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1 Introduction

The microscopic origin of the Bekenstein-Hawking entropy of black holes has been one of the
motivating questions in quantum gravity for the past half a century. For extremal BPS black
holes, exact matches with the counting of D-brane microstates due to Strominger and Vafa [1]
is one of the major successes of string theory (around the same time Sen showed the entropy
of a ‘small’ extremal black hole up to a numerical factor is same as that of fundamental
strings [2, 3].1 The numerical factor, capturing stringy corrections in the near horizon region,
was fixed later using the attractor mechanism in [4, 5]). The most straightforward calculation
of D-brane degeneracies is at weak coupling, and the matching relies on the constancy of the
BPS index as one dial to the black hole regime at strong coupling. In some cases, at least a
subset of the states can be understood directly at strong coupling in the form of horizonless
BPS supergravity solutions [6-9] (see [10] for a recent review).

Moreover, the existence of a single-gapped BPS state in the N = 4 super-Liouville
quantum mechanics obtained by canonical quantization of the 2d super Jackiw-Teitelboim
effective theory description of near extremal black holes [11, 12], suggests a 1-1 correspondence
of horizonless BPS configurations and species of effective BPS end of the world branes in
the 2d description. Each of these would then lead to an associated contribution to the BPS
index. Of course, many of these configurations would be expected to involve D-branes and
stringy features, so their full description at strong coupling is complicated. The situation
away from extremality, however, appears to be conceptually much more difficult. This is
because ‘bags of gold” with spatially large regions behind the horizon already overcount the
Bekenstein-Hawking entropy even restricting to long wavelength gravity configurations (this
can be seen easily in the description with the end of the world brane mentioned above [13]).

'A blackhole whose curvature at the horizon of the strings frame metric (without any stringy corrections)
is of order strings scale at strings scale temperature is called a ‘small’ blackhole. For a small blackhole stringy
corrections extend up to the ‘stretched horizon’.



This overcounting is the direct origin of the black hole information problem, as the canonical
evolution of an evaporating black hole accesses these too numerous states [14-16]. One
possibility is that most of these states become null states due to exponentially fine-tuned
non-perturbative corrections to the inner product on Hilbert space [17], as suggested by
Euclidean replica wormhole calculations. It is of great interest to understand whether
UV complete theories like string theory provide an explanation (or alternative) for that
fine-tuning, perhaps involving stringy dualities.

Horowitz and Polchinski made the following observation [18] (for earlier work on this
see [2, 19, 20]): consider free bosonic string states in flat-space at an excitation level N,
where the entropy and mass in strings units both are of order N 1/2 A Schwarzschild black
hole of the same mass and whose curvature at the horizon (ignoring stringy corrections) in

1/ 4 also has Bekenstein-Hawking

string frame metric is of order string scale, i.e, gs ~ N~
entropy of order N 1/2 (the observation was extended to include momentum and winding
charges in presence of a compact dimension). Thus although the masses of these non-BPS
states depend on the string coupling, one might hope to adiabatically track them and match
their number at the correspondence point.

At first sight, this sounds puzzling because the size of a free strings state is order N 14 in
strings units, and as we gradually increase the string coupling gs the Schwarzschild radius of a

4t is only order string scale. This is resolved by

given string state increases but for gs ~ N~
noting that one needs to take into account the change in the size of string states as we increase
gs and it has been shown precisely by Horowitz and Polchinski that, for instance in four

1/4 the size of a string state at level N is of order the

spacetime dimensions, indeed for gs ~ N~
string scale [21].2 This result was obtained by mapping the discussion of the microcanonical
ensemble presented here to the canonical ensemble near the Hagedorn temperature of flat
space where the effective contribution to string thermodynamics comes from a highly excited
string state. In target space, the highly excited string state is described by a tachyon in the
Fuclidean time circle carrying non-trivial winding. For a discussion of various aspects of the
solution see [23-29]). It is of great interest to understand the accurate description of these
states in the strong coupling regime, to determine their relation to the ‘bag of gold’ geometries.
Kutasov suggested a beautiful picture of the two-dimensional (uncharged, i.e., no addi-
tional momentum or winding in any internal circle) black hole in flat space with a linear
dilaton [30, 31] (see also [32-35]). He showed the Euclidean black hole has a winding tachyon
around the time direction that lives close to the Euclidean horizon (in the probe approxima-
tion) where the local temperature is that of the Hagedorn temperature of flat space (without
the black hole) [36]. He argued that as the asymptotic temperature of the black hole increases
to the Hagedorn temperature of the ‘empty’ flat space, the tachyon fills all of the space.®
For momentum and winding charges near extremality of the would-be stringy black
hole geometry of Sen [4, 5, 38, 39] in heterotic string theory, Chen-Maldacena-Witten [22]

2In absence of momentum and winding charges, the temperature of the Horowitz-Polchinski solution [21]
of the self-gravitating string is slightly below the Hagedorn temperature and as we approach the Hagedorn
temperature gs corrections become important. When the charges are non-zero it is possible to decrease the
temperature but as we approach too close to the BPS limit again g, corrections become non-negligible [22].
Note that on the contrary in Sen’s discussion [2, 3], gs is kept fixed while one takes the zero temperature limit.

3This picture might also hold true for black holes in large dimensions [37).



recently found a well-controlled horizon-less solution of the target space equations of motion
containing a winding condensate in the Fuclidean time direction. A remarkable fact of the
solution given in [22] is that it is closely related to the uncharged version of the Horowitz-
Polchinski solution [21] near the Hagedorn temperature of empty flat space and it reproduces
the black hole entropy including the correct numerical factor. As we move away from the
extremality (keeping momentum and winding charges fixed) the temperature of the uncharged
Horowitz-Polchinski solution decreases and we need to take stringy corrections into account.?
Therefore, in the light of the picture laid out by Kutasov, it is a fascinating open question to
understand the stringy features of the uncharged Horowitz-Polchinski solution away from
the Hagedorn temperature.

A major challenge in this program is the lack of knowledge of the exact worldsheet
CFT of the stringy winding condensate in the black hole regime. In that light, the case
of AdS3 supported only by Kalb-Ramond flux appears to be a good candidate, since the
worldsheet theory is describable in the R-NS formalism as the integrable SL(2, R) WZW
model at level k (see [40-49] and [50-57] for conventional sigma model approach). For our
purpose, we find it is more appropriate to use a dual description of AdS3 in terms of a winding
condensate in a spatial circle around a free theory as developed in [58, 59] (also see [60]).
The target space effective theory with a Horowitz-Polchinski-like winding condensate on the
temporal circle near the Hagedorn transition point is discussed in [61] (which is the analog
of the uncharged solution considered above).® In this paper, we investigate the intriguing
possibility that there is an integrable dual description of the worldsheet CF'T deep into the
stringy ‘small’ black hole regime. In particular, at the self-dual Hawking-Page temperature,
we construct a deformation of the free theory by a double condensate of winding operators
around both the spatial and temporal circles.

From the worldsheet perspective, the Euclidean ‘string star’/Horowitz-Polchinski-like
solution near the Hagedorn temperature would be constructed by analyzing a weakly irrelevant
deformation of thermal AdSs by a time winding operator and finding a zero of the beta function
equations including other light operators, truncated to second order in [65]. Thermal AdSs is
the periodic quotient of the Euclidean target SL(2,C)/SU(2) coset along the temporal circle.
Far from the Hagedorn temperature, it would seem difficult to find a precise description
of the resulting CFT.

Starting from thermal AdSs, the stringy worldsheet theory constructed in this paper is
expected to be a finite deformation, associated with a distinct, isolated black solution to the
target space equations of motion with the same asymptotics (up to subtleties involving a
locally flat Kalb-Ramond field on the boundary torus). A finite deformation here refers to
the fact that there is not an exactly marginal family of CFTs connecting these two theories
while keeping fixed the temperature. Tuning close to the Hagedorn temperature makes
this deformation parametrically small, and controllable in conformal perturbation theory.
However, in general, it is a non-perturbative deformation of the conformal field theory.

We will show that at the Hawking-Page temperature, there is a candidate theory with a
simple description in terms of a combination of spatial and temporal winding condensates.

“Whereas far away from extremality the black hole solution considered by Sen will be under control.
®Similar solution involving space winding tachyon exists around Euclidean BTZ blackhole at low enough
temperature [62—64].



This is based on the duality between thermal AdS; and a CFT built on a linear dilaton and
compact 8 system deformed by a marginal winding operator. We check some basic consistency
conditions, including the vanishing of one-point functions, as required by conformality. This is
not sufficient to fix the relative coefficient of the winding condensates, which from the target
space perspective must be determined by regularity in the interior. We conjecture that when
the coefficients are equal, there is a non-singular CFT with target space AdS3 asymptotics.

As usual in AdS, there are two possible fall-offs for each mode in the asymptotic region,
and regularity in the interior relates their coefficients in the Euclidean theory. In the highly
stringy 2 < k < 4 regime, both winding operators and their reflected waves decay at
asymptotic infinity, thus, given our results, the theory with both condensates presumably
exists for any value of the relative coefficient. Changing this parameter is still associated
with a non-normalizable vertex operator. Such a scenario is analogous to the family of
worldsheet CF'Ts associated with sine-Liouville theory with a temperature different from the
cigar coset temperature, in the 2 < k < 4 regime. For k > 4, to demonstrate the existence
of a well-defined CFT with asymptotically AdS target space, one would need to check that
the reflection amplitude of the condensates exactly vanishes in the two winding deformed
theory. We leave this important problem for future work.

The paper is organized as follows. In section 2, we carefully review the description
of [58, 59] and point out a subtlety in the definition of conserved translation current in
non-trivial winding sectors related to the discussion in [64]. In section 3, marginal vertex
operators in the free theory carrying winding in space and time circles are discussed. It
is shown that precisely at the Hawking-Page temperature the spatial winding condensate
that builds AdS, and the Euclidean time winding condensate that preserves U(1)xU(1)
translational symmetry, are both marginal with the same radial profile. Based on this
observation, in section 4 we systematically study the free theory deformed by these double
winding condensate ezactly using the technique of [59]. For the simplest set of vertex operators
in the theory we provide an integral representation for the residue of arbitrary correlation
functions. Next, we turn to show that the integral representation for the two and three-point
function has the expected properties of a conformal field theory. To this end, we point out a
connection between the integrals mentioned above with the theory of hypergeometric integrals.
Utilizing this connection, we show that the integral representation for the residue of the
three-point function has a non-empty domain of convergence. As a result, formal conformal
invariance properties are maintained when we analytically continue away from this domain.
We expect this to be true for higher point correlation functions as well. Furthermore, we
show that one point functions of non-trivial operators vanish in the theory as is necessary for
it to be conformal. Our considerations do not allow us to fix the relative coefficient between
the two winding condensates, however, we believe additional considerations of ‘regularity
in the interior’ (vanishing of the self-reflection coefficients) would fix it to a specific value.
In section 5 we discuss interesting future directions.

2 Euclidean AdSs

In this section, we will consider bosonic string theory in AdS3xX, where X is a compact
manifold. When the AdS length (V%) is large in strings units, the sigma model description



of the worldsheet CFT in the Poincare patch takes the following form

5, = / 2d%0 (an&zS + 5fafe2¢3) (2.1)
27

It is well known that a natural completion to all orders in ' is obtained by considering the
WZW model based on group SL(2,C);/SU(2). However for the purpose of this paper we
will work in the global patch and use the dual description of the worldsheet CF'T developed
in [58, 59]. We turn to review this formalism briefly and discuss new subtleties that show
up in the definition of conserved U(1) current on the worldsheet.

To get the worldsheet in global co-ordinates (at large k) we make the following change
of coordinates

¢:=—E+logcosh?, T :=tanh? eéJrié, [ = tanh 7 eé*ié, O ~0+2r (2.2)

The action takes the following form

Sy = 2ﬁ / 2d%c (af5f+a,§5£+sinh2f a(é—ié)é(éﬂ‘é)+z’tanhf(aféé—aééf)) (2.3)
7r
with holomorphic conserved current®
J3 = —g(ay + cosh(27)07) (2.4)

Up to total derivatives, the above action can be simplified as follows (for the rest of this
sub-section we will not make any changes to the choice of total derivatives made he]re)7

Se = 4£ / d?c (4 OFOF 4+ OyDy + 0797 + 2(cosh 27 + ¢) 97Dy — 2¢ H7IY) (2.5)
T

Here

v =&+ 10, v:=¢&—i6 (2.6)
We want to go to the first-order formalism where it is easy to drop the explicit interaction
term. There are various inequivalent ways of doing so, i.e., choosing the values of c. At large k,

1 _ ko k _ k- k -
_ 22 A Ko Koo -, ks K R
Sel 27r/ d a(k 87"87"4—()(4-437 4087) 874—()(—1-487 4087> oy g(cosh2f+c)xx>
(2.7)

The equivalence at the classical level is easily seen by the following equations of motion
k k _
X = §(cosh 2F +¢) 0y, X = §(cosh 27 +¢) Oy (2.8)

It is convenient to consider following set of co-ordinates (3,  are complex conjugate of
each other as long as a is real)

k k - ks k5
o =—Vki, B=x+707— 7007, B=X+707— 7y (2.9)

5This matches with [44] up to an overall factor of i with the replacement v = 2iu, 5y = 2iv.

7Ignoring total derivatives might be subtle sometimes. For example, if two classical backgrounds differ by a
flat B field with non-trivial flux on the torus at the boundary of AdSs, we will get similar additional total
derivatives. However, this means that the backgrounds differ by a non-normalizable deformation on the bulk
of AdS3. We will assume such subtleties are not important in the proposed dual description.



Near the boundary of AdS the action (2.7) reduces to the following free theory (valid for all k)

S = % / 2d%0 <8g05<p + %@R + B0y + Baa) , Q= kl_ 5 (2.10)
Relevant OPE are
BENO) ~ —, ¢(22)p(0,0) ~ —5(Inz +In2) (2.11)
The holomorphic stress tensor is given by
T = —(9¢)° + Q0% — SOy (2.12)

The conserved holomorphic U(1) current is given by (it is just the current in (2.4) written in
new variables using equations of motion in the interacting theory (2.8))

k k
J =3 187 + Zc@ﬁ +d0(v+7) (2.13)

Here ¢, ¢’ are two undetermined constants (eventually these will be fixed to 0, k/4 respectively).
The currents corresponding to f .0 are Jg = J3+ J3, Jg’ = J? — J3 respectively. Note that
the apparent total derivatives v, 7% can be ignored only when we are looking at the action
of Jg’ on operators that do not carry winding charge in é , é; in other words when both ~, 5
are single-valued. For example, when we act on operators which carry non-trivial winding in
6 direction but zero winding in é direction we can only ignore the particular combination
d(y + 7) in the expression for J2 for the purpose of evaluating Jg.

First, we focus on vertex operators that carry winding only around the space circle.
These take the following form®

‘N/O"Za - l ed’Y-ﬁ-fl’? en(f(z,i) ﬁdZ/_i_f(Z,E) Bdgl) eQO“p (214>
» 7-(-
The charges under Ly, J§ of the operator (as determined by the OPE with T, .J%) take
the following form

k k
h' = a(Q — a) — na, m’:a—i-Zn—Fch (2.15)

Now we are in a situation to fix the value of ¢ that corresponds to the empty AdS background.
To this end we compare the expression above, with the one in [44] for a vertex operator
which corresponds to the SL(2,R) Casimir labeled by j, and the Jg’ eigenvalue m before
spectral flow by v units’

jG+1) k / k
W=-"——""4v(m--v m =m— —v 2.16
k—2 4 ’ 2 ( )
(2,2)
8Here instructs us to only keep the value at the upper limit of the integration. A more precise way

of saying it is that as long as we are looking at the correlation function of “allowed” local operators, neither
the choice of contour nor the lower limit of integration will play any role. For a discussion of this property in
the toric sigma model see [66].

This matches with [44] with the identification of m(here) = —m(there).



This determines
c=0 (2.17)

with the following map

a:—Qj7 a:m/_’_%’ n—=—v (218)

The number ¢’ will be determined in the next section.
The geometric meaning of the spectral flow becomes clear from the following OPE

©0) 5 ©0) 5
'y(z,Z)e"f A" _nlog(2) e ] Bz
(0,0) 7, (0,0) 7, (219)
ﬁ(z,é)enf FZ L _nlog(2) e Bz
(0,0) —

00 .,
This implies if we rotate § = (v—7)/(2i) around the insertion of the operator e e [ Ban

_n(f(["”) 5dz'+f(o’°) Bdz

around the @ circle. Similar arguments show that this operator has no winding around the

on the worldsheet we get 6§ —d+2xn, i.e., the operator e " has winding n

f circle. If we compactify the time direction as well as
E~E+R

then eiw%(f(om pd'— [ Baz')

no winding around the 0 circle.

carries w units of winding around the £ circle and carries

For the purpose of discussing thermal AdS3, we need more general vertex operators
compared to the ones presented in (2.14), which are given by

_ stg i ea'y—‘r&'y esf(z,z) del+§f(zyz> Bdz’ @20‘50 (2'20)

,S
a,a,a a,a,a

Winding around the 6 circle is given by

no _5tS (2.21)
2
Winding around the é circle is given by
w = —%(s — %) (2.22)

3 Two winding condensates

We have two distinguished vertex operators which conserve both Jg’ & Jg’ g are marginal
on the worldsheet and carry £1 winding respectively in the 6 direction (and no winding

in the ¢ direction).

vE = b FUT e [T R ey L (3.1a)



The dual description of AdSs sigma model action takes the following form [59]

1 _ _ _
Stads = — / 2d%0 | Dpdyp + 9«pR + BOY + BOY + LV + V) (3.2)
27 4 s
The measure for path integration is the usual Liouville measure for ¢ and the standard

measure for the 57y system. The interaction coupling pu is given by

1/2
b/ ul,y(b/2
b:= 7 W= b/2a3_ ( - ) (3.3a)
1 /!
Vim o m(bR) = () ) (3.3b)
1 b//2
b = "— 3.3
— W= (3.3¢)

The first of these equations defines the Liouville parameter (b, ') which is then related
to (b, u") through the Liouville duality. The last of these equations is a well-known map
relating sigma model correlation functions and those of a Liouville theory [47].

There is another set of natural vertex operators which conserve .J3

060 are marginal and

carry +1 winding in f direction (and no winding in 6 direction)

Wt il b)) g ([ pdz - [OF Baz) 2(@+iP)e (3.4a)
3 i)
+ (2 T1\on (3.40)

These operators also conserve Jg’ 5 provided we choose ¢ = k/4, i.el?

k k k k
3_ _p_ M v ) — e 2o~ — 3.5
J 107+ 90 +7) = =B+ 0y + 107V —7) (3.5)
Then we have
, k k
m:a—l—znforwzo,:a—znforn:() (3.6)

At this point, we pause for a few important observations. We note that the time winding
operator (3.4) is tachyonic, i.e., violets Breitenlohner-Freedman (BF) bound, for temperatures
higher than the Hagedorn temperature [60]

R= Ry —2r (; (4 _ ];2»1/2 (3.7)

As a result, these vertex operators represent the stringy state that goes massless at the
Hagedorn temperature and causes a divergence in the thermal partition function. At a generic
temperature, if we add W to the action of thermal AdSs, we are expected to get a non-trivial
RG flow on the worldsheet. Slightly below Hagedorn temperature, a perturbative solution for

1%Similar total derivative improvement term in the expression of current is suggested around BTZ black
hole — see for example eq. (3.15) of [64].



the new CFT is possible when additional deformations on the worldsheet are turned on along
with W*. This solution is the worldsheet analog of the Horowitz-Polchinski-like solution in
the target space. Something remarkable happens at the Hawking-Page temperature

R=Ryp=2n (3.8)

At this temperature, the radial dependence of V* and W* becomes the same. Conceptually
this might have been expected because at this temperature both the time and space circles
are on an equal footing. As a result at this special temperature, it is possible to study
the theory below

A _
Sspr = Sraas + — (W +W7) (3.9)
+
using the technique of fields [59]. It is natural to expect that the theory in (3.9) is a conformal
field theory at this temperature. In the next section, we will analyze this possibility in detail.

4 A CFT with two winding condensates

We would like to compute the following correlation function in the worldsheet CFT given
by (3.9) at Hawking-Page temperature R = Ry p with the usual measure on the Liouville
field ¢ and v system (see [59] for more details on normalization of zero modes). More
explicitly we are looking at the following worldsheet CFT

TA

1 _ _
Sspn = g/2d20 <8ap8so + %ORJr Bovy + pOy + Z—’j(w +V)+

— (Wt + W))
+ L

_ (z,2) (2,2) 5 ,_
VE = ot RO+ T 57 pdz'+ [V57 pdz) 20

W — ik il =[O Baz) b
(4.1)
It is easy to check from the OPE that VEW* are mutually local with each other.
We will restrict ourselves to sphere topology and calculate the correlation function of
operators with no winding
(IT Varoa(wa, wa)) (4.2)
a

Before discussing the correlation function of these operators we need to check their mutual
locality with respect to the winding operators VE, W*. The OPE has the following structure

V(2. 2)Vai0a(0,0) ~ ()20 (2) 2000 (1 4L
V7 (2,2)Vai0a(0,0) ~ (2) 2074(2) 200 (1 4. (4.3)
W*(z, 2) ~OE):C(LJ@(07 ()) ~ (Z)fQQbfia(z)f2ab+ia(1 + . .) .
W (2,2)Viaa(0,0) ~ (2)7200H0(z) 200 (1 4.

The vertex operators Vfﬁzm’a:m that are mutually local with respect to VE, W= are precisely

the ones with m —m € Z,m 4+ m € iZ, corresponding to appropriately quantized momentum



around both cycles of the boundary 72. Note that a complete set of operators would
additionally include operators carrying non-trivial winding on the space and time circles. In
this work, we will only focus on the simplest ones, of the form

0,0

Va,O,O

For the purpose of calculation of correlation involving these operators, we perform the

path integral over the Liouville zero mode ¢q defined by (¢ denotes the kernel of the scalar
Laplacian and ¢'(z, z) is the space of functions orthogonal to the kernel) [67-70]

p(2,2) = o + ¢'(2, 2) (4.4)
using the following identity
+oo 1 a o
2apo—ae®™0 _ = () -% 4.5
| dee 2T (7)o (45)

We are left with the following integral over ¢’ alone

1 VS;(,)O,O(wm Wa))
= ST TVt ) (fy [ a2 (V¥ 2+ V7 (2,9) (4.6)
A _ N\
+ O&/dQZ (WH(z,2) + W (z,z))> )

We have defined the following Liouville-like parameters

:Q*Zaaa — 1+Zaja (47)

5 b 202

Here (...)" denotes path integration only over ¢’ with the action S under replacement ¢ — ¢’
and V¥ — 0, W* — 0. Therefore for the path integration only over ¢’ we have additional
conservation laws that we mention below.

Winding conservation. In the free theory winding around both circles are conserved.
Since external operators do not carry any winding, the only contribution comes from the
terms of the form (V)51 (V™) (W ™)%2(W )%, We will assume sy, s are integers for the
argument presented here. Because of the factor of I'(—s) in (4.6) we get a pole for positive
integer values of s = 2s1 + 2s2. We will be interested in the residue at these poles. For odd s
the free field analysis would still be valid and suggest that the residue at these poles vanishes,
in other words, we have pole only for even integer s. We will look at these for the time being.

Momentum conservation. This gives us the following selection rule (note that we do
not get any more constraints on si, sy because the momentum of W', W™ are precisely
opposite to each other and therefore winding conservation in é direction and momentum
conservation does not give independent constraints.)

Zma =0, Zma =0 (48)

,10,



These are automatically satisfied for the vertex operators in question. Therefore unless
puX = 0 we have to sum over all the allowed values of s1,s2 (one effective free parameter).
The calculation of residues is much more involved compared to those of SL(2, R) WZW

model, given explicitly by
0,0 -
Res H Vaa,amaa Wa wa)>

S—251+2s2
m(=1)° (251 + 289)! p251 \22 0,0 [ 200y, ——2aaab}
P DR eyl eyl § BN U AT
51 s1
/HdZZi/ H d*zl,

i=1 i'=1

51

H H |:(Zz . wa)72aab+aa (Zi . u—}a)72aab+a,l}
i=1 a

51

[T TT [zl = wa) 270 (21 — ) 20~ ]
i'=1 a

[T o) 2" Gy ] T1 i) (Big) 2]
i<y i<j

IT [z ™2 ()72 (49)
i

52 S2

/Hszl/ H d?zl

I=1 I'=1

S2 . -

H H { 2 — —2aqb—iaq (21 _ wa)—Qaab—Haa]

I=1 a

s2

H { ZI/ _ —2aab+1a, (Z/I’ . ,u—)a)—2o¢ab—iaa}
I'=1 a
[ ary)? ZI'J’)%_%Q} 11 {(ZIJ)g_%Q(ZIJ))%Q}
r<J I<J
[(ZIJ’)_%_%{Z(EIJ’)_%_%? (4.10)

I,J

[(ZU) 2% (zi)” %2]

-~
<

’ (Ez"J)fw}

jum

s\
T

[(Zi/J)fzb

[(Zij’ )~ (ziJ’)i%ﬂ

Js.
<

Q(Ez'J')f%z}

[(Zi'J’)f%

;!

N
S

)

Here we use the convention that V', V= , WT W™ are at z;, 2y ,Z[,Z[/ and 2y = 2l — 25
etc. Remarkably for & — 2 the coupling between z;, 2/, and z;, 2}, vanishes as can be seen
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from (4.6). In this case, we can write the residue of the correlation function in the double
winding condensate CFT in terms of a sum over the product of residues in single winding
condensate CFT.

4.1 Convergence and analytic continuation

In this subsection, we analyze the convergence properties of integrals of the form (4.9).
First, we discuss nested divergences of Selberg-type integrals that arise naturally in Liouville
theory. Then we will explore the mathematical connection between Selberg integrals and
hypergeometric integrals and recover the results of nested divergences mentioned above from
the point of view of the hypergeometric integral. In the next sub-section, we will apply these
results to the specific context of two and three-point functions of the two winding CFT.

4.1.1 Selberg integral

For simplicity, we first look at the following simple integration (this integral and the more
general ones in (4.23) arise as the residue of the three-point function in Liouville theory)

+o0o “+oo
Gi(a,b,0) = /d2z]z\2“]1 2= / d:):/ dy(a® + 1) ((z — 12 +12)°  (411)
—00 —00

Here we used z = x + iy, x,y € R. Now we analytically continue the integration in y to
a contour near the imaginary y axis as follows

—dye 2 e — 0+ 4.12
Yy — iy

Here € serves as a regulator and tells us how the integration has to be performed near
the singularities. We return to the variables z; = = + y (analogous to holomorphic, anti-
holomorphic) to write

Gi(a,b,0) = —% /+OO dzy (zy —ie(zy —2-))%zy — 1 —ie(zy — 2_))°

e (4.13)
/ Ao (2 +ie(ze — 2 ) (2o — 1 +ie(zy — 2_))"
—0o0
For z; € (—00,0), the contour of integration over z_ runs below the singularity at z_ = 0, 1.

The integration contour can be deformed away near infinity on the lower half-plane and
the contribution is zero provided we have

Rla +b) < -1 (4.14)

A similar argument holds for z4 € (1,00) (in which case the contour can be deformed to the
upper half plane) and its contribution vanishes provided the condition above holds true. For
z4 € (0,1), the contour of integration over z_ runs above the singularity at z_ = 0 and below
at z_ = 1. We can deform the contour to run around z_ € (1,00) encircling the point at
z_ = 1. The integration over the circle around z_ = 1 does not contribute anything provided

Rb] > —1 (4.15)
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In this case, the final answer comes from the integration over two lines z_ € (1,00) and
takes the following form

G1(a,b,0) = —sin(7b) /01 dzq(z4)%(1 — z+)b/100 dz_(z_)%(z_ —1)° (4.16)
Integration over z; converges near z; = 0,1 provided
R[a] > -1, R[] > —1 (4.17)
We conclude that the integral representation of G(a,b) converges provided
R[a] > -1, R[b] > -1, R[a+b] < -1 (4.18)

In fact, the result can easily be analytically continued away from this domain using a suitable
definition of the single variable integrations above, for example

1 a
[ e - s = L) (4.19)
This gives11
_sin(ma)sin(7b) (T'(1+ a)I'(1 +b) 2
Gi(a,b.0) =~ @ 0) < T2 +a+b) ) (4:20)

From the answer, we can see that I'(1 + a) remains finite as long as 1 + R(a) > 0. Similarly,
for I'(1 + b), we need 1+ R(b) > 0. These two also imply R(a + b) > —2. Note that the
factor sin(m(a + b)) will not hit a zero when —1 > R(a + b) > —2. Thus we recover all the
conditions we discussed above as a consistency check.

We pause for a moment to understand something special about the analytic formula (4.20).
Note that this explicit formula suggests that as b — 0 we have

lim Gy (a,b,0) = O(b) (4.21)
b—0

However, from the explicit integral representation, it is not obvious

Gr(a,b,0) = —b /0 N e () /1 Tl (2 (4.22)

because the integral has either UV or IR divergence. The explicit formula (4.20) regularizes
this divergence in a specific way. This fact will return in a very important way later in
computing the two-point function.

Next we turn to the following multiple integrals

n
Gn(a,b,c) = /H R R I | (E (4.23)
i=1 i<j
We must be careful with nested divergences along with the divergences discussed above. We
can drop the contribution from large z; — (keeping others fixed) provided

Rla+b+(n—1)c] < -1 (4.24)

""For the z_ integral we change variables to z_ — 1/z_ and use the identity I'(z)['(1 — z) = 7/ sin(7z).

,13,



We can ignore contributions from local singularities in the z; 4 integration (with others staying
away from any local singularity) provided we demand

R[a] > —1,R[b] > -1 = R(a+b) > -2 (4.25)

Now we turn to nested divergences. For small R we consider the situation when z1 ; ~
294 A -+ &z + ~ R, while we assume that the other z;  are away from those points. In
this case, the critical integration is from a place of the form

/ dR RF-1RkaRs(k-1)e (4.26)

Convergence near the origin implies
§R<1+a+ - c) >0, k=1,2,....n — %(1+a+n;1c> >0 (4.27)
Similar consideration for z1 ; ~ 234 =~ -+ & 2+ =~ 1 — R, while assuming none of other

z; + are near any of those points, implies

1
§R<1+b+ c)>0, k:1,2,...,n:>3%(1+b+"2 c>>0 (4.28)

Now consider the case when 21y ~ 22 4 = -+ = 2z, 4 = & — R, and z > 1 while assuming
all of the other z; ; are away from those points. Then, there might be two different kinds
of divergence — one from the large value of the center of mass of the points and the other
from the relative position of the points. We consider with them separately. First, we focus
on the relative position. The critical integration is from a place of the form

/ dR RF2R5(+De (4.29)
Convergence near the origin implies
k n
R 1+§c >0, k=12,....,.n = R 1+§c >0 (4.30)

Now we deal with the motion of the center of mass and consider the situation when z; ; ~
Zo 4 R - R 24 ~ 1/R, whereas we assume none of other z; ; are near any of those points.
It is then convenient to change variables to zg’ +=1/24,i=1,2,... k, so that the relevant
integral in this case takes the following form

/dR R %RfkafkbR—(%(k—l))chk(nfk)c (4.31)

Convergence near the origin requires

R <—k:—k(a+b)— (S(k—l)) c—k(n—k)c) >0 =R <1+a+b+ c+(n—/<:)c> <0

(4.32)
Setting £k = n we get

1
&e<1+a+b+”2 c><0 (4.33)
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Setting £k = 1 we get
RA+a+b+(n—1)c) <0 (4.34)

When these conditions are met this integration can be evaluated as

pIlizysin(m(a + (i — 1)§)) sin(m (b + (i — 1)5)) sin(mi3))

Gn(a,b,c) = Sy(a,b,c) n! T sin (7 (a+ b+ (n+1i —2)§)) sin(rs))
,— 1

= Sp(a,b,¢)Sp(—2—a—b— (n—1)¢,b,c) H sin (7w

bl sin(75)

Here the Selberg integral is given by

_ Hi:1F(1+a—|—(i—1)%)F(1—|—b+(i—1)% 1+1iS) :

I(1+
i T24a+b+(n+i-2)5)T(1+5)

We discuss the convergence of each of the factors one by one.
The following factor never diverges (essentially this factor takes care of various phases
during contour manipulations as we will discuss momentarily)

f[ sin(m(b+ (i —1)§)) sin(mi§) (4.37)
b sin(7§)

Due to the identity
sin(if) k9>
sin(i) _ KU 4.
n(0) kl;[lsm <9+ ; (4.38)

In the expression of Sy (a,b,c) the factor T'(1 4+ a + (i — 1)%)1“(1 +b+ (i — 1)%) remains

finite as long as we choose

1+ R(a) >0, 1+R(b) >0

. c (4.39)
R 1+a—|—(n—1)§ >0, R 1+b+(n—1)§ >0
The other factor to note for the purpose of diagnosing divergences is
(1 +i5)
4.40
L(1+5%) (4.40)
It is finite as long as
c 1
R(= —— 4.41
(5)> - (4.41)

Together (4.39) and (4.41) give a sufficient condition for the convergence of the Selberg
integral Sy (a,b,c) [71].
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The convergence of S;,(—2 —a —b— (n — 1)¢,b,¢) in addition similarly requires

%(1+a+b+(n—1);><0 (4.42)

RA1+a+b+(n—1)c) <0

Therefore we find complete agreement with the convergence analysis based on nested
divergences.

The fact that G (a, b, c) is given by Sp(a,b,c)Sp (=2 —a —b— (n—1)c,b,c) up to phase
factors is easily understood as follows. As explained previously the integration gets non-zero
contributions only when for all ¢ = 1,2,...,n we have 0 < z;4+ < 1. For a given ordering of
zi4+8 (say 0 < 214 < 224 < -+ < 24+ < 1) we have a particular contour for each z; _ running
from —oo to 400 near the real line crossing the axis once in the interval (0,1) (with the same
ordering 0 < 21— < 23— < --- < zp,— < 1 at the crossing point in (0,1)). The contour for all
the z; — can be deformed without crossing each other to a contour that comes from +o0o to 1
below the real axis, circles at 1, and goes back to +00 above the real axis. Taking the branch
cuts into account, the contribution from such contour can be mapped, up to phases, to one
from (0,1) by the inversion of all of the z; ~ = 1/z; _. Generically two halves of the contour
would map [72] to the same and opposite ordering of z; 4 (in the case we are discussing — it
wouldbe 0 < 21— <2 < - <zp_<1,1>2_>2_> >z, _>0). The inversion
effectively changes (a,b,c) to (=2 —a —b— (n —1)c, b, ¢) for the z; _ integration. As a result
Gr(a,b,c) is the sum (with suitable phases) of the product of two Selberg integrals.

4.1.2 Hypergeometric integral

In next sub-section we will express Selberg type integrals in terms of hypergeometric in-
tegrals [73] of the following form

n
I1,(A,B,0) :/ 11 [dl‘z‘(%)""' (1- fﬁi)Bi} [[ 0-Xi)%, Xij=mizip1...
O™ 1<i<j<n
(4.43)
The convergence and analyticity of the integrals can be most conveniently understood in

terms of the following variables

Ai = 8213, Bi=5i2i14
Cij = Sit2,i+5 — Si42,it4 — Sit3,i45 — 1 for j=i+1 (4.44)

Cij = $i+3,j+3 + Sit2,j4+4 — Si42,j4+3 — Si43,j44 for j >i+1
The integral I,, is an analytic function of s;; in the domain (see corollary 8.5 in [74])
14 R(si;(a,b,c)) >0 (4.45)

Here we need to impose the condition for all pairs (¢,j) that are defined in (4.44). The
Taylor expansion coefficients can be written in terms of multiple zeta values at non-negative
integer values of s; ;.
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4.1.3 Selberg to hypergeometric
Consider the following integral
n
I} (a,b,c :/ dui uj* (1 —u uj — ug) 4.46
" ( ) 0<u1 <ug<-<up<l l;[ |: P ( Z) } 11;[]( ¢ l) ( )
We can convert it to an integral of hypergeometric type by changing the variables to cubical

ones (z)'?

)

The integral above takes the following form

n
(a,b,c) / I daite)™ x50 - X0 T X5 = Xig-n)™
"i=1

1<i<j<n

N (4.48)
/ H d;(2)4 (1 — a:Z)B] H (1— XZ-J)CM
(o, 1)" z—1 1<i<j<n
Here we defined
i k—1
—z—l—i-Zak—i-Zchk forl1<i<n

k=2 1=1

(4.49)

Bi:c“q_lforlgzgn—l, by, fori=mn
C’ij:cij+1for1§i<j§n—1, bifor1§i<j:n

This determines sz‘; through (4.49), (4.44).
Note that the ordering is important. Therefore sufficient conditions for the Selberg integral

(a,b,c) / H duul i)b} H lui — u ¢ (4.50)
0,1 ;.- i<
to converge would be to impose

L+ R(s7;({ai}, {bi}, {ciz}) > (4.51)

for all possible orderings o of {u;}. However in practice due to the large amount of symmetry
of the integrand, one might hope to get a sufficient condition by just imposing the constraint
for 4+, — orderings

L+ R(s;({ai}, {0i}, {eij}) > 0, L+ R(s7;({bi} {ait. {eii}) > (4.52)

They are related by u; — 1 — u; change of variables that is a symmetry of S, (a,b,c). It
turns out that these two conditions are equivalent and sufficient, i.e., these are the same
s (4.39) and (4.41).

2Note that the ordering of u; fixes this substitution. For instance — ordering 1 > u1 > ug > -+ > un > 0
corresponds to the substitution u; = X1 ;.
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Generalizing the arguments presented before, for the convergence of

Galasbi) = [ T] [dalafoit =] T[Iai - 5P (453)
i=1

1<j
we demand

L+ R(s7;({ai}, {0i}, {eis}) > 0, T+ R(si7({=2 —ai —bi = Y ey} {bi}, {ei}) > 0
n>j>1
(4.54)
for all possible orderings ¢. The domain of convergence constructed this way has the
symmetries of the integral only after summing over all orderings o. In practice for integrals

of the type (4.9) we will impose (they are related by change of variables z; — 1 — z;)

1+ R(s{({ai}, {bi}, {eij}) > 0, 1+ R(si;({bi}, {ai}, {ci5})) > 0 (4.55)

and (related to the above ones by combination of z; — 1/z; and z; — 1 — 2;)

1+ %(8;{}({—2 — Q; — bi — Z Cij}, {bz}, {CU})) >0

n>j3>4
1+ R(s; ({2 —ai — bi — Z cijhs{ai}, {ei})) > 0

n=l (4.56)
1+§R(S;~t_j({ai},{—2—ai—bi— Z 4cij},{cij})) >0
1+§R(5;":j({bi};{_2_ai —b; — Z Acij},{cij})) >0

4.2 Two point function

In this subsection, we consider the two-point function of operators that carry zero winding
and momentum in both the circles. First, we will show by a formal change of variables that
as long as the integral representation in (4.9) makes sense we have a power law dependence
on the distance between the operators. Then we will show the two-point functions of non-
identical operators vanish, which implies that one-point functions of non-trivial operators
are zero. These results are non-trivial checks that the double condensate produces a genuine
conformal field theory.

We consider identical operators for the time being and set w; = 0,we = R in (4.9). We
proceed to present a formal argument that the dependence on R is indeed a power law. As a
first step we change integration variables to z;, zy/, 21, z; — Rz;, Rzy, Rzy, Rzp.

(i) Factors of R from the first line and the factor involving ws on 3rd, 4th, 8th, 9th give
R0 +21(2514252) _ p—2(2°Q*-2i(142/)Q%) _ Rp—2(-2Q%(j+1)) (4.57)

This gives the conformal dimension of external operators. Now we will show that the
rest of the terms does not give rise to any new power of R.

(ii) Factors of R from the second and 7th line and the factor involving w; on 3rd, 4th, 8th,
9th give
R251(2+25)+252(2+25) _ R2(s1+s2)(1+(s1+s2)(k—2)) (4.58)
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(iii) Factors of R from 5th, 6th, 10th, 11th give

RAs1(s1-1)/2=2(k—1)sf +4s2(s2—1)/2=2(k—1)s3 _ p—2(s1+s2)—2(k—2)(s7+53) (4.59)

(iv) Factors of R from last four line give

R88152(72b2) — R*43152(k72) (460)

Note that factors of R from (ii)-(iv) cancel, proving the claim. This allows us to take
R — oo and evaluate the residue in a simple manner.

We expect the two-point function to be proportional to a delta function. At the level
of residues, this implies the residue should diverge. We will carefully analyze this point
below and show that this is indeed the case. We set wy = 0, and wy = R — oo above and
strip off the divergent power of R (which determines the worldsheet conformal dimension

of the operator) to give

Res <V£,0,0(07 O)VS/,O,O(Rv R))

S$—251+2s2
_w(=1)* Z (251 + 259)! p2s1 A2s2
(51!)2(82!)2 afl a452

0,0 70,0
=7 (Na,O,ONa’,O,O)

281+2s2=s +

/ﬁdzzi/ ﬁ d*zl,

i=1 /=1
S1 S1
IT[=™] T[] TT [zesl?] TI[0P]  TT|leer®™]
i=1 i'=1 i’<g’ 1<j (N

5 5 (4.61)
/H d221/ H d?z)

I=1 I'=1
S2 52
[T (=] TL (o] L e TT [lena] T [l
=1 =1 reg 1<J L
11 [(ZU)_%(EZ‘J)_%} 11 [(Zi’J)_%(Zi’J)_%}
i iJ

[(ZiJ’)_%(giJ’)_%} 11 [(Zi’J’)_%(gi’J’)_%}
iJ’ i

The formula should be understood as follows. For a given value of k, j, the value of j' is
determined from knowledge of s. Instead of analyzing all nested divergences, we will discuss
specific cases only. For small R we consider the situation when z; 4 ~ 29 4 ~ -+ = 2,4 =

zi,+ ~ z§’+ R R zf,’+ ~ R. For convergence we need
/ - l l/ / /
(l+l)(1+])+§(1—1)+§(l—1)+ll(1—l<:)>0 (4.62)
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%

For small R we consider the situation when 21 4 R 294 & - R 2 ~ 2] | N2y &
zl’,7 4+ ~ 1/R. Convergence requires

l U

—(l+l’)(1+j)—(5(1—1)+§(l’—1))+l2+l’2+(1—k)ll’+(k—2)(l+l/)(sl+32) >0 (4.63)

For small R we consider the situation when z) 4 R 20y =Rz R 2| Rz ~ &
zl’,7 4 ~ x + R with generic x. Convergence of the integral in relative co-ordinate demands

l U

(l+l’)+§(l—1)+§(l’—1)+ll’(1—k)—1>0 (4.64)

The simplest case is when [ = I’ = 1. This gives from (4.64)
2>k (4.65)
We add (4.62) with (4.63) and set | = I’ to obtain
(k—2)20(=l+s1+52)>0 = k>2 (4.66)

It is impossible to satisfy both (4.65) and (4.66). Therefore the integral (4.61) never
converges. This fact can be separately verified using (4.55) and (4.56) with

a; =73, bj=0, n=2s;+ 2s9
cij =1 for (i,5) € (1,51) or (s1 4 1,2s1) or (251 + 1,251 + s2) or (251 + s2 + 1,251 + 2s2)
cij=1—k forie(1,s)and j € (s1+1,2s1)

cij=1—k for i€ (2s1+1,2s1 + s2) and j € (251 + s2 + 1,251 + 2s9)

k
cij =1-— 5 for i€ (1,2s1) and j € (2s1 + 1,251 + 2s2)

(4.67)

However, naive contour manipulation would suggest we can always push the z; _ contour

towards large values, and the integral would then vanish. Therefore we cannot conclude

anything from this analysis alone. To understand the situation in more detail, we first discuss

an analogous situation in Liouville theory (for our conventions see sub-section 4.4). The
exact three-point function of Vs of Liouville theory is given by ([75])

Q-o !
C(ay,an,a3) = (ﬂufy(b2)b2—2b2> 5 Y'(0)

3 Y(20ék) . 3
Y(a-Q) kl;[l Y(a—2az) > on  (4.68)

Where the function

> dt 2 inh?($ — z)%
Y (x) = Exp / — <Q - 1:> et — w (4.69)
o t 2 sinh % sinh 5

has first-order zeros at

xz—mb—%,@+mb+% for m,n=0,1,2,... (4.70)
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The two-point function obtained by as — 0 in Liouville theory has a delta function 6(a; — as).
We can show this by noting that
lim C(Oq, a9, 063) = O(ag)
az2—0

lim C(Oq,Odg,Odg) = (9((—0434—041—1-042)71)

az—a1+az

(4.71)

This follows by keeping track of zeros of Y appearing in the expression of the three-point
function. As a result, we obtain

L . €
i i Clon,on0) =0 (liy o) 07
When o) — ag = i(s; — s3) for real s1,s3 we get a delta function as claimed above. Now we
turn to see the key properties (4.71) from the residues of the three-point function itself. The
point of this exercise is to show that the relevant properties have their origin in perturbative
calculations.

lim C(on,a,a3) = (—mp)" Bn(ay, a2, o3) (4.73)

a—Q—nb

Where

Ry (a1, a)*ﬁ M ”—1< ! ) (4.74)
mE I A=) ) \(@bay + j6)r(2bas + %)y (2bag + 5b°) '
We should think of (4.74) as a function of ay, g, n. The variable ag = Q —nb — a1 — ag is
completely determined in terms of them. We note from the explicit expression of R, that
Jim, Rp(a1, a2, a3) = O(az)

lim  Ry(a1,as,a3) = O((—az + a1 + a) ™)

a3—o1 a2

(4.75)

Now that we know exactly what properties of the function R, we are looking for, we turn
into its integral representation, which can be obtained from the path integral

< —4b? . —4ba —4ba

Rn(a17a27a3) = / H[dQZj] H [|zZ — Zj| 4b } / H [|Zj| 4b 1’1 _ Zj| 4b 2] (4.76)
j=1 i<j j=1

Convergence of this integral demands'®

1< —2bay <0, —1<—2bay <0, 1—2bay—2bas—(n—1)b%<0 (4.77)

As ag — 0 we naively face a divergence, but from the explicit formula above we see that
this divergence must be regulated, as we should get zero. This is the same phenomenon as
seen in the example of G1(a,b,0) previously. Now we turn to the second property in (4.75).
For a3 = a1 + ag + € we have ay + ag = (Q — nb — €)/2. As a result

1 — 2bay — 2bay — (n— 1)b? = €b (4.78)

131t’s same as G (—2bar, —2baz, —2b2). The upper bound on as can be seen from (4.39), (4.42).
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51=6, $,=0

§1=4, $,=0 1.0

0.5

-05F

(a) (b) (c)
Figure 1. Domain of convergence of the residue of the three-point function for j; = jo =j on j vs k
plane. Note that the domain is the same for (s, s3) = (82, $1) which we do not depict.

§1=3, $,=3
$1=4, §=2 1.0

$1=5, sp=1

051

(a) (b) ()

Figure 2. Domain of convergence of the residue of the three-point function for j; = jo = j on j vs
k plane.

Thus we end up getting a divergence as expected. The divergence can be easily seen by
looking at the integral representation and focusing on the region where z; ~ 1/R are large,
so the structure of the integral (4.76) is

/dRR71+2n(17b2(n—1)72b(a1+a2)) _ /dRR71+2nbe _ 0(671) (479)

This is in agreement with the second property in (4.75).

With this understanding, we turn to (4.61). We expect that with suitable regularization,
the residue in (4.61) for generic values of j (unrelated to s) would vanish as expected from
naive manipulation of the contours. We turn to the discussion of the analog of the second
property in (4.75) in the next section.

4.3 Three point function

In this sub-section, we focus on the integral representation for the residue of the three-point
function for the Double winding condensate CFT. We will show that there is a non-empty
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domain of convergence in k, j1, j2, j3 space for the integral representation in (4.9). Therefore
we can analytically continue away from this domain to general values in a manner similar
to the single winding condensate CFT. Arguments similar to those we used for two point
function show that whenever the integral representation for the residue of the three-point
function is convergent, we formally have the structure of the three-point function of a CFT. In
addition, we will examine the two properties in (4.75). For one winding CFT, the properties
will come out from the analysis of the domain of convergence. We will discuss the subtleties
involved when both windings are turned on.

We set wy = 0,we = 1, and wg = R — oo above and strip off the divergent power of R
(which determines the worldsheet conformal dimension of the operator) to give

Res <V£1,0,0(0,0)‘7£2,0,0(171)‘733,0,0(R7R)>

s—2s51+2s2

() 3 (25142s9)! pi** >\252( 00 NOO NOO
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(4.80)
Instead of giving a detailed analysis of nested divergences, we will rely on (4.55) and (4.56) with

a; = j1, by =7jo, n=2s1+ 2s9

cij =1 for (i,5) € (1,s1) or (s1 +1,2s1) or (251 + 1,251 + s2) or (251 + 52+ 1,251 + 2s2)
cij=1—k forie (1,s1) and j € (s1+1,2s1)

cij=1—k for i€ (2s1+1,2s1 + s2) and j € (251 + s2 + 1,251 + 2s9)

k
cij =1-— 5 for i€ (1,2s1) and j € (251 + 1,251 + 2s2)

(4.81)
It can be checked that the resulting domain of convergence is symmetric under the exchange
of s1,s92 as expected from the symmetry of the integral.
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We first focus on the case of one winding condensate ss = 0. For many simple examples
s1 =1,2,...,6 we present the domain of convergence below (here i = 1,2)

(s1(k =2) — 1)

5 > J1+ J2 (4.82)

2>k7 .]’L>_17 Sl(k_2)>j1+j27 JZ>

The corresponding domains are plotted in (4.2). We particularly focus on the last inequality

(s1(k—2)—1)

5 > J1+ J2 (4.83)

Note that the condition to be on a pole whose residue is being computed can be written as
(k=2)s1=1+71+j2+J3 (4.84)

If we focus on the situation (as necessary to discuss the analog of (4.75))
J3=J1+J2 (4.85)

The inequality in (4.84) is precisely saturated, signaling a divergence. Therefore in this case,
we expect the two-point function to have the structure of a delta function. In fact, this can
be checked explicitly using the duality of the integrals.

Now we turn to the discussion of two winding condensates. We focus on the case of
51 + s2 = 6 as an example. The domain of convergence for s; > s9 is given by

((281 +s2)(k—2)—1)

The domain is plotted in figure 2. From the graphs it is clear that for a given set of external
vertex operators, there exists a common domain of convergence for all the winding integrals
for different values of s, s9 (for given s; + s2) that contribute to the three point function.
This demostrates that we can safely analytically continue from this domain to generic values
to define the residue of the three point function.

Note that the condition to be on a pole whose residue is being computed can be written as

(k=2)(s1+s2) =1+ j1+j2+Js (4.87)
If we focus on the situation
J3=J1+ 72 (4.88)

We get

((s1+s2)(k—2)—1) - ((2s1 +s2)(k—2)—1)

: ; (4.89)

J1+j2 =

Therefore when s;1so is non-zero, our integral representation breaks down before we can
comment on the delta function necessary for the two-point function.
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4.4 Regularity in the interior

We now turn to the additional conditions on the coupling constants u, A required for the
two-winding condensate theory to be a sensible conformal field theory. These conditions
originate from ‘regularity in the interior’ in the target space language, given fixed AdS
asymptotics.14 This implies that the reflection coefficients for the condensates themselves, as
computed in the formalism we have outlined in the previous sections, must vanish. Since
a sum over both types of winding operators appears in the calculations, this condition can
only be satisfied for special values of p/A.

In the winding condensate description of thermal AdSs3, one can use free field notation
for the vertex operators, in terms of a (v operator times a linear dilaton ¢ momentum
operator, e_QQj‘p, where @ = 1/vk — 2 is the background charge. In the free theory, there
is another operator with the same quantum numbers, given by the reflection j — —1 — j.
Passing to the interacting theory, these operators mix, in the sense that the physical vertex
operator is a reflection invariant combination of the two which diagonalizes the worldsheet
CFT two-point function.

From the point of view of the asymptotic region, one can interpret the two components
as an incident and reflected wave. This is simply the reflection of the smooth origin of polar
coordinates in the target space in the non-linear sigma model description, associated with
regularity in the interior. For vertex operators associated with massive, non-tachyonic fields
in Euclidean target space, there is always a reflected wave, and there are no normalizable
such vertex operators. Thus, for example, at a generic temperature, the time winding
marginal vertex operator in thermal AdSs contains a non-normalizable reflected wave. Here
we are interested in translation invariant deformations (with respect to the two translation
symmetries of Euclidean thermal AdSs).

In this paper, we investigated the theory obtained by adding both space and time
winding operators to the free theory. It is clear that at general values of the ratio of the
coefficients /A, the resulting theory cannot be a CFT on its own, without further inclusion
of (at minimum) condensates of non-normalizable reflections of those operators, which would
ruin the AdS asymptotics. Equivalently, the double winding condensate on its own would
not be smooth in the interior. This corresponds to the lack of an interpolating conformal
manifold at a fixed temperature.

We first discuss similar conditions in Liouville-like theories. A natural basis of operators
in Liouville conformal field theory with central charge ¢ = 1 +6Q%* Q =b+b"1,b > 0 is

given by O, satisfying the following equivalence!®
Of = 00—, a= % +iP, PeRxo (4.90)
where the two-point function is canonically normalized
(Oa(z,2)04(0,0)) = W, he = a(Q — @) (4.91)

HM1n general, it is not clear whether there exists a well-defined CFT if vertex operators that are exponentially
growing in the AdS asymptotic region are tuned on, corresponding to irrelevant deformations of a holographically
dual theory on the boundary.

' This is emphasized in [76] in the context of ¢ = 1 string theory.
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The theory can be completely defined as an abstract CFT in terms of the OPE of these
operators [70, 77]. However, describing Liouville theory completely from the path integral is
a very subtle question as we explain below. The simplest attempt to this end is to define
the theory in terms of the following action on the sphere [70]

) ) ) i
S= 1 [ @0 VG (37 0u80,6 + dmue™ + aml ™ + QRo| (4.92)
and identify
1 _1 1 209
Oa = 5 (Rul@) Vo + RLQ - ) 3Voa) s Va=c (4.93)

Here R(«) is the ‘reflection’ coefficient satisfying

Ri(Q—a)=Rp(a)" ' = B2 (m iy (02)) o= Q)/b

T 52a/b—1— 1/62)y(2ab — b2) (4.94)

By studying the quantum mechanics of the spatial zero modes of ¢ in the small b — 0 limit,
one can establish that for non-singular scattering in the interior (¢ — +o00) the wave function
in the asymptotic ¢ — —oo region does indeed take the form in (4.93) [78]. Therefore in
the full theory, only the basis of operators in (4.93) is well-defined, corresponding to the
‘criterion of regularity in the interior’.

The theory as given in (4.92) depends on three parameters u, ', b.16 The strong-weak
Liouville self-duality fixes the coefficient u in terms of p, b, i.e., ' = p/(p, b) as follows. The
Lagrangian is invariant under the duality map (u, p' (1, b),b) = (1, 4/ (f1,51), b7 1) provided
we demand

fo= 1 (1,b), p=p' (07" (4.95)
This is solved by
(mpry (0%)) 7
e T (4.96)
WW(FQ)

Therefore, Liouville theory can be thought of as a deformation of the linear dilaton theory
by the duality invariant operator

O =uVy+ ,u’(,u, b)VQ_b = 8(10 = QRL(b)%Ob (4.97)

This operator does not belong to the set of normalizable operators O, introduced previously
in (4.90).17

%Under the field redefinition of ¢ by a constant shift, u and p' transform, together with the dilaton.
"Tts two-point function is given by
_ 276(0
(0(.2)000,0) = 20 7.

2272
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The theory has an asymptotically free region near ¢ — —oo, where the marginal operator
O decays exponentially. When the external operators obey

Q—Zai<0,

the path integral over the ¢ zero mode converges. There is a pole when Q — Z%’ =0
from the asymptotic free region, whose residue is given by free field Wick contractions.
Analytically continuing to the regime @ — Z a; > 0, the path integral is dominated by the
free field region. Furthermore, when other resonance conditions for the external momenta
are satisfied, for instance,

Q—Zai:nb, nEZZO
%

a particular Taylor expansion coefficient of the interactions (here from O™") similarly leads
to a free field calculation of the residue at the associated pole [68, 69, 79]. Therefore, in
Liouville theory, both the incident and reflected wave of the Liouville operator are present
in the theory, and both decay in the free field asymptotic region.

The situation is similar for the cigar sigma model but with an important difference.
There is a Liouville-like radial direction ¢ and a compact angular direction 6, in terms of
which the basis of operators that are regular in the interior takes the form (4.93) near the
boundary where the ‘free field’ description is valid [80-82]

1

Oj,m,n = 5 (RC(j7m7n)_%v}+RC(_1_j7man)_%Vflfj) 5 ij = e_QQj¢

P(+355) T(+2)) D=+ "5 (—)+ ™3

D(1—320) D(=1-2)) T(1 44+ mEmyp (14 j 4 mlthn
(4.98)

Here j is the radial momentum and m,n are the momentum and winding in the compact

RC(_l_jvman) :RC(jvm’n)_l X

circle. In the expression for the reflection coefficient, we have omitted a factor that is
independent of the quantum numbers of the operator under consideration. The theory has an
FZ7 dual description in terms of a deformation of the free theory on the cylinder by a linear
combination of two operators j = —k/2+1,m = 0,n = £1 [83]. Note that for sufficiently
large k, these operators decay in the asymptotic weak coupling region ¢ — —oo. To justify
the free field calculation of the residues as in Liouville, all operators in the Lagrangian must
decay in the free asymptotic region.

The crucial difference is that these winding operators now have reflected waves associated
with —j — 1 which do not decay in the ¢ — —oo limit.'® The reflected waves for these

8 This is true for k > 4. For 2 < k < 4 both the winding condensate and the reflected wave of it decay
in the asymptotic region ¢ — —oo. However, to determine which one is normalizable in AdS one needs to
take the change between the string frame and the Einstein frame into account. For normalizable fields in
Fuclidean signature

lim e 9?0; m.n = finite

Pp——o0
For k > 3 the reflected wave from j = —k/2+1,m = 0,n = %1 is not normalizable. For k < 3, reflected waves
are normalizable, but the original winding condensates are non-normalizable.
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operators are of the same form as in (4.98) thanks to the FZZ duality. Amazingly, what
happens instead is that the reflection coefficient Ro(—k/2 + 1,0,+£1) simply vanishes, so
there is no “self-reflection” of the condensate. This happens only when the radius of the
compact boson and the linear dilaton background charge has a particular relation, which
is precisely that which appears in the dual cigar background.

In the winding condensate description of the worldsheet in Euclidean AdSs, the discussion
is similar to the cigar sigma model above — the reflected waves from the winding condensates
in Euclidean AdS3 are absent because their reflection coefficient vanishes. For the double
winding condensate theory presented in this paper, we do not know the exact formula for
the reflection coefficient. It is important to note here that the double winding condensate
CFT at the Hawking-Page temperature is finitely away from the thermal AdS background.
As a result, a discussion of reflected waves in the thermal AdS background is not relevant.
On the other hand, as we increase the temperature to near Hagedorn we expect our theory
to get corrections from other normalizable modes in thermal AdS to sensibly connect to
a Horowitz-Polchinski-like solution. If there were reflected waves reaching all the way to
the weak coupling region near the boundary of AdS, the free field calculations performed
in this paper would be questionable.

We conjecture that the constraints from the ‘regularity in the interior’ along with the
Bootstrap constraints will fix the coupling constants p, A of the space- and time-winding
condensates to produce a sensible conformal field theory.'® For k > 3 the definitive test will
be to compute the reflection amplitude from the two-point function as in section 4.2 for the
condensate operators themselves, and determine where it vanishes as a function of p/\ after
summing the contributions from both types of winding operators. At k& = 3 the functional
form of the reflected waves from the winding condensates is the same as that of the winding
condensates itself. At this special value of k, one can evaluate the string theoretic partition
on toroidal worldsheet entirely based on the Lagrangian (4.1) of this paper and demand
consistent results based on holography to fix the ratio u/ 220

5 Future directions

In this paper, we have considered a two-dimensional theory built out of the free theory near
the boundary of AdS3 deformed by winding condensates on both cycles of the boundary
torus. We have analyzed the resulting theory exactly at the Hawking-Page temperature
and found substantial evidence that it is a conformal field theory. In particular, we have
shown that one-point functions of non-trivial operators vanish and the two-point function
is scale-invariant, and we presented an integral representation of the residue of all higher-
point correlation functions. For the three-point function, we have analyzed the convergence
of the integral representation in detail and found that Lorenzian worldsheet line integrals
provide a better definition compared to Euclidean volume integrals. We have not studied
the precise phase factors that appear in this transformation as a function of the choice of
contours in the Lorentzian worldsheet. If the theory under consideration is an integrable

YFor related discussion see [60, 84].
2T his is similar to the discussion of two dimensional string theory in [85]. We thank Igor Klebanov for
pointing it to us.
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one, one expects to find a natural organizing principle for these phases, as they appear in
the four-point function for instance, by considering the Moore-Seiberg ‘classical’ limit [86]
(see also [87]) of the conformal field theory. Further, one would expect to find null states
dictated by a Knizhnik-Zamolodchikov type differential equation [88]. Given the connection
to hypergeometric integrals and the rich mathematical literature available for them [73, 74]
(see [89] for a pedagogical review), both these questions are intriguing directions for future
investigation [90].

String perturbation theory around the BTZ black hole below a certain temperature
develops a tachyonic instability involving a spatial winding operator. Switching the roles of
space and time, string theory in thermal AdS3 has an instability for a time winding tachyon
above the Hagedorn temperature T (for a discussion of the Horowitz-Polchinski-like solution
from the worldsheet in AdSs see [65]). The Hawking-Page temperature T p, where our two
winding CFT is lives, lies in between these two critical temperatures (for k > 3). We expect
the two winding CFT to connect to the Horowitz-Polchinski-like solutions around thermal
AdSs3 or the BTZ black hole as the temperature is varied.?!

Instabilities similar to the ones discussed here appear for the black (at temperature 7") D4
brane wrapped on a circle of radius R. The worldvolume theory on the brane (five-dimensional
maximally supersymmetric Yang-Mills) has two dimensionless parameters \/R, TR () is the
t’Hooft coupling). When A\/R is small, the maximally supersymmetric Yang-Mills theory is
expected to be confined at sufficiently low temperature (i.e., TR is small). As the temperature
is increased one expects the thermodynamically dominant phase to be composed of a winding
condensate on both the Euclidean time and space circle from the point of view of the dual
string theory [91, 92].22 When the temperature is higher than a critical value the theory is
deconfined and expected to be described by the stringy version of the black D4 brane solution
in the bulk. It would be fascinating to understand the role of two winding CFT in this context.
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Ty >T >
H=" =Ty,
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fixed temperature interpolating between thermal AdSs and BTZ. We thank Yiming Chen for the discussions
on this point.

22This point was also emphasized recently in [61].
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