis, our classification of all the linearized perturbations upon
the interpolating backgrounds may have interesting implications for the holographic dictionary
for these spacetimes. By taking into account the full coupling of the dilaton to the background
metric, we uncovered several unusual features of the wave equation, whose holographic in-
terpretation is not immediately obvious. Concretely, upon the black hole backgrounds, we
have found that the zero frequency and the r — oo limits of the wave equation do not com-
mute, leading to a discontinuity in the asymptotic weights that one generally associates with
dual operator dimensions. Second, we have found that the r — oo and a’ — 0 limits of
this equation do not commute, with the result that the operator whose momentum-dependent
conformal dimension can be read off from the holographic analysis at infinity does not appear
to reduce to the single-trace T T operator in the IR limit, as one would have naively expected.
These peculiar behaviours only arise upon considering the particular couplings of the dilaton
- as dictated by string theory - and fully including backreaction effects, and would not have
been visible in the probe approximation. It would therefore be quite interesting to perform a
more thorough analysis of this system using e.g. holographic renormalization and clarify these
issues.
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Finally, it would be worthwhile to better understand the reason that certain observables of
the three-dimensional asymptotically linear dilaton backgrounds match so well the predictions
from single-trace TT - deformed CFTs, given that the CFT dual to the IR AdS; that is being
deformed is not itself a symmetric product orbifold [34]. One possibility is that there exists
a universality class of “non-local CFTs” - in the sense of [36] - that includes the single-trace
TT deformation, but whose members are not generically symmetric product orbifolds, where
universal quantities such as the entropy-energy relation and the symmetry algebra take the
same form as in single-trace TT - deformed CFTs. It would be very interesting to further
invstigate this possibility, and understand how the appropriate generalizations of symmetric
product orbifolds of T T- deformed CFTs should be defined.
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A Conserved charges in double-trace T T-deformed CFTs

In this appendix, we revisit the construction of conserved charges in the standard TT - de-
formed CFTs from a holographic perspective. We closely follow the original work [24], but
now use the covariant phase space formalism to compute the conserved charges. Special at-
tention is paid to the coordinate periodicities and to integrability, which turn out to be essential
for obtaining the correct charge algebra. A field-theoretical derivation of the same charges and
algebra is presented in [37].

A.1 Asymptotic symmetries of the dual gravitational background

As explained at length in [24], the double-trace TT deformation of a holographic CFT corre-
sponds to turning on mixed boundary conditions for the metric of the dual AdS; spacetime,
which take the form

0 2 H 2
LA T AL &

()

where g, p are the Fefferman-Graham coefficients in the asymptotic metric expansion and v, L]

af
is the metric of the T T - deformed CFT. If we work in pure gravity, then the last term in (A.1)

becomes pu?g™ - the last non-zero term in the Fefferman-Graham expansion for this case [58]
- and thus the TT metric coincides with the induced metric on a surface of constant radial
distance p. = —u from the AdS; boundary, providing a link to the work of [59].

The phase space of the theory with a ﬂat T T metric corresponds to the most general grav-
itational solutions satisfying (A.1) with yaﬁ = Tgp- In [24], it was shown these are given

by
(dU + uL(v)dV)(dV + uL(w)dU)

g(o)dxadxﬁ
op (1= p2LW)L(v))>

=dudv,
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(1 4+ u2LWLM)) (L) dU? + L(v)dV?) + 4uLW)L(v)dUV
(1—u2LW) L)

where £, £ are arbitrary functions of the so-called field-dependent coordinates u, v, defined
via

8o dx"dxP = . A2

U=u—,uf L) dv, VZV—,U,J L)du', (A.3)

where U,V = o % t, as in the main text. Note our definition of £, £ differs by a factor of
4nG( from that of [24]. Also note that now £, £ can be arbitrary functions of their argument,
whereas in the main text the same notation denoted solely their zero modes. The function
L(u) is assumed to be periodic, and thus its primitive consists of a term linear in u that is
proportional to the zero mode of £, a set of non-zero Fourier modes, as well as a possible
constant term that will be denoted c,. The same applies to the primitive of £(v), where the
constant term is denoted c.

The expectation value of the holographic stress tensor, computed using holographic renor-
malization in presence of the mixed boundary conditions, is given by

2 ~ 2 ~
-2
TOEH]dxadx[j — ‘C(u)dU + E(V)dv ,UuC(U)ﬁ(V)d udv

p 20— 2LEW)) ’ (4D

and one can easily check it is conserved. One may use it to compute the left and right-moving
energies of the background, which are the conserved charges associated with the null transla-
tional symmetries of the T T metric, generated by 3, and J,,

HLzl do-'c(l;‘u'c_)zl do-ﬁao_u, HR:1 dO"c(l;M’C_):1 daﬁ_aav.
1—p2LL 2 2 1—u2LL 2
(A.5)

It follows that the field-dependent coordinates (A.3) have energy-dependent periodicities
2nR, = 2nR + 2uHpg, 2nR, = 2nR+ 2uH; , (A.6)

where R, ,, are the field-dependent radii of u, v and R is the radius of the o circle.

The asymptotic symmetries of the above set of backgrounds - which, by the standard holo-
graphic correspondence, are associated to the extended symmetries of the T T-deformed CFTs
- are generated by the most general diffeomorphisms that preserve the boundary conditions
(A.1). Working in radial gauge, one finds

Lp+w)pLf"W)—f"(v))
8nG(1—p2LL)

Lo +u)pLf" (V)= f" ()
8nG(1—p2LL)

gV = fw)+ul;(v)+

J

, P=Ep(f'WHfOv), A7)

gV =f(M+ulyw)+

where f, f are arbitrary functions of the field-dependent coordinates and Ly, E_f- are defined
as

Le(u)= Jdu/ﬁ(u/)f/(u’), E_f-(v) = Jdv’ﬁ_(v/)f/(v/). (A.8)

As before, these primitives are only defined up to an overall Fourier zero mode, which will be
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denoted as ¢, 2 CLp Under these diffeomorphisms, the background values of £, £ change as

LU W) + L) + BL(f +pLls) — g2 (F” +ulf")]
By = 2L )~ g w4 e ,
L'UFO) + L)+ pL(f +ply)— g (f” +uLf")]

. ¢ -
5. :f =20 F(v)— 1 .
FfL=2Lf"(v) _87TGf )+ 1= 2L

(A9)

Note that general variations of £, L can be decomposed into an ‘intrinsic’ part, which only
depends on u and, respectively, v, and one induced by the change éu, v in their arguments

SL(w) = 8L, (W) + L' (W), SL(V) = 8L, () + L/ (v)5v. (A.10)

Since the coordinates u, v depend on the field configuration, we need to pay special attention
to the quantities that are being held fixed in any given variation, i.e. whether it is the fields,
the coordinates, or both. For example, the values of 6 ;,,;, 6u that correspond to (A.9) are ob-
tained by assuming that the field-independent T T coordinates U, V are fixed in the variation;
the result is given in (A.42).

The conserved charges associated with these diffemorphisms were proposed in [24] to be

1jgdof(u)ﬁ(u)(l +_,u£) = 1% do f(u) L(u)d,u, (A.11)
2 1—u2LL 2

and similarly for the right-movers, where f was assumed to be a periodic function of t = u/R,,
as required by conservation. This proposal was based on the fact that the currents Ty, f (u) are
conserved for arbitrary f (u), and thus the above amounted to a natural guess for the conserved
charges. In this appendix, we will instead derive a variant of this formula using the covariant
phase space formalism and show that, whereas the proposal of [24] is essentially correct, the
relation between the periodic function that appears in (A.11) and the function parametrizing
the asymptotic symmetry generators is slightly more involved.

QL,f =

A.2 Conserved charges from the covariant phase space formalism

In this section, we compute the charges associated to the diffeomorphisms (A.7) using the
covariant phase space formalism and show that they are finite, integrable and conserved. For
this, we need to first properly set up the problem.

Setup

We start with a few important remarks. First, note that since the physical TT metric corre-
sponds, via (A.1), to the metric induced on the p = —u surface (in the pure gravity picture),
from the point of view of the TT coordinates U, V, the diffeomorphisms (A.7) act as

U—>U+f(u)+,u£_f-(v), V—>V+f(v)+,u£f(u). (A.12)

We immediately observe that f, f cannot be periodic functions of their arguments, lest the
periodicity of the coordinates U,V - which should be fixed - would be affected. We can thus
split f, f into a periodic and a winding part, assumed to be simply linear in the field-dependent
coordinates

f)=f(w) +wyu, f_(V):fp(v)-i-WfV. (A.13)
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This assumption is supported by the fact that the winding of f, f around the o circle is constant.
Using (A.5), we find that the windings satisfy

2nwfRu+u§ dvﬁ'fp’(v)+2uwaR =0, 2n-wva+uj€ du[,fp’(u)+2uwaL =0, (A.14)

and so they are determined by the periodic part of the function and the given background.

The second remark concerns the periodicity properties of §L;,,, defined in (A.10). Re-
member that in the covariant formalism, one always computes the charge difference between
two nearby on-shell backgrounds. We thus consider two backgrounds of the form (A.2) that
differ in the intrinsic values of £ and £ by 6 L;,,;, 5 L;,,; the differences Su, §v in the associated
field-dependent coordinates simply follow from the definition (A.3), taking into account the
fact that the TT coordinates U,V are fixed in this variation. Assuming that £(u) is a periodic
function of its argument, we can expand it in Fourier modes as

L(u)= Z L, e!Mu/Ru (A.15)
n
Its varition reads
; ou udR ,
— /Ru - u 7 /Ru
6L(u)= Zn: 6L, e u 4 (Ru R )Zn: inL,e™ (A.16)

where the variation of the field-dependent radius is generally non-zero, due to the fact that it is
proportional, via (A.6), to the difference in energy between the two backgrounds. Comparing
with (A.10), it follows that 6 £;,,; consists of both a periodic and a winding part

SLi (W) =68 (u)— %E'(u). (A.17)

int
u

Changing the intrinsic value of £, £ also induces a change in the field-dependent coordinates,
which is determined by the requirement that the coordinates U,V be fixed

u

v
5U:6u—,u£_5v—,uJ 5L, (v)dV' =0, 5V=5v—,u£5u—,uJ 5L (u)du’ =0.

(A.18)
These equations are easily solved to determine the associated 6u, 6v. It is again interesting to
look into the windings of these coordinate differences. Plugging (A.17) into (A.18) and taking
the variation, we find that the windings satisfy

udR,
R,

Wy — ULV )ws, —,ujg 8L (v)dv + (2mR,L(v) —§ L(v)dv)=0,

int

ws, —uL(Wws, — ujﬁ §LP (w)du+ %(ZTCRH,C(U) —}5 L(u)du)=0. (A.19)

By requiring that the terms proportional to £(u), £(v) cancel separately, we find a natural
solution where the windings are constant, with

wg, =2nOR, = 2udHpg, wg, =2nOR, = 2udH; , (A.20)

where we have used (A.6). Plugging these back into (A.19), we find the following constraint

SR . OR
26HL = f 5£fm(U)du +2H; R - 5 25I_IR = é 6£?nt(v)dv + 2Hp R - B (A.21)

u v
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which should better be satisfied by the variations of the left- and right-moving Hamiltonian
given in (A.5). One can check this is indeed the case, since

SH; = 565{ dod,ul(u) = 5}5 do (5£fnt +L Ru“)30u+ E% o (£5u_ Ruu ) ’

(A.22)
and similarly for the right-moving Hamiltonian. Note that, thanks to (A.20), the term in the
second paranthesis has no winding, so the total derivative can be dropped. Thus, the consis-
tency requirements (A.21) are indeed satisfied.

The solution to (A.18) is found to be

p " SLPOAY + 2L [ 6 LP(W)dU — pLVSR, —UGR,
u=

YT +16R,,
Ysrrdu’ + p2L [T 6 LP(v))dY — wLaSR, — VSR,
5y — 1L LI { zg(g) a +96R,, (A.23)
—u

where we have defined two new periodic functions

500 =607 + 2R

int R
v

SLP=6LF +L’5R“ ,

int R
u

(A.24)

and we have introduced the normalized field-dependent coordinates &t = u/R,, V = v/R,,
which have fixed periodicity 27. Note that, according to this definition

Su=R,60+0u5R,, 6v=R,59+7V5R,, (A.25)

so the entire winding of éu, 6v is concentrated in the last terms of (A.23), whereas the rest
can be identified with R, 611 and, respectively, R, 67, both of which are periodic on the cylinder.
Note the primitives of 5§£P and 6 LP are still ambiguous up to a constant term that equals 5c,
and, respectively, 6cz, where we assumed that the constant ambiguity in (A.3) may depend
on the field configuration.

Computing the conserved charges

We are finally ready to compute the charges associated to the diffeomorphisms (A.7), using the
standard formula (84) in the covariant formalism. We find that the charge difference between
two backgrounds that differ by 6 £;,,;, 6 L;,,; is given by

$Qs7 = %jgda(faoué'ﬁim — fo,v8L,)+ %f daﬁo[Su(ﬁf — L)~ 5W(Ef — ;)

+3@su—2,0m 41,
(A.26)

where 6u, v are determined by 6L;,; via (A.23). In order for this expression to be well-
defined, it should be the integral of a periodic quantity. This is not obvious a priori, since the
integrand of the first term has winding - given in (A.17) - that needs to be carefully taken into
account, as do the terms under the total derivative.

Let us start by analysing the term on the second line of (A.26). Its only potentially non-
zero contribution to the charge comes from winding terms in du and 6v, whose form is given
in (A.25). It is then easy to see that their u, v derivatives will just produce a periodic function
under the total o derivative, which can be dropped.
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Moving on to the first term in (A.26), we plug in the explicit form (A.13) of f and write it

as

3 § 400, w005 = 5 § do o (o2, +£5) -

p OR u , 2Wf6Ru
+ ud,u wf5/$l.m+ R Efp+ R L], (A27)
u u

where we have integrated by parts all terms containing £’. Next, we write the contributions on
the second line by introducing the primitives of the terms in paranthesis, which are separated
into a periodic part and a purely winding part proportional to the zero mode of the function,

e.g.
doud,u.

u
jgdaua u5£fm = f doud, (f 5Cfmdu— 7R, jg oL fnt) e 5£fm
(A.28)

Dropping the zero mode of the term in the first paranthesis, which does not contribute, and
integrating by parts, the first term yields a total derivative minus a term whose circle integral
vanishes. Applying such manipulations to all the terms, we find

1 1
5 ff dof(u)o,udL;; = 5pr + = ffdaaa [qu(J 5Efm - —}5 5£fnt)
26R,
Ru 27 R, 27 -

SR 5Ruwf \ v &R
5 p u / _ u
+( J; Lot R, Lf,+ R, j€£j4rrRu R, Luf (u) |,

(A.29)

where the subscript on the parantheses indicates the zero mode of the given quantity is not
present. We also introduced the trivially integrable quantity

1 A 1 OR, 1 .
5Q, = 5[5 f dafp(u)aauﬁ} = f dof,d.u (5c§’m + ER—) +5 jé dod,(f,LR,51)

u

=2 f dof,(0)2,u5LP. (A.30)

The total derivative term was dropped because &1t has no winding and we have explicitly used
the fact that the periodic function f, only depends on u (and R,) through the combination
it = u/R,. Plugging (A.29) into (A.26) and dropping all the terms without winding, we find

L u ) . 5R
Qs =0Qy, +§§daag [qu(f 5£p)m+(wfﬁu_f ﬁ(fp/+Wf))Ru5u—u RuuCz:f
u? SR, )
_4nRu(wfj€5[,p+ R fc(fﬁwf) +RM,  (A31)

where ¢, f is the integration constant appearing in the definition (A.8) of £; and “RM” stands
for the right-moving counterpart of these terms, which is simply obtained via minus the re-
placement f « f, L < L, etc. Note that we have a number of terms with double winding,
which render the integral inconsistent i.e., dependent on the starting point on the circle. In

40


https://scipost.org
https://scipost.org/SciPostPhys.16.1.006

Scil SciPost Phys. 16, 006 (2024)

the following, we would like to show that they cancel. We start from (A.23), which implies
that

u
5
LR, 60 +f scp =22 (A.32)
u

V\fhere we recall that the zero mode of f ‘s L, is 6¢,. Replacing the fu L( fp’ + wy) term by
5 55 L( fp’ +wy ) - as their difference is a periodic function that can be dropped from the integral,
including its zero mode - and using (A.14) to write f L( fp’ +wy) in terms of wy, we find

BQ;=5Q; + %jgdoag [wf ”iv + WJ;R”ufsa— 4;; (2wf5HL - Wﬂ
—n(cg, 6R, +6c,weR,)+RM. (A.33)
At this point, it is useful to write
=0+ Al, V=0+ AV, (A.34)

where Ail, AV are periodic. The expression for the charge difference becomes
1 o? . .
$Qs 7= 6Qf + M dod, ?(wfRué'Rv +WwsR,6R,)+ ORR, (WO AV + w6 AQ)

+o(wsR,O0R, AV + Wf‘Rv5RuAﬁ):| — rt(cﬁf OR, + 6¢c,wsR,)+RM,
(A.35)

where we dropped all the periodic terms under J,. Since the expression in paranthesis is
entirely symmetric under f «— f,u < v and the RM contribution is just minus the left-moving
one with f <« f,u <> v, all the winding terms cancel and we are left with

ﬁfo = 5pr + 5Qf-p +7 (cﬁ-f_5Rv +0oc;WiR, —cr; OR, — 5c£wfRu) , (A.36)
where we have defined
_ 1 _ 1 . _
5pr =6 |:—§ f dcraavfpﬁ] = —§§ dof,(V)0,voLP. (A.37)

It is clear that the charge (A.36) will only be integrable for special values of the integration con-
stants. One such value is of course zero; a more non-trivial choice would be to take ¢, = 2aH;
and ¢ ;=@ f Lf' for some constant a. In both cases, the contribution of the constants to
the conserved charges vanishes. As it is hard to imagine how one could obtain a non-zero
contribution that is integrable for general variations, we will simply choose these constants to
be zero, which amounts to a particular way to fix the ambiguities in the definition of u, v and
ﬁf .

Final result

Upon a trivial integration in phase space, the final result for the holographic conserved charges
of TT-deformed CFTs is

1 1 - _ -
ij:E%dﬂfpaou,c—ijfdgfpao-VEEQf +Qf’ (A.38)

which precisely agrees with the formula already proposed in [24]. Note, however, that the
derivation presented in this section is entirely from first principles and the steps through which
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we arrived at this result were rather non-trivial: first, we showed that the functions f (v), f(v)
that parametrize the asymptotic diffeomorphisms of the space-time dual to T T-deformed CFTs
necessarily have winding, which is entirely fixed (A.14) by the periodic part of the functions
to

- UR ’H, -

Wi = et e YT e ;RR;QJ;;. (A.39)
Then, we proved that only the periodic part of the functions enters in the charge formula, as re-
quired by conservation. For this reason, the notation Q; and Q f, can be used interchangeably.
As we will see in the next subsection, the non-trivial structure we have found does nevertheless
have consequences for the charge algebra.

Our derivation assumed - specifically in (A.30) - that the periodic part of the function f
only depends on u and R,, via the combination &t = u/R,. Note that more possibilities to obtain
integrable charges open up if we relax this requirement. For example, if we consider instead
the rescaled function R, f (1), the charge variation given by our general formula (A.36) is

BQr, s r,f =RubQs, —mcg, 6R,—bcewp Ry +RM. (A.40)
This variation can be rendered integrable by choosing 6¢c, = 6¢; = 0 as before, but now with

Qs Qf
— , Cp. = .
TR, f @R,

= (A41)
Using the fact that the charge is linear in the function f, this turns the right-hand-side into a
trivially integrable 6(R,Q fp) - the charges associated with the rescaled diffeomorphisms.

A.3 The charge algebra

In this subsection, we compute the algebra of the conserved charges we have found. As briefly
reviewed at the beginning of section (4), in the covariant phase space formalism the charge
algebra is given by 6, Q;: the change in the charge associated to an allowed diffeomorphism
& between two backgrounds that differ by another diffeomorphism, y. In our case, both dif-
feomorphisms are of the form (A.7). We will take y, which acts on the background, to be
labeled by two functions g, g. The associated 6, L is given in (A.9) with f replaced by g, and
the corresponding & £;,, and Su are given by?°

(
EXEM = 2£g/ +£/g— %g“/—ﬁ/c?xcu,

2 ;= L =n 27 |7
5xu:u(ﬁg+ﬁg scg ) +u £_(£g+£g 58 )+5xcu, (4.42)
1—u2lLl

where 6¢, (and its right-moving counterpart, 6c,) represents an ambiguity in distributing
19) x[’ into an intrinsic variation and one due to the shift of its arguments, as in (A.10). This
ambiguity does not affect the previous discussion, where it was assumed that 6 £;,,; was given,
but it does enter here, where only the total variation (A.9) is known. Upon distributing the
6¢, factor between the two parantheses (and similarly for its right-moving counterpart), one
can easily read off from this solution the zero modes 6c,, dc; of fu5 LP and f "5 .LP
Qqg, 6,¢
nR, u mR, *"

Q; &,¢ H
§p=cp ——2 4 AR5 e (A43)
¢ @R, u nR,

o,cc= e, t

20Note that Su is not given by (A.7) translated to the u, v coordinate system; rather, (A.7) describes a change
in the coordinates U,V with the intrinsic part of the £ variation set to zero, whereas (A.9) represents the same
transformation of the bulk metric produced from a change in the fields, but with the TT coordinates U,V held
fixed.
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Remember that integrability of the charges required that 6c, = ¢, ;= 0. This, together with
the equation above, determines the values of 6,¢, ,, in (A.42).

Plugging in the explicit form (A.13) of g, we find that 6 £;,,, has a non-periodic part pro-
portional to Wguﬁ’. Comparing this with the general form (A.17), we conclude that

o,R 6,R
T S N M T L (A44)
R, TR, R, TR,
Comparing this with the general formula (A.39) for w,, w;, we find a prediction for how H;
change under the diffeomorphism, which should tell us about the corresponding commutators
of the Hamiltonians with the conserved charges
R,R uH;R, - R,R, -  uHRR

_ Mty Vo)., —
6)(HL - RRH le’) + TERRH Qgp’ 5XHR

“Q, . A.45
R, (A.45)

Given the expression (A.42) for 6L;,;, we can obtain - using (A.24) - the periodic quantity
6 LP(u) that enters the formula for charge difference

5£p(u)=2£g;+£’gp+wg£—8:+G "—L'5c,, (A.46)

where g, is the periodic part of g. A similar expression holds for the right-movers. The charge
difference between the two backgrounds is given by

Qs(6,9) = %§ dof, (Zﬁg +L'g, +w L— LGg/") Oyl
e 177
%j(dufp(u)g (w+= §>d08 (Lfpr8p)

+RM. (A.47)

= Qf, gy —g,f, TWeQy, + 0,6, Qpr —

The last term integrates to zero, as all the functions under the derivative are periodic, and the
third term yields the usual central contribution. We can immediately check that for f =1, for
which we obtain & His this result agrees with (A.45) above. The final result reads?!

5fo,f_ = prg}/,_gpfp/+Qf_pg;_gpfp/+ngfp+ngQf_p+5xCu pr/+5xcv pr/'i‘lep)gp'i‘lep’gp . (A.48)

Plugging in the values of 6 ¢, , and w, 5, we find a non-linear algebra. To present it, it is useful
to split the commutation relation between left-movers and right-movers, by associating Q¢ to
the case where f,, # 0 and f,, = 0, and the reverse for Q 75 note that in both cases, the winding
parts of f and f are non-zero, being determined by the periodic parts via (A.39). The charge
algebra that we find is

{Qf:Qg} prgp gpf (Qng Qng’)+ICf,g:

Mz

{Qf‘,Qg} Qfg ~&f,  T2RR.. (Qng Qng/)"‘ICf,g, (A.49)

where K¢ , is the central extension in (A.47), and ICf- g is its right-moving counterpart. For
the left-right commutator we find

Q7 Qs} = 5 (RuQpQs +RUQs Q). (A.50)

. = R, R, — .

*'Noting that & ¢, (_ng +6,¢,Qp =wy ("7510‘, —HL5XCU) +wj (HR(SZCV - %51%) =—w;Q, —w;Q,, where
we re-expressed Q;,,Qy in terms of the winding using (A.39), the non-linear correction to the charge algebra can
be written more symmetrically as (6, Qs Fnonsin. = WoQs +W;QF —W;Q, —WrQ; .
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It is useful to rewrite these charges and their commutators in terms of a Fourier basis, where
fn= e"/Ru gnd fn= —e /Ry We find

. . 1 ‘UZHR c m3
l{Qm: Qn} - Ru (m n)Qm+n + ﬂzRRHRu (m n)Qan + 12R3 5m+n >
. 1 - u?H - cm?®
l{Qm: Qn} = R_v(m - n)Qm+n + W;Rv(m - n)Qan + @5m+n >
. - m—n -
H{Qu, Qu) = —%Qan. (A51)
H

The semi-classical commutation relations are obtained by the replacement i{,} — i '[,].
However, we expect this to yield only the first term in the expansion of the full quantum
commutator with respect to f, as in principle a Poisson algebra, such as the one we find here,
can contain arbitrary powers of the generators; in particular, in the full quantum theory the
ordering of the generators that appear in the non-linear correction would need to be specified.
This issue is further discussed in [37].

We would now like to match this algebra with the symmetry algebra of TT - deformed
CFTs, which was argued in [36] to be Virasoro x Virasoro in a certain basis. For this, it is
interesting to work out the algebra of the rescaled charges Qg ;. Remember that, due to the
integrability constraint, the variation of this charge was not simply equal to R,6Q¢, which
implies that the algebra of these charges will be different. The main difference is that now the
value (A.41) for the integration constants ¢ ;€ Z; when plugged into (A.43) with § 2c.2=0

sets 6, ¢, = 0. This new solution affects the charge variation, which now reads

RZ
Or,gQr,f = ReQp 1,11 — @ § duf,g,’ +weR,Qf +QsO¢R,. (A.52)
Since 6 4R, = —w,4R,, the last two terms cancel and we are left with a Virasoro algebra with the

same central extension as the undeformed CFT, precisely reproducing the prediction of [36].
It is to be expected that this algebra will not receive further quantum corrections. In the
semiclassical limit, the Virasoro generators are simply rescaled versions of the ones in the
Fourier basis by a factor of R, ; however, their relation could become more complicated in the
full quantum theory.

Note that from a field-theoretical perspcetive, the fact that multiplying the generators by a
factor of the field-dependent radius, which depends on the Hamiltonian, changes the algebra of
the corresponding generators is trivial. However, in the covariant phase space formalism, this
multiplicative factor is simply seen as a c-number, and it is the integrability of the conserved
charges that ensures that the correct algebra of the rescaled generators is reproduced, via
the subtle contributions of integration constants that were constrained by integrability, as we
explained.

Finally, let us note that it is not clear whether the representation theorem - which in the
most general situation that is currently known links the variation of the charges to the modified
Lie bracket (96) of the associated vector fields - holds in our case. The reason is that the
modified Lie bracket (96), when applied to the vector fields (A.7), does not yield a vector
whose winding is constant. While it may still be the case that the charges associated with this
more non-trivial vector only depend on its periodic part, a separate analysis would be needed
to ascertain it. The more likely scenario is that the modified Lie bracket needs to be modified
even further in order to hold in these situations. In appendix (B.3) we discuss an additonal
modification that appears to be needed, independently of the winding.
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B Perturbative analysis around constant backgrounds

In this section, we particularize our non-linear expressions for the field-dependent coordinates
and allowed diffeomorphisms in the spacetimes dual to double-trace T T-deformed CFTs to
constant backgrounds and small perturbations thereof, in order to facilitate the comparison
with the analogous quantities in the asymptotically linear dilaton backgrounds. We also re-
compute the charge algebra from the ground up using these perturbative expressions, in order
to mimick the analogous computations in the asymptotically linear dilaton backgrounds; the
details of the two sets of computations turn out to be extremely similar. Finally, we check that
the representation theorem - which is needed to determine the allowed diffeomorphisms of
the perturbed asymptotically linear dilaton specetimes - does hold in the related double-trace
TT dual at least to leading order in the perturbation, so we can still trust it for the purposes
of this article.

To avoid confusion, in this section the constant backgrounds and their associated field-
dependent coordinates will be denoted as £©, £ and, respectively, u®, v(®), whereas the
superscript is dropped in the main body of the paper.

B.1 Perturbative expansion of the symmetry generators
Constant backgrounds

When £, £ are constant, the equations (A.3) are trivially solved for u(®,v(® in terms of the
fixed TT coordinates

Lo - UHnLOv g v+u®u B.1)
1—p2LO L0 1—p2LOLO ‘
In terms of the natural parametrization (34) of the linear dilaton background, we find

+p)U+2uL,V +pB)V+2ulL,V

40 (p+8) WLV o) 2 (p+p8) uL,v- (B.2)

2p 2p

The allowed diffeomorphisms £  upon such a background take the form

gV = fN+plOGFOMN~f), & =Ff0N+uLOU@N~f), B3

and £P = p(f’ + f'), where we have specifically made the choice ¢z, = 0, which amounts to
subtracting the Fourier zero modes f;, f, of the two functions, i.e. we are considering the dif-
feomorphisms associated with the “unrescaled” generators of the charge algebra. In addition,
we have chosen to ignore the effect of the radial component of the diffeomorphism on n%>V by
dropping all the terms proportional to £/(8tG) from the diffeomorphism, which amounts to
discarding the contributions proportional to the central charge. The reason behind this choice
is that the radial component of the diffeomorphism in the spacetime dual to TT - deformed
CFTs does not match the radial component of the Einstein radial gauge diffeomorphism in
the asymptotically linear dilaton backgrounds, so a comparison cannot be made anyways. In
addition, in the asymptotically linear dilaton backgrounds we set F, = 0 , which significantly
simplifies the O(e) computations.

Note also that since the functions are periodic to this order, there is no winding that needs
to be compensated and the change of coordinates U —» U' = U+ €&V, V - V' =V + €&V
is well-defined. Another way to see this is that the extra winding in (A.39) vanishes because
Qfs Q 7/ are zero for the constant background.
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Perturbed backgrounds

Let us now perturb the constant background by a diffeomorphism 7y, ; of the form (B.3),
labeled by two periodic functions h(u) and h(v). The TT coordinates change as

U—-U=U+enY, VoV =V+en'. (B.4)

From the active point of view, acting with this diffeomorphism changes the values of £, L.
Particularizing (A.9) to constant parameters and dropping the f””, f”/ terms since they are
proportional to £/(87G), we obtain

L) =L +2eLORV W) +0(e?), L)=LD+2eLOR D)+ 0O(e?).  (B.5)

With these expressions for the parameters, we solve again the equations for the field-dependent
coordinates up to O(¢€)

u=u®+ey®

U+ 2uelLOh — fzo) + ,uﬁ_(o)(V + 2,ue£(0)(h —hy))
B 1— 2 L0 £0) ’
_ V+2ueLOM—hy) + uLOW + 2ue LO(h—hy))

— 40 1 = B.6
v=v""+e€v 1_‘u2£(0)[:(0) i (B.6)

where the zero mode of h,h has been removed because for h,h constant, the transforma-
tions(B.4) are simply isometries of the background, which do not affect £(®, £, and thus
one should not have to change the definition of the field-dependent coordinate. This also
agrees with our general rule of setting to zero the integration constants c,,c;. The allowed
diffeomorphisms upon this background take the form

NO)

gV = f(u)+ ,uJ L = fW® + euD) + uLOF @ + ev®) — f) + 2ue£O f Hf',

u u©
£ =f0+ uJ La)f" = FOO+ev®) + uLO( @ + eu™) = fo) +2ueL® | H'f’.

(B.7)
For the comparison with the asymptotically linear dilaton background, it is useful to write
down explicitly the O(1) and O(e) terms in the expansion of these diffeomorphisms as in
(102), where £ is given by (B.3) and £V reads

gy = %[m —ho +puLOh—hg)) + uLOF (h—ho + uLO(h— ho))}
NO)
. f W,
gV = %[f’(h —ho+puL(h—ho)) +ulOf (A —ho +puLOh - ho))]
u©
+2u£(°>f nf'. (B.8)

It is important to note that the functions f, f above do have winding, contrary to the homony-
mous functions in the main text, which are purely periodic. As per our general discussion, this
explicit winding is determined by the requirement the periodicities of the U,V coordinates
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be fixed. Given that the winding only appears at subleading order in perturbation theory, it
appears useful to separate the diffeomorphisms (A.7) into two parts

Erf=Cm+Ew> (B.9)

one determined by the periodic part of the functions f, f, and the other purely associated with
the winding part, which we will sometimes call a “compensating diffeomorphism”

Egy)zwfu+wf-(u—U), EXW)=Wf-V+Wf(v—V), pW = p(wy +Wf), (B.10)

where the coefficients w 7. f are fixed as in (A.39). For the perturbative analysis at hand, & @)
simply corresponds to (B.7) with the functions taken to be periodic and

E(W) =qu( )+,uwf- E_(O)V(O), iz/w) zwf-v( )+,uwf£(o)u(o), (B.11)
where the windings are given by
2ulLO(—§ dvOf'R + uL® § du®n’f’ )
2nR(1 + u L)
2ulLO(—§ du®f'n + ul® § dvOn'f")

Wi = €. B.12
f 27R(1 + pl©) (B.12)

wg =

)

This is in perfect agreement with (A.39) evaluated at this order, where
Q; =eL® j( du@n'f’,  Qp=—eL® jg dvOR'f’, (B.13)

and we use the_fact that H; = =0 )nR , Hg = £(0)nRv, which follows from (A.5), as well as
Ry/R, =1+ ul®, etc.

B.2 The perturbative charge algebra

In this appendix, we compute the charge algebra corresponding to the asymptotic vector fields
(B.8) up to O(e). For the comparison with the asymptotically linear dilaton analysis, it is
useful to split the computation of the charge difference at O(e) according to the splitting of
the vector fields into periodic and winding parts

5X(p)+l(w)Q€(p)+5(w) = 5X(p)Q5(p) + 5l(w)Q§(p> + 5l(p)Q€(w) + 5l<w)Q§(w) : (B.14)

Since the compensating diffeomorphisms are each at least O(e), the last term does not con-
tribute to the order we are interested in.

Let us first compute the algebra of two left-moving diffeomorphisms, by setting all the
periodic functions of v(?) to zero. As before, the diffeomorphism £ is given by the periodic
function f and y by g. We start by computing the charge difference 6 20 QE ) The zero

modes hy, hy do not contribute to the result. After various integrations by parts, we checked
that the function h and its derivatives do not contribute to the result and we are left with

5l(p)Q5<p)

L[(O) /1.7 /1.7
= 0 T2 0 §aog( [y a0 SN L o)
1—u2L0£0) 27R 27mR
+ uzﬁ(o)ﬂo)( fojé dog'h’ + g0§ do f’h’)
+j€ do((l —u2LOLOY o' (14 p2L@ L0, f’)h’], (B.15)
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where we split the first term into an integral of a periodic function and one of a non-periodic
one. We integrate by parts the periodic part

(0) . ddof'n
_ 0 N RPN e X of i (0)
5X(p)Q5(p) =L f do(fg' —gf"h 1—u2L0 L0 2WLTL 27R jg dou™g
+ ”uﬁ(o) 2 £(0) 7(0) fod dog'h’ — dof'n (B.16)
1— 200" ofdosR T8 ' '

2u?LOLO §doh's’
1w LOL©® 27k

It is useful to rewrite the expression above using the winding, w; = , which

we particularized for f = 0. We obtain
1
81 Qe = Tul™” jé do(fg' —gf W —r, LOw, jg dou@g’ + ru£<°>§an(wg fo—wrgo)
=Qgi—gf + ng}O) —wa(gO) — ruﬁ(o)wf § dou©@yg’, (B.17)

where in the last line we recognized the charges at O(e) and O(1) respectively. Next, we

computed the charge difference 6 200 Ry which vanishes

1+ ,u/f(o)

— o__- ==
5X(w)Q€(p) =wel 1—p2L0) L0

%do(f—fo) =0, (B.18)

because it is the integral on the circle of a periodic function without zero mode. Finally, we
computed the charge difference 6 X(p)QE(W)’ which can be written as

1+ ,uﬁ_(o)
(1 —u2L0)£(0))2

5X(p)Q§(w) = wfﬁ(o) } do(U+ulOV)g’ = Wfﬁ(o)ru§ dou@g’. (B.19)

This contribution cancels exactly the non-periodic part of &
result for the total charge difference

20y QE > leading to a well-defined

{Qg, QX} = 5XQ§ - Qfg’—gf/ + WgQScO) - WfogO) . (BZO)

Clearly, this matches the final double-trace result linearized around constant backgrounds.

We should point out that removing the zero modes from the vector fields as in (B.3) is of
utmost importance in obtaining the correct non-linear charge algebra. Had we not done so, it
would have amounted to choosing constants in (A.43) c, ;= LOf, and & gCr = 2LO0g,. The
naive calculation would have seemed to work, as the integrals of non-periodic functions cancel
consistently with each other. The remaining terms yield however an incorrect result that we
can recover directly by setting to zero f,, g in (B.15) and (B.18)

5,Q¢ ruﬁ(o)jg do(fg'—gf)h' + 27'5Rru£(0)(wgf0 —w;go)+ O(e)
= Qpg—gpr + 2w, QY —2w QY + O(e?). (B.21)

Finally, by removing twice the zero modes, which corresponds to the choice c ;= 2L fo and
04¢, =0, we obtain, letting f, — 2fy, g9 — 28 in (B.15), (B.18)

5ZQ€ :Qfg/_gf/ +O(€2) (B22)
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Multiplying the charges by R, as dictated by integrability and taking the derivatives with re-
spect to u/R,,, we find the Witt algebra of the rescaled generators.?>

The algebra of two right-moving generators works in an exactly analogous way. In order
to obtain the mixed commutator, we repeat the previous computation for one “left” and one
“right” vector field. The periodic-periodic charge difference is

4

_ Uﬁ(o)ﬁ_(o) © , ., (O)f)gde'h’
67?(p)Q§(p) - (1 _‘uzﬁ(o)ﬁ'(o))z _2(1 +M,C ) dO'g f h'—u W

_ _ dof'H
+ £(1 +uc(°>)j£ dog'h+(1+ ud%% do(g,—23)f'h' —2(1 + udo))%jg dog’u(o)] )
(B.23)

After integrating by parts the first term and recognizing the windings, we are left with

Wf'gO[',(O)(l + ME(O)) _ng()[’(O)(l + ‘u[:(o))
2(1 — u2L0)£(0))

2

T
_ = .0 0) 5/
5%(p)Q€(p) =2nR +wil " § dou*’g’.

(B.24)
Next, we computed the charge difference
_ 1+ul@ o)
The last contribution to the charge difference is given by
0 7» Qe = _Wf_E_(O)rv f dovi?g’. (B.26)

Adding to it the last term in (B.24) and splitting the field-dependent coordinates into a part
proportional to o and one proportional to t, we see that the terms proportional to o cancel
among themselves. The ones proportional to t do not contribute either since

] © 0 ] 9(1 — y2 2O FO)
wf-E(O)rf dog"’(u _Y ) = wf-ﬁ(o)rf a—p _) tpdog’ =0. (B.27)
. r, (1 + L) (1 + uLo)

The remaining terms in (B.24) and (B.25) give
1 5 _
5;Qz = 52mR(w for LV + wygor, L) = we QP —w;QY, (B.28)

which is the double-trace result linearized around constant backgrounds.

In order to see all the non-linear terms of the T T algebra, one needs to expand the final re-
sults up to O(e?). Such terms are proportional to the windings, which are at least O(€), so one
can naively expect to obtain them from the vector fields expanded up to O(€) only. However,
this is not true, as one can see from the expansion (B.7), which is valid for the full functions
f,f and not only their periodic parts. Particularizing the functions to f = w ¥ u® f=w 7 v(©),
we obtain an O(e?) periodic contribution to the vector fields, which depends on the windings
up to O(e€) and enters in the non-linear charge algebra. Thus, we conclude that without the
knowledge of the vector fields up to O(e2), we cannot obtain all the non-linear terms in the
charge algebra.

220ur analysis can no longer see the central charge because we have set the responsible terms to zero in the
asymptotic diffeomorphisms (B.3) used in this appendix.
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B.3 Comments on the representation theorem

As discussed at the end of the previous appendix, the representation theorem in its most gen-
eral currently known form [49,50]

6,Qc = Qe 51, > (B.29)

where [&, y ], is the modified Lie bracket (96) of the two vector fields, may not hold for the
spacetimes dual to double-trace TT - deformed CFTs. Given the similarities between the
asymptotic symmetries of these spacetimes and those of asymptotically linear dilaton back-
grounds, one may worry that the representation theorem could be violated in the latter case,
which may in turn invalidate our use of this theorem in section (4.2) to fix the allowed diffeo-
morphisms upon the perturbed backgrounds. In this appendix, we show that the representa-
tion theorem does hold perturbatively to leading order in the spacetimes dual to double-trace
TT - deformed CFTs, which is sufficient for the purposes of this article.

More precisely, at O(1) the winding terms vanisgh and the vector fields are given only by
periodic functions. Thus, the problem with the representation theorem due to winding terms is
not present at this order. In this section, we show that standard modified Lie bracket is almost
enough for the theorem to hold for the “unrescaled” vector fields; an additional modification,
as imposed by integrability of charges, is required for the closure of the algebra. In the case of
the “rescaled” vector fields, which lead to a Virasoro x Virasoro charge algebra, the represen-
tation theorem is automatically satisfied. In both cases, for the computation of the modified
Lie bracket, it is essential to take into consideration the origin of the terms appearing in the
vector fields, which can only be inferred from knowledge of the full non-linear expressions in
double-trace TT - deformed CFTs.

Representation theorem at O(1) for the “unrescaled” generators

We compute the modified Lie bracket of vector fields at O(1). We restrict to left vector fields
by setting all functions of v to zero. Even though we set to zero the radial component of the
vector fields and we drop the terms proportional to £/(87G) as explained, we write also the
full result at the end of the computation.

For two vector fields of the form

NO!

£ =foy+ul f LOf by = £y +uLOG — fo)dy, (B.30)
the Lie bracket is given by
1+ Mz £0) 7(0) ) , MZ £0) £(0) , , )
(67 &l = [ T U8 =88 )+ T s eof = o) (o + 0.

(B.31)
The standard modification of the Lie bracket, taking into account the field-dependence in the
vector fields, is given by (96):

O

5,8 = f'5,u(y +uc®as,) + ZME(O)J g'f'oy. (B.32)

The last term, which comes from the intrinsic variation of the parameter in the integral

f 5 gﬁfgz f'1our is symmetric under f < g, so it will drop out from the modified Lie bracket:

(85,8, )e =85, 8 )im— (858, —8,8) =[5 Eelup +(F'6,u® —g'5,u )8y +uLs,).
(B.33)
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We can already predict, before plugging in the expression for & gu(o), that the algebra does not
close with this standard modified Lie bracket, because the U and V components of the resulting
vector field are proportional. This is not the case for our O(1) vector fields, for which the V
component differs by a subtraction of the zero mode. Let us see that indeed this zero mode is
not zero, preventing the algebra to close.

W2LO £

For constants backgrounds, 6,¢, = —1 22010805 which implies:

o 262LOLO

O = T aroim 8 &) (B.34)
Plugging in this expression, we find:
2 r(0) £(0) 2 r(0) £(0)
_ w L& L ,_( w L L ) ,] 0)
&&= (7 + T )~ (o o po gt ) @+ ue®a.
(B.35)

We can see now that the zero mode of the V component, as computed from the Lie bracket
and its standard modification, is uL©(f g’ — gf"),m # 0. For charge integrability, we need to
remove this zero mode, by a supplementary modification of the Lie bracket:

[gfa‘gg]**:[gfagg]*_([gfygg]:{)zmav (B.36)

With this modification, the algebra closes:

[gf) gg]** =[(f - afcu)g/ —(g— 5gcu)f/](aU + au'ﬁ(O)aV)
—uLOWf —55c)8 —(8—84¢)f Vamby »
= &(f—6pc)8—(g—6,c)f = Sfg—gf +0gCuSpr —0pCy g (B.37)

Mapping the vector fields to charges, this corresponds to:

{Qf) Qg}(O) = Q;Og)/_gf/ + 6gCuQ§cO/) - 6f Cquz) . (B-38)

(0)

f/’g/
0 _ 0

{Qf:Qg} _Qfg’—gf’ . (B39)

We checked that including the radial components and the terms proportional to £/(87G), we
obtain:

¢
(€55 €] = E(5—5,c)8'—(g—b,c)f” T M(ﬁ(o)((f —8pc,)g —(g—84c,)f")— ﬁ(f”g/ —g”f/)) Oy -
zm
(B.40)
Hence, all the terms group to give the full vector field we obtained before in the partial com-
putation, and the only modification is an extra “central charge” contribution to the zero mode
of the V component that we need to extract by hand. The final result after the modification is:

Since on constants backgrounds Q = 0, we are left with the correct result at O(1):

(€5 €edin = E(r=55c)g'~(s=5,c)f > (B.41)

leading to the correct charge algebra, up to the central extension that the algebra of vector
fields cannot see.
Let us now notice that a naive computation, without taking into consideration the fact that

©
uLO(f — fo) comes actually from u[ f Ly Lo leads to a wrong result, that needs extra
modifications of the Lie bracket:

5g€f :f/5gu(0)(8U +,LL£(0)) +u(s ﬁ(-o)f _ag(ﬁ(o)fo))av :f/5gu(0)(aU +“£(o))

&~int

+u2LOg"f —5,(LOf))8y . (B.42)

51


https://scipost.org
https://scipost.org/SciPostPhys.16.1.006

Scil SciPost Phys. 16, 006 (2024)

Hence, the modified Lie bracket would give:

2 r(0) ~(0) 2 r(0) £(0)
_ u L L ,_( us L L ) ,] 0)
27,6, = | (£ + T )¢ — (e T g ) (@ +uc®)
+u(2.c<°>(fg’—gf’)+6f(£<°>go)—6g(£(°>fo))av. (B.43)

For closure of the algebra, we need the result to be of the form:
F(oy +ul®8,)—uLOF,, 8y, (B.44)

for some periodic function F(u®). The last term needs to be constant, which is not the
case for our last term in (B.43), since & (LOg) -6 g(ﬁ(o) fo) is constant and fg’' — gf’
is not. Thus, the algebra obtained from this naive modification of the Lie bracket does
not close and we need to modify it further by extracting the nonconstant piece. The natu-

©
ral e)(iplanation for this modiﬁcation is that uLO(f — f,) comes from u[fu L£Of! Lunr and
ul f ‘ o4 L(O) u[f 522 8’1, =0, so that extra piece should not have been there

lnt
in the ﬁrst place

Representation theorem at O(1) for the “rescaled” generators

For the generators that lead to the Virasoro algebra, the representation theorem is satisfied
at O(1) with the standard modified Lie bracket. Again, we will write explicitly the partial
computation with radial component and terms proportional to £/(8tG) to 0 and state the full
result in the end. Let us remember that in this case
(0
f
7R,

cg, =—LOfy =~ (B.45)
Since windings are 0, 6R, = 0, so we can ignore the rescaling by the radius at this order
because it will not lead to any extra terms, but just to an overall multiplication factor. Thus,
we start with the vector fields of the form:

u©

£ =fa, +u([ J c(°>f’]M—£<°>fo)av = £ oy +uLOF —2f,). (B.46)

However, writing the last term as in the rightmost equation might be misleading, because the
origin of the two zero modes is different and this affects how we take their variations. The Lie
bracket gives:

C[14p2LOLO 20070 o o
(&7, 8elLn = [W(fg —gf)+ W(gof —fog )](3U +uL0y).
(B.47)
Let us now compute the modification to the Lie bracket, as before:
£
5,8 = f'5,u @@y +uL®a,) + “[f 8¢ L f Ly — 18 (L f0)0y (B.48)

The term with the primitive again drops out in the modified Lie bracket from antisymmetry.
The variation of the field-dependent coordinates is still (B.34). Hence we obtain

[£7,85)e = (fg' —8f )8y +uL®ay) —u(5 (LOf)—5(£LOg0))ay
=(f¢' —&f oy +uL®e,)~ (5gQ(0) 5,Q)ay . (B.49)
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We want to compare this modified Lie bracket with:

Erggr = (F& —8f WOy + L) —uLO( g’ —gf Vam +uice, .,

—(fo! — of! 0 y_o M ~0)
- (fg gf )(aU + I’J'L aV) 2 7TRu Qfg’—gf’ . (BSO)
We see that the two results agree if 6 gQJ(fO) -5 fogO) = ZQ;Og),_g 1 which is in agreement with
the charge algebra, from which we dropped the central charge:
0 _ ()
5ng - Qfg/_gf/ . (B.Sl)

With this condition satisfied by the constant terms, we see that we obtain precisely
[E¢,Eq]c = Efgi—gs- Taking into account the overall multiplication by R, and considering
the derivatives with respect to u/R,, we obtain:

[Rugf;Rugg]* :Rugfg’—gf/; (B.SZ)

which leads to the correct charge algebra.

Finally, we performed the same computation for the full O(1) vector fields. The result
(B.52) is still valid, now for full vector fields, while the constraint on the constants receives an
extra term

©) _ A0 ¢t ©) ¢ 11

5ng - Qfg/_gf/ 167TG du fg 5 (B53)
which is exactly the full charge algebra at O(1), including the central charge. With the con-
straint being automatically satisfied, we conclude that at least to this order, the algebra of
vector fields closes with the standard modified Lie bracket.

References

[1] J. Maldacena, The large N limit of superconformal field theories and supergravity, Adv.
Theor. Math. Phys. 2, 231 (1998), doi:10.4310/ATMP1998.v2.n2.al.

[2] A. Strominger, On BMS invariance of gravitational scattering, J. High Energy Phys. 07,
152 (2014), doi:10.1007/JHEP07(2014)152.

[3] T. He, V. Lysov, P Mitra and A. Strominger, BMS supertranslations and Weinberg’s soft
graviton theorem, J. High Energy Phys. 05, 151 (2015), doi:10.1007 /JHEP05(2015)151.

[4] H. Bondi, M. G. J. van der Burg and A. W. K. Metzner, Gravitational waves in general
relativity, VII. Waves from axi-symmetric isolated system, Proc. R. Soc. Lond. A: Math.
Phys. Eng. Sci. 269, 21 (1962), doi:10.1098/rspa.1962.0161.

[5] R. K. Sachs, Gravitational waves in general relativity VIII. Waves in asymptotically
flat space-time, Proc. R. Soc. Lond. A: Math. Phys. Eng. Sci. 270, 103 (1962),
doi:10.1098/rspa.1962.0206.

[6] S. Weinberg, Infrared photons and gravitons, Phys. Rev. 140, B516 (1965),
doi:10.1103/PhysRev.140.B516.

[7] S. Pasterski, S.-H. Shao and A. Strominger, Flat space amplitudes and con-
formal symmetry of the celestial sphere, Phys. Rev. D 96, 065026 (2017),
doi:10.1103/PhysRevD.96.065026.

53


https://scipost.org
https://scipost.org/SciPostPhys.16.1.006
https://doi.org/10.4310/ATMP.1998.v2.n2.a1
https://doi.org/10.1007/JHEP07(2014)152
https://doi.org/10.1007/JHEP05(2015)151
https://doi.org/10.1098/rspa.1962.0161
https://doi.org/10.1098/rspa.1962.0206
https://doi.org/10.1103/PhysRev.140.B516
https://doi.org/10.1103/PhysRevD.96.065026

Scil SciPost Phys. 16, 006 (2024)

[8] T. McLoughlin, A. Puhm and A.-M. Raclariu, The SAGEX review on scattering amplitudes
chapter 11: Soft theorems and celestial amplitudes, J. Phys. A: Math. Theor. 55, 443012
(2022), doi:10.1088/1751-8121/ac9a40.

[9] A--M.  Raclariu, Lectures  on  celestial  holography, (arXiv ~ preprint)
doi:10.48550/arXiv.2107.02075.

[10] S. Pasterski, Lectures on celestial amplitudes, Eur. Phys. J. C 81, 1062 (2021),
doi:10.1140/epjc/s10052-021-09846-7.

[11] W. Li and T. Takayanagi, Holography and entanglement in flat spacetime, Phys. Rev. Lett.
106, 141301 (2011), doi:10.1103/PhysRevLett.106.141301.

[12] D. Marolf, Asymptotic flatness, little string theory, and holography, J. High Energy Phys.
03, 122 (2007), doi:10.1088/1126-6708/2007/03/122.

[13] C. G. Callan Jr.,, J. A. Harvey and A. E. Strominger, Supersymmetric string solitons, (arXiv
preprint) doi:10.48550/arXiv.hep-th/9112030.

[14] N. Seiberg, New theories in six dimensions and matrix description of M-theory on T° and
T° /Z,, Phys. Lett. B 408, 98 (1997), doi:10.1016/S0370-2693(97)00805-8.

[15] O. Aharony, M. Berkooz, N. Seiberg and D. Kutasov, Linear dilatons, NS5-
branes and holography, J. High Energy Phys. 10, 004 (1998), doi:10.1088/1126-
6708/1998/10/004.

[16] O. Aharony, A brief review of Tittle string theories’, Class. Quantum Gravity 17, 929 (2000),
doi:10.1088,/0264-9381/17/5/302.

[17] D. Kutasov, Introduction to little string theory, ICTP Lect. Notes Ser. 7, 165 (2002).

[18] A. Giveon, N. Itzhaki and D. Kutasov, TT and LST, J. High Energy Phys. 07, 122 (2017),
doi:10.1007/JHEP07(2017)122.

[19] E A. Smirnov and A. B. Zamolodchikov, On space of integrable quantum field theories,
Nucl. Phys. B 915, 363 (2017), doi:10.1016/j.nuclphysb.2016.12.014.

[20] A. Cavaglia, S. Negro, I. M. Szécsényi and R. Tateo, TT-deformed 2D quantum field theo-
ries, J. High Energy Phys. 10, 112 (2016), doi:10.1007/JHEP10(2016)112.

[21] S. Dubovsky, V. Gorbenko and M. Mirbabayi, Natural tuning: Towards a proof of concept,
J. High Energy Phys. 09, 045 (2013), doi:10.1007/JHEP09(2013)045.

[22] S. Dubovsky, V. Gorbenko and M. Mirbabayi, Asymptotic fragility, near AdS, holography
and TT, J. High Energy Phys. 09, 136 (2017), doi:10.1007/JHEP09(2017)136.

[23] S. Dubovsky, V. Gorbenko and G. Herndndez-Chifflet, TT partition function from topolog-
ical gravity, J. High Energy Phys. 09, 158 (2018), doi:10.1007/JHEP09(2018)158.

[24] M. Guica and R. Monten, TT and the mirage of a bulk cutoff, SciPost Phys. 10, 024 (2021),
doi:10.21468/SciPostPhys.10.2.024.

[25] S. Chakraborty, S. Georgescu and M. Guica, States, symmetries and correlators of TT and
JT symmetric orbifolds, (arXiv preprint) doi:10.48550/arXiv.2306.16454.

[26] A. Giveon, D. Kutasov and O. Pelc, Holography for non-critical superstrings, J. High Energy
Phys. 10, 035 (1999), doi:10.1088/1126-6708/1999/10/035.

54


https://scipost.org
https://scipost.org/SciPostPhys.16.1.006
https://doi.org/10.1088/1751-8121/ac9a40
https://doi.org/10.48550/arXiv.2107.02075
https://doi.org/10.1140/epjc/s10052-021-09846-7
https://doi.org/10.1103/PhysRevLett.106.141301
https://doi.org/10.1088/1126-6708/2007/03/122
https://doi.org/10.48550/arXiv.hep-th/9112030
https://doi.org/10.1016/S0370-2693(97)00805-8
https://doi.org/10.1088/1126-6708/1998/10/004
https://doi.org/10.1088/1126-6708/1998/10/004
https://doi.org/10.1088/0264-9381/17/5/302
https://doi.org/10.1007/JHEP07(2017)122
https://doi.org/10.1016/j.nuclphysb.2016.12.014
https://doi.org/10.1007/JHEP10(2016)112
https://doi.org/10.1007/JHEP09(2013)045
https://doi.org/10.1007/JHEP09(2017)136
https://doi.org/10.1007/JHEP09(2018)158
https://doi.org/10.21468/SciPostPhys.10.2.024
https://doi.org/10.48550/arXiv.2306.16454
https://doi.org/10.1088/1126-6708/1999/10/035

Scil SciPost Phys. 16, 006 (2024)

[27] S. Forste, A truly marginal deformation of in a null direction, Phys. Lett. B 338, 36 (1994),
doi:10.1016/0370-2693(94)91340-4.

[28] J. Maldacena and H. Qoguri, Strings in AdS; and the SL(2,R) WZW model. I: The spectrum,
J. Math. Phys. 42, 2929 (2001), do0i:10.1063/1.1377273.

[29] R. Argurio, A. Giveon and A. Shomer, Superstrings on AdS; and symmetric products, J.
High Energy Phys. 12, 003 (2000), doi:10.1088/1126-6708/2000/12/003.

[30] S. Chakraborty, A. Giveon and D. Kutasov, TT, black holes and negative strings, J. High
Energy Phys. 09, 057 (2020), doi:10.1007/JHEP09(2020)057.

[31] A. Giveon, N. Itzhaki and D. Kutasov, A solvable irrelevant deformation of AdSs/CFT,, J.
High Energy Phys. 12, 155 (2017), doi:10.1007/JHEP12(2017)155.

[32] S. Chakraborty, A. Giveon, N. Itzhaki and D. Kutasov, Entanglement beyond AdS, Nucl.
Phys. B 935, 290 (2018), doi:10.1016/j.nuclphysb.2018.08.011.

[33] M. Asrat and J. Kudler-Flam, TT, the entanglement wedge cross section, and
the breakdown of the split property, Phys. Rev. D 102, 045009 (2020),
doi:10.1103/PhysRevD.102.045009.

[34] L.Eberhardt, A perturbative CFT dual for pure NS-NS AdS5 strings, J. Phys. A: Math. Theor.
55, 064001 (2022), doi:10.1088/1751-8121/ac47b2.

[35] M. Guica and R. Monten, Infinite pseudo-conformal symmetries of classical TT, JT and
JT,-deformed CFTs, SciPost Phys. 11, 078 (2021), doi:10.21468/SciPostPhys.11.4.078.

[36] M.  Guica, TT-deformed CFTs as non-local  CFTs, (arXiv  preprint)
d0i:10.48550/arXiv.2110.07614.

[37] M. Guica, R. Monten and I. Tsiares, In preparation.

[38] M. Guica, A definition of primary operators in JT-deformed CFTs, SciPost Phys. 13, 045
(2022), doi:10.21468/SciPostPhys.13.3.045.

[39] J. M. Maldacena, Black holes in string theory, (arXiv preprint) doi:10.48550/arXiv.hep-
th/9607235.

[40] G. Compere and A. Fiorucci, Advanced lectures on general relativity, Springer, Cham,
Switzerland, ISBN 9783030042592 (2019), doi:10.1007/978-3-030-04260-8.

[41] G. Compére, K. Murata and T. Nishioka, Central charges in extreme black hole/CFT corre-
spondence, J. High Energy Phys. 05, 077 (2009), doi:10.1088/1126-6708/2009/05/077.

[42] G. Compeére, M. Guica and M. J. Rodriguez, Two Virasoro symmetries in stringy warped
AdS3;, J. High Energy Phys. 12, 012 (2014), doi:10.1007/JHEP12(2014)012.

[43] M. Guica, K. Skenderis, M. Taylor and B. C. van Rees, Holography for Schrédinger back-
grounds, J. High Energy Phys. 02, 056 (2011), doi:10.1007/JHEP02(2011)056.

[44] S. Chakraborty, SL(2,R) x U(1)/U(1) CFT, NS5 + F1 system and single trace TT, J. High
Energy Phys. 03, 113 (2021), doi:10.1007/JHEP03(2021)113.

[45] M. Asrat, A. Giveon, N. Itzhaki and D. Kutasov, Holography beyond AdS, Nucl. Phys. B
932, 241 (2018), doi:10.1016/j.nuclphysb.2018.05.005.

55


https://scipost.org
https://scipost.org/SciPostPhys.16.1.006
https://doi.org/10.1016/0370-2693(94)91340-4
https://doi.org/10.1063/1.1377273
https://doi.org/10.1088/1126-6708/2000/12/003
https://doi.org/10.1007/JHEP09(2020)057
https://doi.org/10.1007/JHEP12(2017)155
https://doi.org/10.1016/j.nuclphysb.2018.08.011
https://doi.org/10.1103/PhysRevD.102.045009
https://doi.org/10.1088/1751-8121/ac47b2
https://doi.org/10.21468/SciPostPhys.11.4.078
https://doi.org/10.48550/arXiv.2110.07614
https://doi.org/10.21468/SciPostPhys.13.3.045
https://doi.org/10.48550/arXiv.hep-th/9607235
https://doi.org/10.48550/arXiv.hep-th/9607235
https://doi.org/10.1007/978-3-030-04260-8
https://doi.org/10.1088/1126-6708/2009/05/077
https://doi.org/10.1007/JHEP12(2014)012
https://doi.org/10.1007/JHEP02(2011)056
https://doi.org/10.1007/JHEP03(2021)113
https://doi.org/10.1016/j.nuclphysb.2018.05.005

Scil SciPost Phys. 16, 006 (2024)

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

G. Giribet, TT-deformations, AdS/CFT and correlation functions, J. High Energy Phys. 02,
114 (2018), do0i:10.1007/JHEP02(2018)114.

I. Papadimitriou, Holographic renormalization as a canonical transformation, J. High En-
ergy Phys. 11, 014 (2010), doi:10.1007/JHEP11(2010)014.

G. Barnich and E Brandt, Covariant theory of asymptotic symmetries, conservation laws
and central charges, Nucl. Phys. B 633, 3 (2002), doi:10.1016/S0550-3213(02)00251-
1.

G. Barnich and C. Troessaert, Aspects of the BMS/CFT correspondence, J. High Energy
Phys. 05, 062 (2010), doi:10.1007/JHEP05(2010)062.

G. Barnich, P Kielanowski, V. Buchstaber, A. Odzijewicz, M. Schlichenmaier and T.
Voronov, A note on gauge systems from the point of view of Lie algebroids, AIP Conf. Proc.
1307, 7 (2010), doi:10.1063/1.3527427.

G. Barnich and G. Compere, Surface charge algebra in gauge theories and thermodynamic
integrability, J. Math. Phys. 49, 042901 (2008), doi:10.1063/1.2889721.

G. Compere, P Mao, A. Seraj and M. M. Sheikh-Jabbari, Symplectic and Killing symmetries
of AdS5 gravity: Holographic vs boundary gravitons, J. High Energy Phys. 01, 080 (2016),
doi:10.1007/JHEP01(2016)080.

G. Barnich and G. Compere, Classical central extension for asymptotic symmetries at
null infinity in three spacetime dimensions, Class. Quantum Gravity 24, F15 (2007),
doi:10.1088/0264-9381/24/5/FO01.

G. Barnich, A. Gomberoff and H. A. Gonzéalez, Three-dimensional Bondi-Metzner-Sachs
invariant two-dimensional field theories as the flat limit of Liouville theory, Phys. Rev. D
87, 124032 (2013), doi:10.1103/PhysRevD.87.124032.

G. Barnich and H. A. Gonzalez, Dual dynamics of three dimensional asymptoti-
cally flat Einstein gravity at null infinity, J. High Energy Phys. 05, 016 (2013),
doi:10.1007/JHEP05(2013)016.

O. Fuentealba, M. Henneaux, J. Matulich and C. Troessaert, Bondi-Metzner-
Sachs group in five spacetime dimensions, Phys. Rev. Lett. 128, 051103 (2022),
doi:10.1103/PhysRevLett.128.051103.

O. Fuentealba, M. Henneaux, J. Matulich and C. Troessaert, Asymptotic structure of the
gravitational field in five spacetime dimensions: Hamiltonian analysis, J. High Energy Phys.
07, 149 (2022), do0i:10.1007/JHEP07(2022)149.

K. Skenderis and S. N. Solodukhin, Quantum effective action from the AdS/CFT correspon-
dence, Phys. Lett. B 472, 316 (2000), doi:10.1016/S0370-2693(99)01467-7.

L. McGough, M. Mezei and H. Verlinde, Moving the CFT into the bulk with TT, J. High
Energy Phys. 04, 010 (2018), doi:10.1007/JHEP04(2018)010.

56


https://scipost.org
https://scipost.org/SciPostPhys.16.1.006
https://doi.org/10.1007/JHEP02(2018)114
https://doi.org/10.1007/JHEP11(2010)014
https://doi.org/10.1016/S0550-3213(02)00251-1
https://doi.org/10.1016/S0550-3213(02)00251-1
https://doi.org/10.1007/JHEP05(2010)062
https://doi.org/10.1063/1.3527427
https://doi.org/10.1063/1.2889721
https://doi.org/10.1007/JHEP01(2016)080
https://doi.org/10.1088/0264-9381/24/5/F01
https://doi.org/10.1103/PhysRevD.87.124032
https://doi.org/10.1007/JHEP05(2013)016
https://doi.org/10.1103/PhysRevLett.128.051103
https://doi.org/10.1007/JHEP07(2022)149
https://doi.org/10.1016/S0370-2693(99)01467-7
https://doi.org/10.1007/JHEP04(2018)010

	Introduction
	Setup 
	The backgrounds
	Consistent truncation to three dimensions 
	Relationship to T - deformed CFTs

	Asymptotic analysis of the black hole backgrounds 
	The linearized solutions
	Choice of boundary conditions
	Conserved charges

	The charge algebra 
	Perturbative calculation setup 
	Allowed diffeomorphisms upon the perturbed backgrounds 
	Algebra of the conserved charges and match to T

	Discussion
	Conserved charges in double-trace T-deformed CFTs 
	Asymptotic symmetries of the dual gravitational background
	Conserved charges from the covariant phase space formalism
	The charge algebra 

	Perturbative analysis around constant backgrounds 
	Perturbative expansion of the symmetry generators
	The perturbative charge algebra 
	Comments on the representation theorem 

	References

