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ABSTRACT: We study the thermal physics of AdS3 and the BTZ black hole when em-
bedded in String theory. The exact calculation of the Hagedorn temperature in T'AdSs3 is
reinterpreted as the appearance of a winding tachyon both in AdS3 and BTZ. We construct
a dual framework for analyzing the phases of the system. In this dual framework, tachyon
condensation and geometric capping appear on the same footing, bridging the usual gap of
connecting tachyon condensation to modifications of geometry. This allows us to construct
in a natural way a candidate for the unstable phase, analogous to a small black hole in
higher dimensions. Additional peculiar effects associated with the Hagedorn temperature
and the Hawking-Page transition, some to do with the asymptotic structure of AdSs and

some with strong curvature effects, are analyzed and explained.
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1. Introduction and summary of results

The thermodynamical interpretation of classical gravity in asymptotically AdS, spaces [l
[ predicts a maximal temperature for a gas of thermally excited strings (the Hawking-
Page temperature [fJ]). At temperatures higher than the HP temperature the gas of strings
collapses into a black hole via a first order phase transition. If we keep the gas of strings
in an overheated metastable phase (preventing the HP phase transition) while raising
the temperature, we will eventually reach the Hagedorn temperature where the gas of
strings must collapse into a black hole because the barrier disappears and a tachyonic
mode appears [ []. This tachyon is similar to the Atick-Witten tachyon [L(] in flat space,
which is associated with the Hagedorn temperature for that configuration.

In this paper we explore both the Atick-Witten and Hagedorn phase transitions in
asymptotically AdSs spaces using the exact, in o/, worldsheet description (for the most



part). For both thermal AdSs; and Euclidean BT'Z the boundary of spacetime looks like a
radial directionx S} x Sj where ¢ is the Euclidean time direction and 6 an angular variable.
In T AdSs the radial direction and Sé} combine to form a 2-dimensional disk and in the
Euclidean BTZ the radial direction pairs up with S}. Above the Hagedorn temperature
a winding mode tachyon appears around the ¢ direction. It is generally believed, and has
been argued in various ways (for example [§—[, [Z—-[4]) that such a tachyon causes the
t circle to pinch, changing the topology of the background to that of BT'Z, to which the
system then relaxes.

This is a compelling scenario, but following this topology change in details is rather
complicated, as one needs to follow the flow of the worldsheet through this topology change
in which the tachyon mixes with, or induces, metric deformations. What is sometimes done
for this case is either to argue the effects of the tachyon based on general worldsheet RG
properties, or to describe the two topologies using a Ricci flow, which either ends or starts
from a singularity - when the topology change occurs - and to glue the two flows at the
singularity in a somewhat ad-hoc (although correct) manner [].

There are many works on closed string tachyon condensation. It is common to distin-
guish localized closed string tachyons and bulk closed string tachyons. The former have a
relatively mild effect as they deform the geometry in the vicinity of the region in which they
are localized, usually capping the geometry and making a small part of space disappear.
This process may be followed by emission of some perturbative massless and massive bulk
modes. For references on the subject of closed string tachyon condensation see [{, [L1], [Ld, [L7]
and references therein.! Bulk tachyons, on the other hand, are much harder to understand,
and their condensation is expected to reduce the number of space time dimensions [R3,
as a consequence of the Zamolodchikov c-theorem [RJ]. The tachyons that are relevant for
phase transitions in AdS spaces are either localized tachyons or de-localized for AdSs with
NS-NS fields (which nevertheless have effects similar to localized tachyons).

In this paper we take some steps towards improving the understanding of the flow
around the topology change point. The immediate context which we will discuss is the
Hawking-Page and Hagedorn phase transitions in AdS3, where we can rely on the notion
of a dual CFT, but we expect that a similar set of tools will be useful to discuss topology
change in more general cases. The main idea is to convert the background geometric data
into a tachyon condensation problem, like in the FZZ duality [P4]. The problem then
reduces to a simpler problem of comparing the strength of the ”geometric” tachyon wall
with the strength of the new Atick-Witten-like tachyonic wall. This can be made very
precise in the case of TAdS3/BTZ which is what we will do next.

Strings propagating in AdSs are described by the SL(2,R) WZW model. To describe
the thermal gas of strings we use the Euclidean version of the CFT (the H; model) and
compactify the Euclidean time coordinate. By a sequence of T-dualities we bring this space

'For a review of tachyon condensation in a cosmological context see [B] and [@] Phase transitions to
bubbles of nothing in AdSs which are driven by winding tachyons were discussed in [R(,



to the form of a cigar x S* which is simply the coset

SL(2,R)

(with some important gluing conditions). By applying an FZZ duality the theory is mapped
into a sine — Liouville x S*, which is a linear dilaton x S' x S' with an interaction term
coupling the Liouville mode (¢) with a winding mode around the circle related to a spatial
angle x which is roughly the angular direction of AdSs,

" cos Ry(zp, — xR).

On the other hand, the Atick-Witten thermal tachyon is a winding mode around
another circle ¢, which is roughly the Euclidean time direction ¢, and it is of the form

e¥? cos R, (o1 — ¥R)

This achieves the goal of putting both metric and tachyon deformations on the same footing
in a manifest way, which simplifies considerably the analysis of the topology change point.
For example, the phase transition between the thermal gas and black hole is a competition
(by RG flow) between two sine-Liouville interaction terms, both including winding modes
but on different circles. More generally, this method provides us with a “unified” description
of the various backgrounds in which phases and phase transitions of different kinds are
treated similarly. These include the Hawking Page phase transition, the Hagedorn phase
transition and the fixed points that exist between them.

At the end of the day, this dynamics is controlled by computing dimensions of some
specific operators in sine-Liouville theory (which we review in section [L]). In the case
that these operators are irrelevant, they drive a geometric capping (and a new CFT) by
turning them on with a large coefficient which corresponds to a first order phase transition
in spacetime. The other case, when they are marginal or relevant, is the case beyond
the Hagedorn temperature, where their condensation is exactly the Atick-Witten tachyon
condensation.

Another result of our investigations is the surprising understanding that thermal AdSs
and the BT Z black hole at the same temperature have a pathological canonical thermody-
namic descriptions if embedded in String theory (unlike the case in pure gravity). However,
they are expected to have well defined micro-canonical description.

The paper is organized as follows: In section ] we briefly review known results concern-
ing String theory on thermal AdSs. section [ is devoted to the calculation of the Hagedorn
temperature for AdSs, clarification of the phase diagram and discussion of some special
phenomena which take place at strong curvature. section [ and section | contain the main
results. In section [| we explain the mapping of the thermal theory into a cigar x S 1. Then,
applying FZZ duality, we map the theory into sine — Liouville x S' where it is manifest
that String theory treats equally geometric and tachyonic capping. section | contains a
discussion of the properties of the unstable fixed point (CFT) which separates the black
hole and thermal AdS phases, as well as a discussion of the possible flows in the system.



We conclude in section [ with a discussion of open questions and propose directions for
future research.

We would like to thank Shiraz Minwalla and Vadim Shpitalnik for collaboration at
early stages of this work. After this work was completed, we received a draft of [R5 which
overlaps with some of the results in section [, and [2d] which discusses the Lorentizan BTZ.

2. Review

2.1 Solutions of Euclidean gravity

The Euclidean AdSs manifold is the 3 dimensional hyperbolic space H;{ (which is the
analytic continuation of SL(2,R), and can be represented as SL(2,C)/SU(2)), i.e the space
of Hermitian unimodular matrices

X — <X1—|—X1 X2—|—’LX3>

, X, eR det X = 1. (2.1)
X2 - ZX3 X_1 - X1

The manifold has an SL(2,C) isometry group acting on it as X — AXAT where A €
SL(2,C). Throughout the paper we use global coordinates for AdSs

X = A0 g 0 22)

where the o’ are Pauli matrices. The line element is given by the square of the Maurer-
Cartan form

k
ds® = 3 Tr (X_ldX)2 =k (cosh2 pdt? + dp? + sinh? pd02) , (2.3)

where k is the AdS3 radius squared.? In the Euclidean theory, one can make the coordinates
t and 6 periodic,

0=60+27 t+i0=t+i0 —2mit TEi%(l—{—iM), (2.4)
such that at the conformal boundary p — 0o, the geometry is a T? with modular parameter
7. We use the name thermal AdSs (or T'AdSs) for such a geometry with finite 7. The
parameters 3 and p in (R.4) are correspondingly the inverse temperature and chemical
potential of the canonical thermodynamic ensemble.

The H;{ WZW CFT describing strings propagating in T AdSs includes a constant
dilaton (with arbitrary value) and an imaginary B-field,

H 3y = dBy) = —2iksinh(2p)dp A dt A db. (2.5)

The B-field is imaginary due to the analytic continuation from the Lorentzian geometry
where the B-field is real. The Euclidean worldsheet action, on the other hand, is real due
to the additional factor of ¢ from the analytic rotation of the worldsheet time.

2throughout the paper we use units in which o/ = 1.



In gravity, the canonical ensemble contains all Euclidean gravity solutions which have
the same boundary geometry (including H-field) up to diffeomorphisms. To find the classi-
cal GR solutions contributing to the ensemble it is convenient to start from the Lorentzian
AdSs (the SL(2,R) group manifold) and construct new gravity solutions by orbifolding
with elements of the isometry group. The interesting orbifolds are classified by conjugacy
classes of SL(2,R), of which there are three types® which generate three distinct types of
orbifolds. The Z orbifolds generated by elements in the hyperbolic class are the BT Z black
holes geometries. These are the only orbifolds which have a smooth Euclidean continuation
with finite parameter 7. The various orbifolds (by elements of SL(2,R)) form a complete
classification of solutions to 2+1 dim GR with constant negative curvature [R7, R§.

The Euclidean BTZ (EBTZ) solutions (which are Z orbifolds of Hj) are commonly
expressed in Schwarzschild coordinates [R7, with periodicities (R.4),

ds? = N2dt> + N=2dr? + 2 (df + Nydt)*

N2 Pt
L2 2 9 r2
1 1
ry =—kIm— r— =k Re—.
T T

The modular parameter 7 is related to the Lorentizan BT Z black hole mass and angular

momentum via,

12

T

2 2
:vur—i-r,

M 2

Maldacena and Strominger P9 argued that, starting from a TAdSs with modular
parameter 7, there exists an SL(2, Z) family of solutions* which at infinity have the modular
parameter 7. The construction is as follows - start with the Hé" manifold (Euclidean AdSs)
orbifolded by a SL(2,C) elements of the isometry group, generating a T'AdSs solution with
modular parameters 7. The SL(2,C) element generating this orbifold is

Consider another element of SL(2,C) generating T'AdS3 with conformal parameter 7" such
that there is an SL(2,Z) transformation connecting these two modular parameters,

,  ar+b ab
; L(2,7Z). 2.
ctr+d (c d) € SL(2,Z) (2.7)

Then, there exists a coordinate transformation which acts on all coordinates, but in par-
ticular it performs an SL(2,7Z) transformation near the boundary, changing the modular

3The number of conjugacy classes is infinite and labeled by the trace of the SL(2,R) matrix. It is
convenient to divide them to hyperbolic, parabolic, and elliptic T'r(M) >=< 2 respectively.

4Which can perhaps also be constructed by using the technique described in this paper of applying
different sine-Liouville caps on different cycles of the T2.



parameter from 7’ to 7. Thus, for a given modular parameter 7 which defines the ensem-
ble, there is a family of Euclidean solutions corresponding to elements of SL(2,7Z). These
solutions are part of the same thermal ensemble. It is known that T'AdS3 with parameter 7
is diffeomorphic to the EBT Z black hole with periodicity 7/ = —%. This correspondence is
a special case of the construction outlined above. The nice feature about the latter trans-
formation is that it has a well defined continuation to Lorentzian signature. The Euclidean
action of the instantons was calculated in [R9],

B 212k
232 + (cBu — 2md)*

(2.8)

Sinstanton = % (x/ —7) =
Note that the action depends only on two of the three independent paraments of SL(2,7Z),
indeed the transformation 7/ = 7 + b does not change the geometry or the entropy.

At each value of 7 there is a dominant phase given by the lowest (negative) action
instanton. At low temperature, 8 — oo, the dominant saddle point is the thermal AdS3
solution (i.e a gas of cold particles). At very high temperature, 3 — 0 the dominant
saddle point has 7/ = —%, which is diffeomorphic to the EBT Z black hole with this (high)
temperature 1/ and chemical potential p. In the generic case there are various phases
that can dominate the path integral at intermediate value of the temperature [BJ, BJ.

The simplest situation occurs for vanishing chemical potential p = 0, which is what
we assume from now on in this paper. The simplifications is that there are only two
dominating phases, which are the thermal AdS3 at low temperature and the EBTZ black
hole at high-temperature. The phase transition occurs at the Hawking-Page temperature
where the Euclidean actions of both saddle points are equal

Pup = 2m. (2.9)

2.2 The partition function

A comprehensive quantization of String theory on AdSs3 background was accomplished
in B4-B4. In these series of beautiful papers the authors analyzed the SL(2,R) WZW
model (at level k) describing strings propagating in AdSs x M, where M is an internal
CFT which makes the theory critical. The Hilbert space of the SL(2,R) WZW model is de-
composed into representation of the left /right-moving current algebra SL/(Q,\R) X SI@,\R)
The unitary representations contributing to the spectrum are pairs of continuous repre-

sentations C;‘Zl Jotis X C;‘Zl J2tis and pairs of lowest/highest weight discrete representations
Dj‘[>1 /2 X Dji>1 /2 This is an oscillator expansion around geodesics with mass m? = j(j —1).

It is known that these 3 representations form a complete basis for £2(AdS3) and are part
of the Hilbert space of the WZW model. In addition to the conventional representation

discussed above, the Hilbert space contains spectral flowed representations D;’fl /2 % D;’fl /2

and C"J?‘Zl J2tis X C“?‘Zl J2tis with w € Z. These should be thought of as oscillator expansion

around long string. They furnish representations of the spectral flowed algebra,

. - k
JE =T, J3 =3~ 2 W0n 0.



The reader is encouraged to read [BJ] for a complete description of the spectrum.

The SL(2,R) theory at level k has an interesting phase structure as a function of k,
all the representation discussed above exist only if % <j< % Thus, if £ < 3 there are
no states in the Hilbert space since the vacuum? is projected out. A detailed study of the
phase structure and its physical interpretation was conducted in [Bj] and references within.

The Euclidean AdSs background is described by the H§L coset WZW model (at level
k). A canonical description of the model uses the Poincaré patch coordinates for thermal
AdSs,

k
ds® = 7 (dy2 + dwdw) , (2.10)

where,

t

y= eh w = tanh p et w = tanh pe! . (2.11)
cosh p

In [B3 the partition function of the model was computed (following [Bf])

3 T —
26 = M2 r %e%(l‘“’:”) S D(h, b))

h,h
ekaQ|mfm-\2/47r7—2+27r(ImUn’m)2/7—2

>< )
Z ’191(7—7 Un,m)‘Q

n,m

(2.12)

where D(h,h) is the degeneracy of the internal® CFT, 7 is the modular parameter of
the worldsheet torus (not to be confused with the spacetime torus used above), R is a
fundamental domain of the modular group SL(2,7Z) and

i

Unin(7) = 58 = in)(n7 = m).

The partition function has poles in the modular parameter plane at 01 = o> + z% for

integers 7 and w. These appear due to the long strings in the spectrum [BJ].

2.3 Singular conformal field theory

AdS3 x S3 with NS-NS background is a solvable worldsheet conformal field theory. It
has, therefore, been a useful laboratory to explore the AdS/CFT duality [[l-[, B7. From
the spacetime point of view, however, it is a rather complicated system which does not
conform to the standard ideas of an ordinary field theory on the boundary. The associated
pathologies will manifest themselves in the thermal AdS/BTZ discussion as well.

The pathology that will concern us the most (other pathologies are related to it), is
the fact that the conformal field theory is "singular” [B§]. The singularity is similar to the
R*/Z target space with 6 = [ Bg2 = 0 where the integral is on the 2-cycle at the origin,

®The vacuum is assumed to be SL(2,R) invariant. Hence, it has vanishing Casimir j(j — 1) = 0 which
implies j = 1.
The internal CFT has central charge such that cint + csL(z,r) = 26.



and manifests itself in the spacetime CFT as a continuum of operators with continuous
scaling dimension. From the spacetime point of view, these operators correspond to ”long
strings” - strings that stretch around 6 direction in equation (R.J) at large values of p,
which can continue to p — oo if their energy is above a finite threshold. Although the
proper size of the 6 angle increases, and the string stretches more and more geometrically,
this effect is canceled by the B field which permeates the string and the string can still
make it to infinity.

The rest of the paper will be devoted to the tachyons that take the system between
thermal AdSs (T'AdS3) and the EBT Z black hole. Naively, and in all higher dimensions,
T AdS and Euclidean black holes differ by normalizable modes at the boundary of AdS, and
therefore they are manifestly in the same ensemble. Correspondingly, if there is a tachyon
which takes us from one configuration to the other, then it is localized in the interior of
AdS and therefore is a discrete state. This is not the case for T'AdS3 and EBTZ in the
case that the background contains only NS-NS fields - the tachyons that we will encounter
(for zero angular momentum) are part of a continuum, and match on to the long string
spectrum at large values of p.” Since the interpolating tachyons can make it all the way
to the boundary, and their geometry is different in T'AdS3 and EBTZ (although related
by SL(2,Z) of course), there is information on the boundary that distinguishes the two
backgrounds. Correspondingly, T'AdSs and EBTZ differ by non-normalizable modes and
including them in the same ensemble is done by fiat.

Peculiar as it may sound, such pathologies are not unexpected in a theory with long
strings type ”singularities”, which are also counter intuitive from the standard UV/IR
perspective.®

In [BY] it was shown that one can go away from the locus of singular spacetime CFTs
by turning on some of the moduli of the theory. In our case one goes away from the NS-NS
AdSs3 x S? background by turning on RR fluxes in the background. If the scenario that
we outlined in the paragraphs above is correct, then this deformation should also change
the continuum of interpolating tachyons into a discrete set. Deformations of this type have

been constructed in [[t], k2] and it is easy to see that this is indeed what happens.

We will refer to these background as "regulated”, and discuss their application to the
TAdSs/EBTZ transition in section [l.3. At this point we will just outline our approach.
We will work with the NS-NS background since this is the only case that we can solve
exactly, and will view the addition of R-R fields as a regulator for the behavior near the
boundary of AdSs. We are entitled to do so because in the regulated version there is no
additional pathology that arises from the vicinity of the boundary.”

" After some kinematical ”processing” that will have to do with the difference between the Lorentzian
space, where the ”long strings” are defined, and the Euclidean space, where the interpolating tachyons are
defined.

¥Not to mention that these theories also exhibit (related) pathologies even below the long string gap
such as dimension zero operator which is distinct from the identity (even on the short string sector) @,

9The Philosophy is similar to the one advocated in [@} where tachyons which are localized on time like
singularities are discussed. The tachyons resolve and smooth the singularities but then expand outwards
until, at infinite time, they will reach the boundary of space. The fact that the boundary conditions change



3. Hagedorn temperature

On general grounds we expect String theory in thermal AdS3 to exhibit an exponential
growth of the density of states which leads to the breakdown of perturbative String theory
at the Hagedorn temperature. In order to compute the Hagedorn temperature we use
Polchinski’s trick [IJ] to replace the sum over string windings n in (B.19) by the sum over
copies of the fundamental domain. This is interpreted as the summation over the spacetime
field theory one loop amplitudes followed by a summation over the number of particles.
The resulting one-loop partition function is

Z % 1/2 47”—2 1- 4 k172 ) 7 27TZT(h+7l)
(Byp) = 3/2 1(k-2) D(h, h)e

1/2 i

oo 4
« Z ef(k72)m252/47m'2 |77(T)| 5. (31)
m=1 ‘7911 sz T) ‘

2

The Hagedorn behavior of the partition function is manifest in the limit 79 — 0 (in field
theory this is a UV limit.!?) In this limit the partition function diverges exponentially
for B < B, which corresponds to a Hagedorn transition at T" = Ty. There is another
exponential divergence for 7 — oo due to the usual bosonic String tachyon, but it has
no temperature dependence. Poles at zeros of the theta-function are interpreted in [BJ] as
volume divergence due to worldsheet instantons which can make their way to the boundary.

The calculation of the leading order behavior in the 79 — 0 limit is independent of the
value of 7 which we set to zero. We also set 1 = 0 which will be the focus of this paper.
The contribution of the internal CFT (M) is

Zthqq Ne‘i;;t, (3.2)
h,h

combined with the contribution for the eta-functions, theta-function and exponential we
find the integrand of (B.1]) behaves as

~ exp [ LA (24 6_ %)] . (3.3)
T2

471'7'2

Thus, the integrand is exponentially divergent for 8 < Sy where,

2
o= (1-155) (3.4

which signals the Hagedorn behavior of the theory. A quick check of the result is to consider
the flat space limit (k — oo) which produces as expected the result of [I(],

Bt — Jim kg% = 1672,

k—o00

between the initial worldsheet CFT and the final worldsheet CFT (at infinite distance) is irrelevant for the
discussion of how the tachyons smooth the singularity.
10 As always, this is related to an IR divergence due to a tachyonic mode by a modular transformation.



The extra factor of k is a necessary part in the double scaling limit which gives the flat-space
geometry correctly.

As discussed in [[[d], the Hagedorn behavior can also be seen as the appearance of the
Atick-Witten tachyon!! in the action of a string wrapping the compact time coordinate as
we raise the temperature (shrink the time circle). A similar calculation in thermal AdSs,
where one wraps the non contractible time circle with a winding string, reproduces the
same result as the one loop partition function. We shall return to this calculation in the
sequel.

The interpretation of the Hagedorn behavior in AdS space was clarified in [§-§.
Starting from low temperature the stable and dominant phase is a thermal AdS which
can be viewed as a gas of strings at thermal-equilibrium. As we raise the temperature we
cross the Hawking-Page temperature where thermal AdS is no longer the dominant phase
but it is meta-stable. If we continue to raise the temperature forcing the system to stay
in the thermal AdS state (i.e an overheated AdS) we are bound to reach the Hagedorn
temperature where the thermal AdS system develops instability in perturbations theory
and the system flows to another phase. For AdSs; with vanishing chemical potential the
only other dominant absolutely stable phase is the Euclidean BT Z black hole (with no
angular momentum nor any RR charge), thus, as we cross the Hagedorn temperature we
expect that the Thermal AdS3 must collapse to the Euclidean BT Z black hole.

A very interesting property, unique to AdSs, is the diffeomorphism between T AdS3
with identification 7 and F BT Z with identification _71, setting p = 0 the diffeomorphism is
between T'AdS3 at temperature T' and EBT Z at temperature M%T. Therefore we can move
backwards on the phase diagram just described - starting with EBT'Z at high temperature
cooling the system through the Hawking-Page temperature to a overcooled (meta-stable)
EBTZ up to the point we reach yet another Hagedorn temperature where the system must
collapse to T'AdS3. The complete phase diagram is sketched in figure [f.

From the EBTZ point of view there is also an analog of the tachyon winding the
time circle in T'AdSs. Using the diffeomorphism between FBTZ and T AdSs we learn that
when we lower the EBT'Z temperature a string winding the angular coordinate develops a
tachyonic mode exactly where the diffeomorphic T'AdS3 develops the Atick-Witten tachyon,

T(EBTZ) _ 1 4 — L\ — i (3.5)
‘ 2k k—2 TTAdS) -

Note that the proper size of the angular circle of the E BT Z black hole when one reaches
this temperature is of the order of the String scale. In spite of the fact we have obtained
this result from Euclidean considerations, it has an interesting Lorentzian interpretation as
well. One can continue the £ BT Z black hole back to Lorentzian signature by rotating the
time circle. Near the point where the mode becomes tachyonic, the resulting black hole is
small with horizon area of the order of the String scale. Thus, we have calculated exactly
the point where the tachyon which is expected to be generically behind the horizon of the

"The best definition for a tachyon in Euclidean theory is an exponential divergence in the partition
function related to IR physics in space time.

,10,



Stable AdS Stable AdS Overheated AdS AdS Tachyon

BTZ Tachyon Overcooled BTZ Stable BTZ Stable BTZ

T=0 T1 T2 T3

Figure 1: Phase diagram for the asymptotic AdSs; boundary conditions with chemical potential
u = 0. As we explained, the EBTZ tachyon is winding around the angle of the FBTZ while
the T'AdSs tachyon winds around the compact time of the T'AdSs3. The various temperatures are:

1/2 —1/2
_ 1 1 _ 1 _ vk 1
Tlf%\/g(élfm) ,T27§,T37§(4fm) .

BT Z black hole'? “leaks” outside the horizon. This is closely related to the phenomenon
discussed (mainly in the AdSs context) in [f].

The above result is exact in o’ (equivalently in k) enabling to probe the theory in the
strongly curved limit. An immediate feature of the above formula, is the behavior for k = 3
where,

k—3:  TEBTZ) - p(T4dS) _mp — o (3.6)

Consequently, the region k& < 3 does not make any sense physically!® because the theory
develops an instability before one reaches the phase transition point. In fact, as explained
in By}, when k = 3 the Lorentzian SL(2,R) model loses its vacuum. Therefore the inter-
pretation of the model as string propagating in AdSs is no longer valid. It will be nice to
understand better the relation between these two pathologies, we further discuss this in
the next subsection.

One can analyze the properties of the Atick-Witten tachyon!? by a minisuperspace
calculation of a string winding around the time circle. The details of the calculation are
somewhat technical so we leave it to appendix [Al The main result of the calculation is the

eigenvalue equation describing the mode ([A.6),

2
EY(p) 1 —82 — 2coth(2p)0, + (%) —a

= 2% (p), (3.7)

where a is related to the zero-point energy constant. It is calculated, by employing canonical
quantization, in appendix [4] as well. The winding string moves in a potential which is

2Due to the orbifold singularity behind the horizon.

13Naively, one expects the theory to break down at k = 2 where the energy momentum tensor ceases to
exist but not before.

MWWe thank S. Minwalla for very instructive discussions on this point, and in particular on the delocal-
ization of the tachyon.
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bounded at infinity. While naively from the metric one expects an infinitely high potential
as p — 00, the presence of the B-field in the background cancels the e term coming
from the geometry. At large p the wave function of the winding mode has the following

dependance (see ([A.7))

21.2
Ui(p) ~ et2P j:—lﬂs B = — —4j(j+1)+ﬁk +a (3.8)
I 2 T2k 472 ’

where s is a real parameter. After fixing the constant a, one discovers that at the Hagedorn
temperature 3 = B the lowest mode (s = 0) has exactly zero energy E_;/, = 0. It is
important to note that the winding mode is delta-function normalizable.!> This indicates
that the condensation of this mode is not a strictly local process. As we discussed in
section B.3 this oddity is related to the fact that the spacetime CFT is singular, and it is

removed when the background is appropriately regulated.

3.1 More on k=3

As argued above, the ensemble does not have sensible thermodynamic properties below
k = 3. This fits well with the fact that the Lorentzian vacuum of SL(2,R) does not exist
below k£ = 3, but one can be more precise. A host of special effects which take place at
k = 3 were discussed in [@].16 In addition to projecting out the vacuum, it was found
that the BT'Z black hole becomes non normalizable and that the correct description below
k = 3 is by weakly coupled long strings (one can also check that the gap for long strings
disappears when k = 3).

This culmination of observations makes the connection to our result more obvious.”
For k > 3, the thermodynamic description is the standard one, as depicted in figure 1. A
generic high energy state is the black hole, and the gas of particles ceases to exist beyond
the Hagedorn temperature. When k = 3, the states smoothly go over to each other, and
it is manifest that the Hagedorn and Hawking-Page temperatures match. This situation is
depicted in figure fb. Lastly, the only thing that can happen below k = 3 and be consistent
with everything said above is that the BT'Z black hole can never be reached (the system
has a physical limiting temperature), and a generic state is just a weakly coupled long
string. This is displayed in figure flc where the line of putative black holes, above a gap
in temperature, is also exhibited (of course, it can never be reached) for making it easy to
visualize how the transition'® at k = 3 occurs.

4. The competing winding modes picture

TAdS3 and EBTZ are different ways of extending the S' x S! boundary to a 3 dimen-
sional manifold. In the two cases, one fills different S'’s into a disk Dy. When one of

5Tn the Klein-Gordon norm there is a volume factor ~ sinh(2p) that cancels the exponential decay of
the wave function.

5 These effects are associated to the black hole/black string transition which occurs exactly at k = 3.

1"We are grateful to O. Aharony for discussions on this point.

8From a system that has no limiting temperature to one that has.
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(a)k >3 (b)k=3 (c)k <3

Figure 2: The vertical axis is the temperature of the system and the horizontal axis is the typical
energy of an excitation. We exhibit the transition in the form of the phase diagram from k& > 3 to
k = 3 and finally to & < 3. The most dramatic change is the appearance of a limiting temperature
when k < 3, which is closely related to the fact that typical high energy excitations are not black
holes anymore but long fundamental strings.

the backgrounds becomes unstable, an Atick-Witten tachyon appears which is a winding
mode on the non-contractible circle. Hence, the flow dynamics is controlled by a compe-
tition between a geometric capping, by D, and a Stringy capping, by a winding tachyon.
Fortunately, as we will discuss in this section, in String theory these two ways of capping
are indistinguishable (in a very precise technical sense). This becomes apparent in a dual
formulation which contains a sine-Liouville (s-L) theory, and is the main motivation for
investigating this relation.

The picture we will end up with consists of two deformations of linear dilaton by s-L
walls, whose profile grows as we go into the bulk of space. They both tend to shrink their
respective circles. The one with the larger coefficient on the worldsheet ”wins” and caps
its circle first. The problem of quantifying the phase transition is now just a problem
of comparing the coefficients of two operators on the worldsheet. Further, we show that
this perturbation of s-L becomes the Atick-Witten tachyon vertex operator exactly at
the Hagedorn temperature. Consequently, the issues of geometric capping and tachyon
condensation are closely related in our backgrounds.

This approach also provides information about the CFT that corresponds to the un-
stable fixed point "between” the EBTZ and T AdSs (the sense in which this is ”between”
the two phases will be specified precisely). This is discussed in section [f.

Intuitively, the idea is as follows. Thermal AdS3, in which the disk fills up the angular
direction, is represented in figure Ba. Suppose the temperature is high enough so that a
tachyon develops on the non contractible circle. On general grounds, one would expect
the thermal circle to pinch and the space to cut and begin from some larger value of the
radial coordinate p > pg. The resulting space is easy to visualize. It has a contractible
thermal circle and a non contractible angular variable. This is precisely what we need for a
Euclidean black hole. Indeed, the Euclidean BT'Z black hole (whose topological structure

is exhibited in figure fJb) is our candidate for the end point of tachyon condensation.

The picture is reversed when we consider a very cold Euclidean BTZ black hole-
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1 P po
(a) Thermal AdS3 (b) Euclidean BT Z

Figure 3: The topological structure of thermal AdSs3 on the left and Euclidean BT Z black hole
on the right. The non contractible circles are the thermal (time) circle for T AdS3 and the angular
(spatial) circle in EBTZ.

the disk fills the Euclidean time circle and the tachyon develops along the angular circle
contracting it. Therefore, tachyon condensation switches the topology to that of a T'AdS5.

However, we will see that the dynamics is not so simple. As in the C/Zy case con-
sidered in [[[1], there is a need for an outgoing shell to change some boundary conditions
at infinity (after infinite RG flow time). Otherwise, the flow can not end in a smooth
background. The physics we find here is very similar in some respects.

For convenience we outline the procedure we employ to derive our dual description

e Begin with either T'AdSs of EBTZ (the end result will be the same).

e By twice T dualizing non contractible circles, we write the background as SL2R)

u(1)
U(1). This is done in section [£.2

e Using FZZ duality (reviewed in section [L1), the latter is a linear dilaton theory
perturbed by a winding mode condensate, a "wall”, in the bulk. The geometric cap
is replaced by a winding mode cap.

e The model is now a linear dilaton with two circles and a winding mode condensate
on one of them. If one is at the Hagedorn temperature, turning on the Atick-Witten
tachyon on the Euclidean time direction amounts to turning on another sine-Liouville
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interaction on the other circle. The picture is now completely symmetric between
the spatial and time circles where there are two vertex operators of the same kind.

In the range of temperatures in which both T AdS3 and EBTZ are perturbatively stable,
the thermodynamic description (see figure 1) suggests that there is an unstable fixed
point between these two stable fixed points. One can guess how to construct this unstable
point.! What we have basically done is to describe two distinct ways to cap, in a non
singular way, the model linear dilaton x S* x S*. In T AdS3 we have filled with a disc one of
the circles while in EBT'Z we have filled with a disc the other. To obtain the intermediate

point one needs to treat the two circle more symmetrically. One can either

e Not cap either of the circles. In this case the model is simply linear — dilaton x T2,
This point does not exist in the space of perturbative String theory. It may exist once
non-perturbative effects are taken into account (similar to the distinction between

LST and DLST backgrounds [#4-[7)).

e Cap both circles at the same time. If one can truncate the dynamics to the coefficient
of the two sine-Liouville interaction then such a point must exist simply because there
must exist an unstable fixed point between two stable fixed point if there in one real
parameter.?’ This capping is perturbative in gs.

e Some other way of capping, such as a Liouville cap (without winding condensation).

We return to the question of constructing the unstable phase in section fj. In section [L.3, we
discuss a way to regulate the singularities reviewed in section and explain the physical
consequences of such a regulator.

4.1 A review of the FZZ duality

The FZZ duality, first conjectured by V.Fateev, A.Zamolodchikov and
Al.Zamolodchikov [P4], is a correspondence between the SL(2);/U(1) coset CFT
and sine-Liouville theory (see [I§—F]] and references therein for relevant works on the
subject). We shortly review the duality following [Ag].

The SL(2)x/ U(1) coset CFT [53-4] also known as the 2-dim Euclidean black hole or

cigar model, describes the geometry
ds* = k (dr* + tanh? r d6?) ® — &y = —2log coshr, (4.1)

where 6 is a periodic coordinate § = 6 + 27 and r ranges from 0 to co. At the boundary
of space, r — 00, the model reduces to a product of a linear dilaton and a circle, and at
the tip of the cigar, » = 0, the circle pinches. The geometry is smooth everywhere, and the
String coupling gs = e®® at the tip is finite. The level k is a free parameter which governs
the size of the cigar. The mass of the underlying Lorentzian black hole is related to the

String coupling at the tip of the cigar M o e=2%0,

90f course, the fact it is unstable at intermediate temperatures implies that it should be, in some sense,
a singular solution. This is analogous to the small black hole in the AdSs ensemble.
20We will see that the situation is slightly more complicated than that.
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The central charge of the cigar CFT ([.1]) is,

3k
=——1 4.2
c=1— (4.2)
For the special case k = % the solution is a two dimension bosonic String theory dual to a
¢ = 1 matrix model. For larger values of k£ one needs to multiply the model by a suitable
CFT to complete the central charge to 26. An important set of observables corresponds to
momentum and winding modes on the cigar Vj ;7. These have scaling dimensions
jG+1) | om? jG+y  m?
= o

Aj7m7m = T + . Ajymym = k: _ 2 +

P 3 (4.3)

The parameters m, m are related to the winding and momentum quantum numbers around
the 0 circle at large r,
n+ wk n — wk

2 m=TT

m = n,w € 2. (4.4)

The geometry of the cigar, which is topologically a plane, makes it obvious that the cigar

background conserves only the momentum m — m and not the winding m + m,

String perturbation theory (genus expansion) is an expansion in e>®

200 ., L
M

, which can be
thought as an expansion in the String coupling at the tip e . The geometry has
radius of curvature k, and thus the worldsheet is weakly coupled for large k. However the
coset model is well defined for small values of k as well.2!

The dual sine-Liouville theory is defined by the 2-dim Lagrangian density
AL = (9¢)? + (82)? + QR + Ne*® cos R (z1, — xR) , (4.5)
where the x direction is periodic with
x=x+ 2R R =k, (4.6)

and the theory has a linear dilaton ® — &y = —%gb. The central charge of this theory is
¢ =2+ 6Q?. Comparing with ([.J) we set,

Q= ——. (4.7)

The s-L interaction is the lowest lying winding mode (winding number equals one) around
the circle z, the exponent b is fixed by requiring that the interaction is marginal,

1 1
ZR2_Zb(b+2Q):1 = b=-——= k-2 (4.8)

There are two inequivalent models: A\ £ 0 and A = 0. In the first case, the coefficient
A > 0 can be rescaled to any other positive value by a shift in ¢ (and re-absorbed in the
String coupling). If we set A\ to zero we are left with the linear dilaton theory (with the

2! There are some % corrections to the action, as explained in @]
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coupling diverging at ¢ — —oo) which is ill defined in perturbation theory. In [Ag] the
authors treated the s-L theory as a perturbation of Liouville theory, i.e adding a Liouville
potential pi,¢e2? and treating A as a perturbation. Varying the radius R of the z circle
they found that at a critical of radius R = vk one can take the limit u;, — 0 with no
singularities.?? Naively, the s-L theory has an infinite coupling region (¢ — —o0), but the
interaction terms generates a wall preventing particles from reaching the strong coupling
area (similar to the cosmological constant potential z;,¢e~2? in the more familiar Liouville
theory).
Wave functions of s-L theory behave at large ¢ as

1

U(p) ~ NCE (4.9)

At large k the wave function W goes rapidly to zero at the weak coupling area (¢ — ),
thus, the theory is effectively strongly coupled. On the other hand if £ — 2 (Q — o) the
wave function V¥ is supported at large ¢ away from the potential wall. Consequently, s-L
theory is strongly coupled when the cigar CFT becomes weakly curved and vice-versa.

The observables Vj,, m of the cigar are mapped to vertex operators of s-L which have
the following large ¢ behavior (for large k this is simply the requirement that the asymp-
totics of the vertex is the same):

Vjmm < ePLeLtPRIRTD (4.10)
with
n n .
pL=§+wR PRZE—U)R B =2Q7.

At large ¢ and r (¢, r — o0) both s-L theory and the cigar model describe a cylinder with
linear dilaton implying the identification (at large k)

x
r~—Q¢ 0 ~ Tk (4.11)
FZ7 duality is the statement that the cigar coset model and s-L theory are exactly equiv-
alent as conformal field theories. As explained above, this is interpreted as a strong-weak
duality of the worldsheet theories.
S-L correlation functions have a KPZ behavior [56] implying that the partition sum
has the following genus expansion,

)2(h_1) . (4.12)

’7:()‘,93) = io:]:h (gs>\_ﬁ
h=0

1
Thus, gsA\™ #—2 is an effective String coupling and one can set g; = 1 for convenience.
On the other hand, genus expansion of String theory on the cigar is related to the String

*2The calculation in @] was done only for £ = 9/4 due to the technical need of using matrix model results.
The fact there is an effective wall due to the s-L interaction is well established for any k by investigating
three point functions (for more details see @] and references therein).
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coupling at the tip of the cigar g2 ~ 1/M (where M is measured in planck units). Therefore
in the FZZ duality the correspondence of the genus expansions suggests,

M o \ic2, (4.13)

There is no complete proof of the bosonic conjecture (see [B7] for recent review), but
strong evidence comes from comparison of 2-pt and 3-pt functions. The supersymmetric
version of the duality is given in [[i§], Hori and Kapustin [5§] used gauged linear sigma-
model techniques to show that in this case the duality is an example of mirror symmetry.
For recent discussion on the supersymmetric duality and it’s relation to the bosonic con-

jecture see [F9-p1]]

4.2 TAdSs and EBTZ using FZZ duality

4.2.1 Step 1: The background as cigar x S!
Recall the solution of the thermal AdSs; background??

ds® =k (dp2 + cosh? p dt? 4 sinh? pd92) + ds%
By = —2ik sinh? p dt A df
e® =g, (4.14)
with the identifications
0=0+2nm , t=t+p. (4.15)
The B-field is imaginary since it is an analytic continuation of a real B-field in Lorentzian

space. We T-dualize [fJ the non contractible time circle to obtain

ds* = k [dp* + tanh? p(df — i df)® + dt*] + ds?

B(Q) =0
/ 2 kB
@' =log(gs) — log (cosh” p) — log <4—712> , (4.16)
with the identifications,
020+2 faiy i 4.17
=0+ 2r s =1t+ ﬁ ( . )

Note that some key features in the geometry at infinity have apparently changed.
In ([£14), the boundary is only conformal to T? with a scale factor that diverges at infinity.
In (f.16) the metric of the boundary, in the String frame, is a finite T?2. The interpretation
of this result is that in the original picture, (.14), the energy of winding strings that go
to the boundary is a finite constant (this is derived in a mini-superspace framework in
appendix [A]).

The background in the p-6 plane is the familiar Euclidean cigar background (also
known as the 2-dim Euclidean black hole) studied in [53-[F4], if we define dxy = df — i dt

**We use the wedge product normalization a Ab=1(a®b+b®a).
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and treat it as if it has the usual reality condition of a real scalar.?* We can then use
known results about the cigar. For example, as a quick check, one can compare the central
charge of the cigar x S background with the central charge of T'AdS3,

3k 6 6
C(AdSs) = 35 = 3+ - Cleigarxst) = | 2+ —o) 7" L.

This is, of course, not surprising.

Next, we apply another T-duality in the decoupled # circle direction (such that the dy
direction not effected by the transformation), we find the following background (denoting
the T-dual coordinate to £ by ()

ds® =k (dp2 + tanh? pdy? + dch) + dsi
B(Q) - 0
®’ = log(gs) — log (cosh2 p) = g.=gs/ cosh? p, (4.18)

with the identifications,
X = x+ 27 , w4+ 0. (4.19)

Our result can be summarized as follows
SL(2, C
T AdS; = < / U ) (1), k) (4.20)

where the notation U(1)s,  is there to remind us that the inverse temperature is 3 but
the proper size of the decoupled circle is 3vk. This decomposition is similar to the one
suggested in [B3 for the Lorentzian signature backgrounds. One immediate surprise is
encountered if one tries to repeat this exercise in the case of the EBT Z black hole. The
easiest way to do it for the black hole is to exploit its equivalence to a Thermal AdSs with
a different temperature,

L(2,
EBTZ = (S O /U > (1)an2 5.5 (4.21)

In both ([£.20) and (f.21]), the asymptotic form of the metric is just linear — dilaton x
S1 x S1. For both TAdS; and EBTZ one pinches the circle of proper size 2rvk and the
other remains intact. However, the decoupled circles have different proper size at infinity.
This is surprising at first sight, since one expected T AdS3 and EBTZ to be in the same
thermal ensemble (when they have the same temperature). Indeed, they are in the same
ensemble when one does pure gravity. String theory, on the other hand, clearly has a non
normalizable mode distinguishing the two backgrounds. This is disguised in the original
description but it is manifest in this T dual frame, where this non normalizable mode is a
proper size of a free circle at infinity.

Thus, it appears that T AdS3 with modular parameter 7 and T'AdS3 with modular

parameter }1 are not in the same thermal ensemble in the framework of String theory.

240ne can write down the dictionary for vertex operators, taking this factor  into account. However, we
will not need to deal with it for a reason which will soon become clear.
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One would like to have an understanding of this pathology in the original frame as well.
The naive way to characterize this is to recall that long strings (in the original frame) have
constant energy potential near the boundary. The value of this constant is different in the
two backgrounds as can be seen from the explicit computations in appendix [4]. There is a
more elegant description in the original frame which is explained in the sequel.

Consider the asymptotic form of T'AdSs, keeping the first sub-leading correction to
the B field

2p 2p
ds? ~ k <dp2 + %dtQ + %dé?Q)

(e
B(2) = -2k <T - A(TAdS)> dt N de. (4.22)

where A7445) = % The identifications of T'AdS3 with modular parameters 7 and _71 are
respectively

TAdSs: t=t+p3 020+ 2m

42
EBTZ : t%t—i—% 00+ 2r

We can bring the two conformal T?’s to have the same periodicities by a shift in p, however
this shift changes the constant in the B-field. For concreteness shifting p in EBT Z results
in

2 1 (B
p— p+log 57 7 AMeprz) — Mrads) = 5 (4—772 - 1> : (4.23)

One could think that this constant mode of the B field is a an unphysical pure gauge
mode. This is not true in the thermal case since the integral

/B
T2

plays the role of a generalized Wilson line, which has a physical effect on the spectrum of
strings. Thus, the calculation above suggests that the invariant way to characterize the
non normalizable mode which distinguishes the two backgrounds is indeed fTQ B. This fits
well with the previous explanation involving the potential energy of long strings, since it
is exactly this Wilson line which sets this constant.?

For completeness, it remains to show explicitly that this constant translates directly
to the volume of the two torus in the T dual frame. To demonstrate this, we begin with
the T'AdS3 metric with the undetermined constat A in the B-field

Bly) = —2ik(sinh® p + 6A) dt A d6. (4.24)
As before, we first T' dualize the non contractible Euclidean time direction and get the
following metric (with B = 0)
(di — isA dp)*

> — 2itanh? p didf + tanh? p(1 — 26A) d6? | +ds?.  (4.25)
cosh” p

ds®> =k |dp® +

ZNote that this mode exists only near the boundary of space, since in the full background, of the circles
of the two torus in contractible.
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We define new complex coordinates

t _ t
VTR0 — i gt
X VT —20A V1= 20A

Repeating our procedure we apply a second T-duality on the new ¢’ to find the a deformed
cigar background

1—26A
2 2 2 2 2 2
ds* =k |dp* + (1= 0A)2 — 5A% tank? (tanh pdx* + dp )} +dsq
1 —3dA)0A
B(2) = —2ik ( ) do N dx

(1 — 6A)2 cosh? p — §A2 sinh? p
&’ =log(gs) — log (cosh2 p) — log <1 +

X = x+27vV1—20A,
© 2+ [GvV1—20A. (4.26)

SA?
(1 —26A) cosh? p

) + log(1 — 20A)

A fast consistency check is to verify that for JA = 0 the above result is the same as ({£.1§),
i.e the usual cigar metric.26

To prove our assertion of the relation between the B field in the AdSs picture and
the asymptotic volume in the T dual frame we analyze the asymptotic form of ({.26), the

B-field vanishes and the asymptotic behavior of the metric is that of a T? with radii

Ry =VkV1-2A R@:\/E2£\/1—25A,
s

which is the original torus rescaled by v/1 — 25A , as claimed.

Consequently, the Euclidean BT Z black hole and T'AdS3 have different asymptotic
values of the generalized Wilson lines, which inevitably leads to a non normalizable mode
distinguishing them. This prevents any possible RG flow which takes finite RG time from
the usual black hole and T'AdS3. However, there can still exist flows which emit a propa-
gating shell affecting some boundary conditions as in [[[1]. Note that if we are exactly at
the Hawking-Page temperature, then this difference does not exist.

The implication of our result to Lorentzian physics requires clarification. The integral
fTQ B has no analogue in the Lorentzian case since the time coordinate is non compact.
In particular, there is no obstruction for creating in a hot Lorentzian AdS3 an excitation
which is the BT Z black hole. The correct interpretation of our result is that the thermal
ensemble of this system is somewhat pathological, and should be considered with care. The
micro-canonical ensemble, on the other hand, follows the standard expectations.

This brings us to the need of establishing deformations of the model which have sen-
sible canonical thermodynamic descriptions. It is in these cases where everything one

26The metrics we obtain with such T dualities are always not real, but can be made real by analytically
continuing the Euclidean time. In particular, the background above, if continued to Lorentzian signature
is a perfectly well defined solution to the equations of motion, and is worth understanding better. It is
interesting that one can generate non trivial solutions in the T dual frame by dialing a seemingly trivial
mode in the original frame.
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expects from this system is satisfied without subtleties. We discuss such a deformation in

section [L.3|
4.2.2 Step 2: FZZ duality on the cigar

So far we have written the background as cigar x S'. We still have two kinds of caps -
one is geometric (the cigar pinching) and the other via a condensing winding mode on the
separate S'. In String theory, however, these two kinds of caps are the same. The cleanest
example is the FZZ duality (which we reviewed before).

Applying the FZZ duality to the cigar metric, we find the s-L lagrangian (with addi-
tional circle),

4rL = (09)? + (0x)% + (9p)? + QR® + \e" cos R, (r, —xR) . (4.27)

The central charge of this theory is ¢ = 3 4+ 6Q?, the dilaton slope is

P — Py = —%gb Q= —. (4.28)

The radii of the circles x and ¢ are

=2 x+2rR, Vk
Bk

o

RZ‘
o= p+21R, R, (4.29)
and the exponent b calculated in (f.§). We adopt the view of [[i§] defining the s-L theory
as the pr, — 0 limit of a Liouville theory with a s-L interaction.

The s-L interaction term in ([.27) is clearly a winding mode on the z circle. Tracing
back the FZZ and T dualities, the winding around the non contractible time circle (which
the Atick-Witten tachyon of T'AdS3 winds around above the Hagedorn temperature) is
related to winding around the ¢ circle in the s-L theory.2”

The picture now is more symmetric - both circles can be capped with winding mode
condensation. Roughly, one can consider the more general deformation of the two circles
by

L= Lo+ e cos Ry(xr, — xr) + Me?cos Ry(pr — ¢r), (4.30)

where Ly is the linear — dilaton x T? lagrangian, and the values of b; and by are determined
by the marginality requirement (at tree level)

SR~ Zhy(b 42Q) =1 “R2 - Zhy(by +2Q) =1. 4.31

We can shift ¢ to change both coefficients A\; and Ay and only the ratio n = )\}/ b / )\;/ b2
has physical significance. Allowing the two deformation theory ({.30) to flow to its IR
fixed point we expect that, for generic value of 7, one of the deformations dominates over
the other, driving the other to zero (and shrinking the S!' around which the dominant

2TThe mapping of these states is exact and does not involve subtleties in the mapping of the corresponding
vertex operators.
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perturbation winds). Simply, the deformation whose associated wall is closer to the weakly
coupled boundary is expected to dominate.

The analysis whether such a flow generates propagating waves which can, after infinite
RG time flow, change the boundary conditions (namely the proper size of the circles) is left
for future work. It would also be interesting to study ({.3(]) using perturbations around
Liouville but we leave this for future work as well. A more careful account of the possible
flows is postponed to section fj.

A special point which does not suffer from the difficulties of changing the boundary
conditions is the Hawking Page point where all the circles are of the same size. The physical
parameter is 75 = A1/Ag, and the theory has enhanced symmetry at 1, = 0,1, 00. We will
explore this point, and some other structures associated with constructing the unstable
phase, in section fj.

It is interesting to see how the basic physical features of AdSs are actually encoded in
s-L theory. For instance, we would like to see how the Atick-Witten tachyon appears in the
s-L. background at exactly the correct temperature. We describe the model perturbatively
in \p around a sine — Liouville x S* (A1 held fixed)

AL = XV = MV mm cos Ry(or, — ¢R), (4.32)

where Vj , 7 are the vertex operator of the 2-dim s-L theory (the x — ¢ plane) defined in
section [l The asymptotic behavior (large ¢) of the operator is,

$rt00 ei\/%(mXL —TMXR)

1+2j

Vi [ezczm + Rjmme 2QUTDE | ] . (4.33)
The coefficient R;,, » is a reflection coefficient of an incoming wave e?@7% scattering off
the s-L interaction and returning as an outgoing wave e 2QU+Dé  We are interested in
a perturbation which carries no winding and no momentum in the x circle, hence we set
m = m = 0 and it is enough for us to note that R; oo # 0.28

Since we are interested in instabilities in the interior of the space, keeping its asymptotic
form fixed, then we are allowed to insert only vertex operators V that are normalizable (or
delta-function normalizable). In the asymptotic weak coupling region we need to check:

1 —
V27, finte. (4.34)
9s
Using the asymptotic behavior and the linear dilaton slope we find two conditions for
normalizability
2Qj+Q <0 —2Q(+1)+Q <0. (4.35)
The only solution to both constraints is j = —% + is for some real value of s. This is

the familiar condition that the states be delta-function normalizable in the linear dilaton

ZFor a detailed expression for Rj m,m and a comprehensive explanation of the reflection phenomena in
s-L see [@]
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asymptotics. From the s-L point of view it is required that the dressed V is marginal or
relevant, while Vj oo is delta-function normalizable. This imposes the following restriction

on s:
1 o J(+1) 1+ 4s?
ST oy < f4- .
e T = T s k—2

The smallest value of ¢ radius where such and interaction term is possible is at s = 0.

(4.36)

Taking this value and translating back to the coordinate conventions used for AdSs we get

2
<t (1o ) - (4.37)
This computation is quite suggestive. One can see many of the well known features of AdSs
space in the s-L theory. For example, the fact one is forced to consider linear combinations
of modes is much easier to interpret in the s-L language (just because there is wall from
which there is reflection). In AdSs, the need to consider linear combinations appears due
to singularities of certain wave functions in the interior. In addition, the calculation itself
is somewhat easier in the s-L language. Since there is a manifest weakly coupled region
near the boundary, dimensions can be calculated using the zero point energy of the free
theory.2?

4.3 The regulated model

T AdSs and BT Z with pure NS-NS fields are pathological in two ways. The first is that the
winding mode tachyon is delocalized and can reach the boundary. The other is that they
differ by a non-normalizable mode. These pathologies are closely related to the singularities
of this special point in the moduli space of the D1— D5 system which were discussed in [Bg].
Both the ”long strings” and the delocalization of the tachyon correspond to the ability of
long strings in thermal AdSs to escape to infinity.3°

Going to the T-dual picture, we have argued that the volume of this torus is related to
the asymptotic integral of the B field (which distinguishes our two phases and determines
which circle is wrapped by the delocalized tachyon). In other words, this non normalizable
mode is closely tied to the asymptotically flat potential for long strings. If the system is
regulated in a way that all the winding states are confined to the bulk of space, than there
is no measurable difference near the boundary, even not by using extended probes such as
long strings. We conclude that if there exist deformations which in effect trap such long
strings, T AdSs and BT Z will differ by normalizable modes and would manifestly be in the
same ensemble under the usual Euclidean AdS/CFT rules.

Indeed, one can construct such examples. The D1 — D5 CFT is singular on a subspace
of its moduli space [B§| and one can go off this subspace with a small deformation. We
will rely on the B-field deformation constructed in [}, f2. In the D1 — D5 system, long

29Gimilar calculation can also be done in AdS3, but this requires some variable change which can actually
be interpreted as T duality (see [@)

30The two are actually more closely related. Both long strings in Lorentzian space and the Atick-Witten
tachyon in T'AdS are described by a string winding one circle, and quantization on an S* x R worldsheet
is very similar.
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strings which make their way to the boundary correspond to instantonic strings on the
T4, which is wrapped by the D5 branes, shrinking to zero size. This is a D1 brane which
becomes point like and can then leave the stack. Hence, one should prevent instantons from
shrinking. One way to do it is by turning on B field on the T* which in effect modifies
the moduli space of instantons to that of a non-commutative T%. In the non-commutative
case, instantons cannot shrink due to the existence of a new physical scale.

Taking the near-horizon of the regulated D1— D5 system [[1], [ilJ] S-dualizing and Wick
rotating one obtains the background

1 — 2
ds'2, = k [dp? + cosh? pdi? + sinh? pd6? + d3] + V'V [(COS;,)Y ATy + dTZQ} (4.38)
Y Vv
e 2% = 9 C(/Q) = —QE tanyegy

_ o VVtany (1 — ¢)?
SR R

g 1

Fs)

1
(1 + *10) [(—id(sinh2 p) Ndt A df+ 5693> A €T2/]

dTy? = dyi +dys , dT§ = dy; +dys ety = dyr N dy2

v ~1/2
1—e:<1+—2tan27> , 1>e>0. (4.39)
g

s

The limit v — 0 (equivalently ¢ — 0) is the NS-NS Euclidean AdS3 solution. Consequently,
the dynamics of a long string is now governed by this modified Nambu-Goto action . We
can expand the action at large p and read out the potential for the long string we studied
before

1
Vi ~ /d2§<§e2” (1 — a) + const + 0(62”)). (4.40)
Next we compactly the angles to find a deformation of T'AdS3 (or EBTZ),

t=2t+ 3 020+ 2m.

It is already clear that the long strings no longer have a flat potential. Rather, they are
confined to the bulk of space. This was the expected effect of this deformation. Hence,
small deformations of the singular point resolve the pathological non normalizable mode
which is measurable at infinity. Next carry out the same set of T-dualities.?! Writing only
the NS-NS fields and focusing on the AdS3 directions only we find the regulated cigar,

ds® =k [d,o2 + v(p) (tanh2 pdx? + dgoQ)]
BEQ) = 2ikuv(p)e sinh? p [1 + (1 — €) tanh? p] do ANdyx

p o v(p)
* cosh? P

s

31 T-dualities with RR. fields are discussed in [@, @} It is fortunate that in our case the RR fields has
no effect in the AdS directions enabling us to use the familiar NS-NS duality formulas.
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o Z2p+0,
0 =20+27

. -1
, sinh? p

v(p) = |1 —2esinh?p + e (4.41)

cosh? p

We will focus on the case of 3 close to 2. The technical reason is the background (f.47)
has a singularity at finite p which is purely an artifact of the T-duality. Around § ~ 27
we can truncate to leading order in e. We see that the volume of the torus is rescaled by
~ (1 + 2etanh? p). One can therefore glue, for the same background at large values of p,
an SL(2)/U(1) x U(1) -like throat for a range of values of this volume, which implies that
TAdSs and EBTZ are in the same ensemble in this case.??

5. The middle point CFT

As discussed above, we expect (for intermediate temperatures) to find a new fixed point,
where both circles are on equal footing. In this section we suggest what this theory might
be, although more work is needed to verify this picture. We will mainly work in the
Hawking-Page temperature (R.9), where the two circles are identical and the additional Zy
symmetry simplifies the discussion, but will comment on the more general case.

We concentrate on the unregulated model since we wish to use worldsheet CFT argu-
ments. When we go to the regulated model the following changes occur

e Lines of fixed points in the unregulated model can collapse to a set of discrete points
as the spacetime regulator introduces a small flow on this line. The origin of the
small beta function is from the region where the unregulated model is glued to a new
space which takes over as one approaches the boundary of spacetime.

e RG flow which is infinite distance in coupling space turns into a finite distance flow.
The infinite distance flow is roughly similar to the flow in [LI] from C/Zy to C.
Introducing the regulator is the same as focusing on the flow from C/Zy to C in
a finite region around the origin - such a region of spacetime relaxes in a finite RG
distance.

With these changes in mind we can discuss both cases at the same time. The problem
then boils down to the question of how one can cap, at strong coupling (or in the IR in the
AdS/CFT terminology), a linear — dilaton x T? background. There are several options,
which can be located at different position along the flow. In the following, we describe and
evaluate these possibilities.

1. The maximally symmetric points. The maximally symmetric plane of fixed points
is characterized by the fact that it has an SL(2,7Z) discrete gauge symmetry which acts on
the parameters of the T? (and no other parameters transform under it), i.e., other than

32The dilaton needs to be adjusted at the point of the gluing which is possible. Also, the value of fTQ B
is an irrelevant perturbation from the point of view of evolution in p in the cigar.
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the shape of the torus the symmetry between the different directions is preserved. As
usual it is natural to take the shape modulus of T? for this class of theories to live in the
fundamental domain of SL(2,Z) (and of course there is still the volume modulus). The
only known candidate for this theory - and one that should be considered since it has the
right boundary condition to be included in the ensemble - is Liouville x T2. The cap is
done completely within the linear dilaton theory, and the SL(2,Z) acts as a symmetry on a
decoupled T?. Considering this theory, however, is problematic since, for the relevant values
of the linear dilaton slope, the coefficient « in the Liouville interaction e®? is imaginary
and the interaction is part of the delta-function normalizable spectrum.

If such a theory can be defined, then it is defined for any value of uy, - the coefficient of
the Liouville interaction on the worldsheet. Usually, this value is considered inconsequential
as it can be changed by shifting the linear dilaton coordinate p. However, in our case one
has to keep it as a modulus of the theory since we fix the UV cut-off during a computation
(at large value of p).33 ur then measures the length of the throat from this cut-off. This
gives us a line of fixed points. When fixing the boundary conditions and summing over all
bulk geometries we have to sum over this line of fixed points.

It is important to emphasize that even if the CFT on the sphere is well defined for
all values of ur, the range around py = 0 is problematic because then the coupling is
strong near the cap and one needs to evaluate higher loops and non-perturbative effects.
In particular, if the integral over pj diverges for puy ~ 0, these strong coupling effects are
dominant. The point py, = 0 itself - i.e. linear — dilaton x T? - certainly does not exist as
a perturbative String background. One can estimate whether the behavior near uy ~ 0 is
indeed problematic, since then the throat is long (even in the regulated model) and the pp,
dependence of correlation functions dominated by the throat is governed by a KPZ scaling
similar to (f.19). We leave this to future work.

The suggestion here is in the same spirit as in [67], which treats the Horowitz-Polchinski
correspondence principle [6§, fJ] from a worldsheet point of view (for a specific class of
black holes). In that case, the near horizon of a black hole, in the vicinity of the black
hole/excited string phase transition, is described by an SL(2)/U(1) cigar, and all angular
information about the black hole disappears. Here we also obtain a similar throat but keep
an additional S' which can encode angular information (since the chemical potential is
encoded in the shape of the T?).

2. A partially symmetric point. In thelanguage of the Euclidean instantons described
in section 2] the transformation that interchanges EBTZ and T'AdSs , is 7/ = —%. At the
Hawking page temperature 7 = ¢ and the transformation is a Zos symmetry of the boundary.
The symmetry is broken in the interior of space by the choice of which circle contracts.
One can ask whether there is a symmetric point which respects this Zs symmetry.

Our conjecture for the Zy symmetric point is to take (f.30) and set A\; = Ay (remember
that R, = Ry in this point of moduli space), i.e.,

e (cos R(zf, — xR) + cos R(¢r — ¢R)), (5.1)

33Phrased in another way, we fix the value of g. at the cut-off point.
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(a) (b) ()

Figure 4: The three possible flow patterns at the HP temperature. Figure (a) is the naive one
dimensional flow in ’A\—; Figure (b) is the conjectured flow case when we include a small py,. Figure
(c) is an example of what could go wrong. In the latter Ay = Ay is not a fixed point

where b is determined by fixing the scaling dimension and R is the radius obtained using
FZZ duality. SL(2,7) is still a discrete gauge symmetry but now it acts on the shape
modulus of the T? and on the two cycles on which we chose to turn on the s-L interaction.
The fundamental domain of this theory is now larger than the fundamental domain of
SL(2,7Z).

We would like to emphasize again that this is a conjecture, as it is not clear that this
theory exists. For examples the techniques of [i§] cannot be applied in any simple way.
Hence, we will have to argue its existence indirectly as follows.

If we can restrict our attention to the two operators in ([£30), which we can for \; < Ay
(or Ay < A1), then the existence of an unstable fixed point at Ay = A is guaranteed. The
flow is then depicted in figure fla. However, it is not clear that one can restrict to only
these two operators. If we follow [§] then there are at least three operators which play
a role. In addition to the two sine-Liouville interactions in (§.3(), one also expects that
a Liouville interaction could be turned on (we will denote the coefficient of the latter ur,
here as well). If A\ = 0 (or A2 = 0) FZZ duality conjectures that we can set u; = 0
(as was shown explicitly for £ = 9/4 in [1§]). For py very small, such that the Liouville
cap is behind the sine-Liouville i.e. deeper into the strong coupling area, we expect uy, to
be irrelevant. This describes the shaded areas in figure flb. Note however that close to
the entire pz, = 0 line (i.e. ur < max(A1, A2)) the Liouville interaction cap is behind the
sine-Liouville combined cap. Hence we expect that the Liouville interaction will always be
irrelevant for small enough 7, which gives the entire ffb phase diagram and an unstable
fixed point at A1 = Ao, pULiouville = 0-

These arguments implicitly assume that certain orders of limit do not matter (for
example if we follow [ig], which is applicable only for k& = 9/4 to start with, where one
starts with small A and resums the expansion in this parameter) and that no additional
operators can appear in front of the s-L caps. Hence it is suggestive, but not a rigorous
argument.

It is also interesting to see what other middle point CFTs can be obtained by using
other caps - i.e. by taking, in the asymptotic linear dilaton x T? some other operators
from the T? and dressing them by an operator from the linear dilaton, which grows in the
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strong coupling region. The most natural example would be to take the Poincaré patch.3
We begin with the following Fuclidean metric, which is a solution of GR,

2p 2p
ds? = k <dp2 v ap? 1 e—dt2>
4 4
ik | 5
B(Q) = —5 (6 —2) dt N\ db
e? = Js
t=2t+p05, 0=0+2m. (5.2)

In the above we kept the constant term in the B-field, which plays an important role in
our backgrounds, as is clear by now. This solution has the same symmetry pattern of the
Liouville theory. We have chosen this specific B field since it is the one that corresponds
to the Poincaré patch. However, as far as the behavior at infinity is concerned we could
change this value (while staying in the ensemble or in the regulated model).

Next we would like to go over the linear dilaton x T? picture. Carrying out the
sequence of T-dualities as before we find

dx? + dy?

2 2

ds* =k <d,0 + Epnp=Te
21k

4
) :loggs—i—logm

o =Zp+8, x=x+2m (5.3)

The geometry far away at the weak coupling p — oo region indicates a cap made out
of the volume and B-field of the T2, dressed by a profile in the Liouville direction. At
p — —oo the two circles shrink while the B-field and coupling go to a constant value.

Since the circles shrink exponentially, it is not clear how to analyze this theory. We
would like however to point to the possibility that this theory flows to a Liouville theory.
The shrinking T? could either disappear from the theory (as is the case in [f7] for an S?)
or it can stabilize at some finite stringy radii (since here, unlike S?, there is a CFT for
any radii of T?) but in any case, from considering the central charge, a linear dilaton term
should be generated. The perturbation at infinity then has the right quantum numbers to
mix into a Liouville wall. We can perhaps separate the Liouville wall from where the T?
shrinks by changing the value of the B-field.

We have presented our solutions only at the HP temperatures, but similar caps can
occur for other values of the temperature as well. This allows testing our proposal by
approaching the Hagedorn temperature of AdSs from below. As in figure f1, in this
regime the two fixed points should be close to each other, and one can hope to perform
a perturbative calculation detecting the nearby fixed point close to AdSs3. This would be
especially interesting in the s-L language, where one can test these ideas explicitly.

34This analysis was also carried out by S. Minwalla.
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Figure 5: Qualitative picture of the flow between the various theories

We should mention that the role of the unstable fixed point in the case of AdSs is
played by the small black hole which can decay to a larger black hole (which is stable at
high temperatures) or a gas of particles in AdSs (which is stable at low temperatures). In
some sense, our solution is a small black hole as well since the time circle is contractible
and the horizon has exactly zero area.

5.1 Summary of the flows

Let us briefly summarize the flows.?® Part of this picture can be derived from considering
the free energy in the dual field theory, but now one can be more precise about the different
CFT’s in the different regimes.

The qualitative flow between the CFT’s is described in figure f.

In this diagram the axis that goes into the page is the temperature axis. The four
temperatures regimes, separated by temperatures 71 ,72 and T'3 refer to those in figure [Il.
This diagram applies for the unregulated model, and we discussed before how to pass from
it to the flow picture for the regulated model.

The relevant axis in the diagram, in addition to the temperature axis, are A which
stands for both sine-Liouville interactions, V' which denotes the volume of the T? at infinity
and py, which is the coefficient of the Liouville interaction. We will be interested in the
regime where the Liouville wall is behind the s-L. walls, hence we can set ur = 0 in the
discussion. There are 3 types of arrowed lines - red arrowed lines denote using a marginal
s-L interaction to deform the theory (and FZZ duality to write it geometrically). This is
not really a flow but a finite distance change as far as the worldsheet CFT is concerned.
Solid black arrowed lines denote ordinary CFT flow. Dashed black arrowed lines denote an
infinite distance flow which can also change the boundary conditions on the volume of the

35 A boundary CFT interpretation of the phases in AdSs was proposed in [E]
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T?2. Vertical unarrowed dashed lines simply indicate lines of different V, keeping all other
parameters fixed.

The figure maps the different theories at 3 different temperatures: The HP tempera-
ture, at a high temperature (above the Hagedorn temperature) and at a low temperature
(below the dual Hagedorn temperature, where the EBTZ is tachyonic). The latter two
are of course images of each other under the exchange of FBTZ with T AdS3 and § with
inverse (3.

At the HP temperature we can turn on a s-L interaction on either circles to go either
EBTZ or TAdS3. We also expect that there is a symmetric point where both caps are
turned on. From it, one can flow to either FBTZ or T'AdSs.

At temperatures above the Hagedorn temperature we can go to either EBT Z or T AdS3
using an s-L interaction, but one needs to start with different values of V. This is depicted
by the red line starting at different values of V' at A = 0. The flow from T'AdSs to EBTZ
via the Atick-Witten tachyon has to change the value of V.

Tachyons can change the boundary conditions of non-compact CFTs under some cir-
cumstances. The most straightforward case are tachyons which are completely delocalized.
In this case one can condense their zero mode (the most familiar case is that of the bosonic
theory) and the entire space changes, including the behavior at infinity. Such a flow is
expected to change the central charge by the Zamolodchikov c-theorem [RJ]. The other
case is if they are localized but mix into the delta function normalizable states of the non-
compact CFTs. In this case a shell expands from where the tachyon is localized to the
boundary but, strictly speaking, it does not reach it in finite distance in coupling space.
This is what happens in [[(I]] and in such cases the central charge does not have to change.

The situation here is intermediate. As we saw before we can identify the tachyon in the
delta function normalizable spectrum in sine — Liouville x S'. If we build a wave packet
out of it then we have a kind of localized tachyon, which can mix into the delta function
normalizable states of the volume mode (which are not necessarily tachyonic). The latter
will make up the shell that propagates to infinity of spacetime and eventually changes,
in infinite distance in coupling space, the asymptotic volume of the T2. This picture is
supported by the regulated model where the flow is a localized tachyon, finite distance,
flow which changes only a region of space (very similar to AdSs x S®). As the regulator is
removed the length of the region which changes grows to infinity until it covers the entire
space suggesting an infinite distance flow in which the original tachyon mixes with the
modes described above of the volume.

Not building a wave packet but condensing the s = 0 mode is more puzzling (see
the discussion around ([l.3G)), and we postpone a full discussion to future work. Let
us point out however that it is not clear that discussing only this mode makes sense. In
situations where a delta-function normalizable spectrum of tachyonic operators arise due to
a translation invariance in a non-compact direction one can safely discuss the condensation
of the zero mode because then the non-compact direction decouples and one discusses a
discrete operator in the remaining CFT. This is not the case here because there is no
translation symmetry in p and the tachyon profile is p dependent. In fact, if one wants to
take the back-reaction of this field (or any wave packet) then the back-reaction is suppressed
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at large values of p due to the decrease in g, suggesting again the localized wave packet
construction.

6. Discussion and open questions

We suggested a unified description for geometric and tachyonic capping in String theory,
and applied it to the study of the T'AdSs/EBTZ phase diagram where it turns out to be
a useful tool for understanding the intermediate worldsheet CFTs. We expect that this
technique of evaluating competing tachyon condensation, would be useful in other topology
change problems in String theory and GR. Here we used the symmetries of the problem,
such as the Zs symmetry which interchanges the two circles, to argue the existence of a new
fixed point. But more generally one expects similar fixed points at the end of the separatrix
that separates between the phase in which one tachyon dominates to the phase in which
another does. This entails the comparison of different ”walls” made out of Liouville-like
interactions times different operators from some internal compact CFTs.

A concrete open problem is to provide more evidence for the existence of the new
conformal field theory which we conjectured to describe the unstable phase. There are
many tests one can make to check this conjecture, some of which were described in section .
Another open problem is that the hard dynamical part of the process - i.e., the details of
the RG flows - remains to be understood. Particularly interesting are the flows away from
the HP temperature due to the need to change a non-normalizable mode. This problem
occurs in the theory because the spacetime CFT is singular, and hence the UV/IR relation
in AdS3 ns—ns is rather unusual. In the regulated model, in which RR charges are turned
on, the UV/IR relation is the standard one, but this model is not solvable. We plan to
pursue these checks in the future.

This project started when attempting to study the Lorentzian BT Z as a global model
which realizes the time dependent Misner space or Grant space. However, already the Eu-
clidean BT Z /T AdS3 exhibits a set of poles in the partition functions which are practically
identical to the poles encountered in Misner/Grant spaces [, [[J]. In AdSs these poles
disappear when turning on a RR fields - it would be very interesting to find out what is
the corresponding deformed model in the Misner/Grant cases.
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A. Mini-Superspace analysis of the winding string

The Atick-Witten tachyon discussed in section J is a winding mode around the Euclidean
time circle [[(]. We apply a minisuperspace quantization of the string in thermal AdS3 to
study the properties of this mode. We use bosonic String theory and ignore the existence
of the usual bulk tachyon in the spectrum. The action of a string in thermal AdSj5 is,

k

S = o /cl2<7[(8ap)2 + cosh? p(9at)? + sinh? p(9a0)? — 2sinh? peap0at )], (A.1)

T
where a and b are worldsheet vector indices, €4 is a 2-dim antisymmetric tensor. The
target space coordinates match those of () We consider a minisuperspace ansatz3® for
the winding mode,

wph 4

t =t(o?) + P p=plo?) 0 =0(c?), w € 7Z. (A.2)

The minisuperspace Lagrangian is,

S = g/do—Q [/P + cosh?(p)f? + sinh?(p) < — Z—f)g + (Z_fﬂ (A.3)

the dot stands for derivatives in respect of the worldsheet coordinate ¢2. A canonical

quantization of the Euclidean action follows [[7] (chapter 8),

oL

H =L+ P".

Applied to the minisuperspace action (A.3) for winding w = 1 we find the Hamiltonian®7

1 0 P)?
H = —— _3§_M8p _|_(7t)2+
2k NZ 2k cosh” p
kB . o 2k 2 ( p )2 a
+ ———— | Py + ——sinh + — cosh — | +—, (A4
2ksinh2p< o7 on '0> 2 P\ox (A-4)
with /g = %Sinh(2p). The additional constant a comes by computing correctly the zero
point energy of all modes that have been integrated out (this will be carried out in the
sequel). The imaginary term in the Hamiltonian is a consequence of the imaginary B-field.
For the zero momentum case Py = P, = 0 the imaginary part vanishes and the eigenvalue
equation simplifies. The regularity of the wave function on the disc p, 6§ imposes a simple
constraint at p =0

9% (p)

o {pzoz , (A.5)

361t is easy to check that the ansatz is competent with the equation of motion.
37Tt is important to take care of ordering ambiguities in the Hamiltonian. In the case at hand, all
ambiguities are fixed by the existence of a unique quadratic differential consistent with the symmetries.
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and the eigenvalue problem is

1

EY(p) = %

2
[—3[2) — 2coth(2p)9, + <%> +a| ¥(p). (A.6)

It is interesting that the potential energy for this winding mode is exactly constant (due to
cancelation of the winding energy by the B-field coupling). The solutions of this eigenvalue

problem are well known. Their asymptotic form and the exact eigenvalue set are3®
. 1 . Bk\?
W (p) ~ exp (27 p) Ej=g |-40+D)+ (5 ) +a (A.7)

Remembering that there is a measure factor /g ~ e’ in the norm formula, we arrive at
the conclusion that the allowed set of j’s is j = —% + s where s is any real number. For
other cases the wave function is either not normalizable at infinity or singular at the origin.
Thus only continuum normalizable solutions exist (which in particular means that these
winding modes are not strictly localized). To reproduce the Hagedorn temperature as well
as the relevant terms in the one loop partition function, we need to compute a, which we
do in the following subsection.

A.1 Calculation of the zero point constant

To perform this computation one should examine more carefully the structure of the full
CFT, using current algebra techniques. Following [BJ], the worldsheet stress tensor of H;{
is expressed in terms of affine SL(2,R) x SL(2,R) algebra currents,

Tw3(5) = ﬁ (C(P2+T7T7)  Tv(z) = ﬁ (“(PR+T5T7). (A®)
The currents obey the OPE,
Pyt w) ~ 2w
J(2)T% () ~ {J_{%)
e~ 2000
@I ~ 7 —kw)2 += 3_(?
PP ) ~
T3 (2) T3 (w) (Z__]C{U_Q)Q (A.9)

T AdS3 with parameter 7 is an orbifold of H;‘ The orbifold generators twist the currents

(J3, Jt, J7) — (J3, e 2T gt et ). (A.10)

38We ignore the shift in k& which is invisible in the simple reduction of the model we employ here.
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These monodromy conditions allow us to write the oscillator expansion of the currents in
the n-th twisted sector

J3 T
P =) iy TH) =) (A.11)

m m

Using standard CF'T techniques, we can derive the twisted commutation relations

3 + _ +
[Jma J[:Fn»r] == Jm+l:|:nT

[JT:hLm—a Jl—tm—] = 2J73;L+l + 5m+lk(m + TLT)

k
3, ) = = mZ b (A.12)

From here, one has all the information needed to compute the minisuperspace Hamil-
tonian with the correct zero point energy. The ambiguity previously present is now resolved
by calculating the normal ordering of all the higher string modes and regularizing the in-
finite sum in a way consistent with the Virasoro algebra. We list the contributions to the
total zero point energy in the following:

e ghosts contribute 2/12

e the unitary CFT M adds % <% — 23>

e from the Klein-Gordon equation (zero modes) we get 2(k—1—2)

e ordering of higher modes (using zeta function regularization) —ﬁ

e the length of the string gives $k(3/2m)?

Summing up all the contribution we find the zero point energy

1

T (A.13)

1

§k(6/27r)2 — 24
This vanishes exactly at the Hagedorn temperature (B.4). One can do a little more matching
(the zero mode) pieces of the exact partition function (B.J)) by calculating the partition
function of the minisuperspace model

. 22 _ 17.92_ 1
D Bl e (A14)
meZ seR

The poles are reproduced from the sum over imaginary energies, as happens in some time
dependent backgrounds [[/3] (see [[4] for introduction to these time dependent models).The
power \/% in the partition function is a consequence of summing over a continuum of states,

as expected.

,35,



References

1]

J.M. Maldacena, The large-N limit of superconformal field theories and supergravity,

Theor. Math. Phys. 2 (1998) 231| [hep-th/971120(].

2]

E. Witten, Anti-de Sitter space and holography, [Adv. Theor. Math. Phys. 2 (1998) 253]
lhep-th/980215(].

S.S. Gubser, I.R. Klebanov and A.M. Polyakov, Gauge theory correlators from non-critical
string theory, [Phys. Lett. B 428 (1998) 105 [hep-th/9802109.

E. Witten, Anti-de Sitter space, thermal phase transition and confinement in gauge theories,
[Adv. Theor. Math. Phys. 2 (1998) 505 [hep-th/9803131]].

S.W. Hawking and D.N. Page, Thermodynamics of black holes in Anti-de Sitter space,
[Commun. Math. Phys. 87 (1983) 577.

J.L.F. Barbon and E. Rabinovici, Closed-string tachyons and the Hagedorn transition in AdS
space, JHEP 03 (2002) 057 [hep-th/0112173].

J.L.F. Barbon and E. Rabinovici, Remarks on black hole instabilities and closed string
tachyons, [Found. Phys. 33 (2003) 145 [hep-th/0211212].

J.L.F. Barbon and E. Rabinovici, Touring the Hagedorn ridge, hep—th/0407234.

G.T. Horowitz and E. Silverstein, The inside story: quasilocal tachyons and black holes,

Rev. D 73 (2006) 064016 [hep-th/0601033].

J.J. Atick and E. Witten, The hagedorn transition and the number of degrees of freedom of
string theory, [Nucl. Phys. B 310 (1988) 291|.

A. Adams, J. Polchinski and E. Silverstein, Don’t panic! Closed string tachyons in ALE
space-times, [JHEP 10 (2001) 029 [hep-th/0108074].

A. Adams, X. Liu, J. McGreevy, A. Saltman and E. Silverstein, Things fall apart: topology
change from winding tachyons, JHEP 10 (2005) 033 [hep-th/0502021)].

E. Silverstein, Singularities and closed string tachyons, hep-th/060223(.

G.T. Horowitz, Tachyon condensation and black strings, JHEP 08 (2005) 091]
[hep-th/0506164].

M. Headrick and T. Wiseman, Ricci flow and black holes, |Class. and Quant. Grav. 23 (2006 )

6683 [hep-th/0606084].

J.A. Harvey, D. Kutasov, E.J. Martinec and G.W. Moore, Localized tachyons and RG flows,
hep-th/0111154.

C. Vafa, Mirror symmetry and closed string tachyon condensation, hep-th/0111051;

M. Headrick, Decay of C/Z(n): exact supergravity solutions, JHEP 03 (2004) 023
[hep-th/0312213;

Y. Okawa and B. Zwiebach, Twisted tachyon condensation in closed string field theory,

03 (2004) 054 [hep-th/0403051];

M. Headrick, S. Minwalla and T. Takayanagi, Closed string tachyon condensation: an
overview, |Class. and Quant. Grav. 21 (2004) S1539 [hep-th/0405064];

O. Bergman and S.S. Razamat, On the CSF'T approach to localized closed string tachyons,
VHEP 01 (2005) 014 [hep-th/0410046];

,36,


http://www-spires.slac.stanford.edu/spires/find/hep/www?j=00203%2C2%2C231
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=00203%2C2%2C231
http://arxiv.org/abs/hep-th/9711200
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=00203%2C2%2C253
http://arxiv.org/abs/hep-th/9802150
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB428%2C105
http://arxiv.org/abs/hep-th/9802109
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=00203%2C2%2C505
http://arxiv.org/abs/hep-th/9803131
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CMPHA%2C87%2C577
http://jhep.sissa.it/stdsearch?paper=03%282002%29057
http://arxiv.org/abs/hep-th/0112173
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=FNDPA%2C33%2C145
http://arxiv.org/abs/hep-th/0211212
http://arxiv.org/abs/hep-th/0407236
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD73%2C064016
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD73%2C064016
http://arxiv.org/abs/hep-th/0601032
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB310%2C291
http://jhep.sissa.it/stdsearch?paper=10%282001%29029
http://arxiv.org/abs/hep-th/0108075
http://jhep.sissa.it/stdsearch?paper=10%282005%29033
http://arxiv.org/abs/hep-th/0502021
http://arxiv.org/abs/hep-th/0602230
http://jhep.sissa.it/stdsearch?paper=08%282005%29091
http://arxiv.org/abs/hep-th/0506166
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CQGRD%2C23%2C6683
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CQGRD%2C23%2C6683
http://arxiv.org/abs/hep-th/0606086
http://arxiv.org/abs/hep-th/0111154
http://arxiv.org/abs/hep-th/0111051
http://jhep.sissa.it/stdsearch?paper=03%282004%29025
http://arxiv.org/abs/hep-th/0312213
http://jhep.sissa.it/stdsearch?paper=03%282004%29056
http://jhep.sissa.it/stdsearch?paper=03%282004%29056
http://arxiv.org/abs/hep-th/0403051
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CQGRD%2C21%2CS1539
http://arxiv.org/abs/hep-th/0405064
http://jhep.sissa.it/stdsearch?paper=01%282005%29014
http://arxiv.org/abs/hep-th/0410046

A. Adams, X. Liu, J. McGreevy, A. Saltman and E. Silverstein, Things fall apart: Topology
change from winding tachyons, JHEP 10 (2005) 033| lhep-th/0502021];

G.T. Horowitz, Tachyon condensation and black strings, UHEP 08 (2005) 091]
[hep-th/0506166];

S.F. Ross, Winding tachyons in asymptotically supersymmetric black strings,

(2005) 119 [hep-th/0509064[;

O. Bergman and S. Hirano, Semi-localized instability of the Kaluza-Klein linear dilaton
vacuum, Nucl. Phys. B 744 (2006) 136 [hep-th/0510074].

M. Berkooz and D. Reichmann, A short review of time dependent solutions and space-like

singularities in string theory, prXiv:0705.2144.

J. McGreevy and E. Silverstein, The tachyon at the end of the universe, JHEP 08 (2005) 090

[hep-th/050613q;
M. Berkooz, Z. Komargodski, D. Reichmann and V. Shpitalnik, Flow of geometries and
instantons on the null orbifold, JHEP 12 (2005) 01§ [hep-th/0507067;

J.-H. She, A matriz model for Misner universe, JHEP 01 (2006) 002 lhep-th/0509067];

E. Silverstein, Dimensional mutation and spacelike singularities, [Phys. Rev. D 73 (2006]

086004] [hep-th/0510044];

Y. Hikida and T.-S. Tai, D-instantons and closed string tachyons in Misner space, YHEP O

(2006) 054 [hep-th/0510129[;

20]

J.-H. She, Winding string condensation and noncommutative deformation of spacelike
singularity, [Phys. Rev. D 74 (2006) 046005| [hep-th/0512299;

Y. Nakayama, S.-J. Rey and Y. Sugawara, The nothing at the beginning of the universe made
precise, hep—th/0606127;

Y. Hikida, Interactions for winding strings in Misner space, |Phys. Rev. D 75 (2007) 046002
[lhep-th/0606191].

V. Balasubramanian, K. Larjo and J. Simon, Much ado about nothing, |Class. and Quant)

Grav. 22 (2005) 4149 [hep-th/0502111].

[21]

[22]

J. He and M. Rozali, On bubbles of nothing in AdS/CFT, JHEP 09 (2007) 089
[hep-th/070322q].

A .B. Zamolodchikov, Irreversibility of the fluz of the renormalization group in a 2D field
theory, JETP Lett. 43 (1986) 730 [Pisma Zh. Eksp. Teor. Fiz. 43 565 (1986)].

B. Zwiebach, A solvable toy model for tachyon condensation in string field theory, JHEP 09

(2000) 028;

D. Kutasov, M. Marino and G.W. Moore, Some ezxact results on tachyon condensation in
string field theory, JHEP 10 (2000) 045 [hep-th/0009144];

H. Yang and B. Zwiebach, A closed string tachyon vacuum?, [JHEP 09 (2005) 054
[hep-th/0506077];

O. Bergman and S.S. Razamat, Toy models for closed string tachyon solitons,

(2006) 069 [hep—th/0607037];

S. Hellerman and I. Swanson, Cosmological solutions of supercritical string theory,
hep-th/0611317;

O. Aharony and E. Silverstein, Supercritical stability, transitions and (pseudo)tachyons,
[Phys. Rev. D 75 (2007) 046003 [hep-th/0612031];

S. Hellerman and I. Swanson, Dimension-changing exact solutions of string theory,
hep-th/0612051;

S. Hellerman and I. Swanson, Cosmological unification of string theories, hep—th/061211§.

,37,


http://jhep.sissa.it/stdsearch?paper=10%282005%29033
http://arxiv.org/abs/hep-th/0502021
http://jhep.sissa.it/stdsearch?paper=08%282005%29091
http://arxiv.org/abs/hep-th/0506166
http://jhep.sissa.it/stdsearch?paper=10%282005%29112
http://jhep.sissa.it/stdsearch?paper=10%282005%29112
http://arxiv.org/abs/hep-th/0509066
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB744%2C136
http://arxiv.org/abs/hep-th/0510076
http://arxiv.org/abs/0705.2146
http://jhep.sissa.it/stdsearch?paper=08%282005%29090
http://arxiv.org/abs/hep-th/0506130
http://jhep.sissa.it/stdsearch?paper=12%282005%29018
http://arxiv.org/abs/hep-th/0507067
http://jhep.sissa.it/stdsearch?paper=01%282006%29002
http://arxiv.org/abs/hep-th/0509067
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD73%2C086004
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD73%2C086004
http://arxiv.org/abs/hep-th/0510044
http://jhep.sissa.it/stdsearch?paper=01%282006%29054
http://jhep.sissa.it/stdsearch?paper=01%282006%29054
http://arxiv.org/abs/hep-th/0510129
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD74%2C046005
http://arxiv.org/abs/hep-th/0512299
http://arxiv.org/abs/hep-th/0606127
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD75%2C046002
http://arxiv.org/abs/hep-th/0606191
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CQGRD%2C22%2C4149
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CQGRD%2C22%2C4149
http://arxiv.org/abs/hep-th/0502111
http://jhep.sissa.it/stdsearch?paper=09%282007%29089
http://arxiv.org/abs/hep-th/0703220
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JTPLA%2C43%2C730
http://jhep.sissa.it/stdsearch?paper=09%282000%29028
http://jhep.sissa.it/stdsearch?paper=09%282000%29028
http://jhep.sissa.it/stdsearch?paper=10%282000%29045
http://arxiv.org/abs/hep-th/0009148
http://jhep.sissa.it/stdsearch?paper=09%282005%29054
http://arxiv.org/abs/hep-th/0506077
http://jhep.sissa.it/stdsearch?paper=11%282006%29063
http://jhep.sissa.it/stdsearch?paper=11%282006%29063
http://arxiv.org/abs/hep-th/0607037
http://arxiv.org/abs/hep-th/0611317
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD75%2C046003
http://arxiv.org/abs/hep-th/0612031
http://arxiv.org/abs/hep-th/0612051
http://arxiv.org/abs/hep-th/0612116

[24] V. Fateev, A. Zamolodchikov and Al. Zamolodchikov, unpublished.

[25] F.L. Lin, T. Matsuo and D. Tomino, Hagedorn strings and correspondence principle in AdSs,
brXiv:0705.4514.

[26] M. Rangamani and S.F. Ross, Winding tachyons in BTZ, prXiv:0706.0663.

[27] M. Bafiados, C. Teitelboim and J. Zanelli, The black hole in three-dimensional space-time,
[Phys. Rev. Lett. 69 (1992) 1849 [hep-th/9204099.

[28] M. Batniados, M. Henneaux, C. Teitelboim and J. Zanelli, Geometry of the (24 1) black hole,
[Phys. Rev. D 48 (1993) 1506 [gr-qc/9302019).

[29] J.M. Maldacena and A. Strominger, AdSs black holes and a stringy exclusion principle,
VHEP 12 (1998) 00 [hep-th/9804085.

[30] R. Dijkgraaf, J.M. Maldacena, G.W. Moore and E.P. Verlinde, A black hole farey tail,
hep-th/0005003.

[31] J. de Boer, M.C.N. Cheng, R. Dijkgraaf, J. Manschot and E. Verlinde, A farey tail for
attractor black holes, JHEP 11 (2006) 024] [hep—th/0608059].

[32] J.M. Maldacena and H. Ooguri, Strings in AdSs and SL(2,R) WZW model. I,|J. Math. Phys

42 (2001) 2929 [hep-th/0001053.

[33] J.M. Maldacena, H. Ooguri and J. Son, Strings in AdSs and the SL(2,R) WZW model. II:
euclidean black hole, [J. Math. Phys. 42 (2001) 2961 [hep-th/0005183].

[34] J.M. Maldacena and H. Ooguri, Strings in AdSs and the SL(2,R) WZW model. III:
correlation functions, [Phys. Rev. D 65 (2002) 106006 [hep—th/0111180)].

[35] A. Giveon, D. Kutasov, E. Rabinovici and A. Sever, Phases of quantum gravity in AdSs and
linear dilaton backgrounds, Nucl. Phys. B 719 (2005) J [hep-th/0503121].

[36] K. Gawedzki, Noncompact WZW conformal field theories, hep-th/9110076.

[37] O. Aharony, S.S. Gubser, J.M. Maldacena, H. Ooguri and Y. Oz, Large-N field theories,
string theory and gravity, [Phys. Rept. 323 (2000) 183 [hep-th/9905111].

[38] N. Seiberg and E. Witten, The D1/D5 system and singular CFT, JHEP 04 (1999) 017
lhep-th/9903224].

[39] D. Kutasov and N. Seiberg, More comments on string theory on AdSs, JHEP 04 (1999) 00§
[hep-th/9903219].

[40] A. Giveon and D. Kutasov, Notes on AdSs, |[Nucl. Phys. B 621 (2002) 303| [hep-th/0106004].

[41] J.M. Maldacena and J.G. Russo, Large-N limit of non-commutative gauge theories, JHEP 09

(1999) 02 [hep—th/9908134].

[42] A. Dhar, G. Mandal, S.R. Wadia and K.P. Yogendran, D1/D5 system with B-field,
noncommutative geometry and the CFT of the Higgs branch, Nucl. Phys. B 575 (2000) 177
[hep-th/9910194].

[43] J. Polchinski, Evaluation of the one loop string path integral, |Commun. Math. Phys. 104]

(1986) 31.

[44] M. Berkooz, M. Rozali and N. Seiberg, Matriz description of M-theory on T* and T°,

Lett. B 408 (1997) 10§ [hep-th/9704089].

,38,


http://arxiv.org/abs/0705.4514
http://arxiv.org/abs/0706.0663
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C69%2C1849
http://arxiv.org/abs/hep-th/9204099
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD48%2C1506
http://arxiv.org/abs/gr-qc/9302012
http://jhep.sissa.it/stdsearch?paper=12%281998%29005
http://arxiv.org/abs/hep-th/9804085
http://arxiv.org/abs/hep-th/0005003
http://jhep.sissa.it/stdsearch?paper=11%282006%29024
http://arxiv.org/abs/hep-th/0608059
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JMAPA%2C42%2C2929
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JMAPA%2C42%2C2929
http://arxiv.org/abs/hep-th/0001053
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JMAPA%2C42%2C2961
http://arxiv.org/abs/hep-th/0005183
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD65%2C106006
http://arxiv.org/abs/hep-th/0111180
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB719%2C3
http://arxiv.org/abs/hep-th/0503121
http://arxiv.org/abs/hep-th/9110076
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRPLC%2C323%2C183
http://arxiv.org/abs/hep-th/9905111
http://jhep.sissa.it/stdsearch?paper=04%281999%29017
http://arxiv.org/abs/hep-th/9903224
http://jhep.sissa.it/stdsearch?paper=04%281999%29008
http://arxiv.org/abs/hep-th/9903219
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB621%2C303
http://arxiv.org/abs/hep-th/0106004
http://jhep.sissa.it/stdsearch?paper=09%281999%29025
http://jhep.sissa.it/stdsearch?paper=09%281999%29025
http://arxiv.org/abs/hep-th/9908134
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB575%2C177
http://arxiv.org/abs/hep-th/9910194
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CMPHA%2C104%2C37
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CMPHA%2C104%2C37
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB408%2C105
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB408%2C105
http://arxiv.org/abs/hep-th/9704089

[45] N. Seiberg, New theories in siz dimensions and matriz description of M-theory on T° and

T°/Zs, |Phys. Lett. B 408 (1997) 9§ [hep-th/9705221].

[46] A. Giveon and D. Kutasov, Little string theory in a double scaling limit, JHEP 10 (1999) 034
lhep-th/9909110].

[47] O. Aharony, M. Berkooz, D. Kutasov and N. Seiberg, Linear dilatons, N S5-branes and
holography, UHEP 10 (1998) 004 [hep-th/9808149.

[48] V. Kazakov, I.LK. Kostov and D. Kutasov, A matriz model for the two-dimensional black hole,
[Nucl. Phys. B 622 (2002) 141| [hep-th/0101011].

[49] O. Aharony, A. Giveon and D. Kutasov, LSZ in LST, |[Nucl. Phys. B 691 (2004) 3|
[lhep-th/0404016].

[50] J. Kim, B.-H. Lee, C. Park and C. Rim, Two point correlation function of sine-Liouville
theory, Y. Korean Phys. Soc. 46 (2005) 1311 [hep—th/050305(].

[61] T. Fukuda and K. Hosomichi, Three-point functions in sine-Liouville theory, JHEP 09 (2001}

003 [hep-th/0105217).

[52] E. Witten, On string theory and black holes, [Phys. Rev. D 44 (1991) 314

[53] G. Mandal, A.M. Sengupta and S.R. Wadia, Classical solutions of two-dimensional string
theory, |Mod. Phys. Lett. A 6 (1991) 1685.

[54] S. Elitzur, A. Forge and E. Rabinovici, Some global aspects of string compactifications,

Phys. B 359 (1991) 581,

[55] R. Dijkgraaf, H.L. Verlinde and E.P. Verlinde, String propagation in a black hole geometry,
[Nucl. Phys. B 371 (1992) 269.

[56] V.G. Knizhnik, A.M. Polyakov and A.B. Zamolodchikov, Fractal structure of 2D-quantum
gravity, Mod. Phys. Lett. A 3 (1988) 81Y.

[57] G. Giribet and M. Leoni, A twisted FZZ-like dual for the 2D black hole, prXiv:0706.0036.

[58] K. Hori and A. Kapustin, Duality of the fermionic 2D black hole and N = 2 Liouville theory
as mirror symmetry, JHEP 08 (2001) 045 [hep-th/0104202].

[59] A. Giveon, A. Konechny, A. Pakman and A. Sever, Type 0 strings in a 2D black hole,

10 (2003) 024 [hep-th/030905§].

[60] D. Israel, A. Pakman and J. Troost, D-branes in N = 2 Liouwville theory and its mirror,

Phys. B 710 (2005) 529 [hep-th/0405259].

[61] J.M. Maldacena, Long strings in two dimensional string theory and non-singlets in the matriz
model, [JHEP 09 (2005) 07§ [Int. J. Geom. Meth. Mod. Phys. 3 (2006) 1] [hep-th/0503117].

[62] A. Giveon, M. Porrati and E. Rabinovici, Target space duality in string theory,

244 (1994) 71 [hep-th/9401139].

[63] J.H. Horne and G.T. Horowitz, Ezact black string solutions in three-dimensions,

B 368 (1992) 444 [hep-th/9108001].

[64] A. Giveon, D. Kutasov and N. Seiberg, Comments on string theory on AdSs,

Math. Phys. 2 (1998) 733 [hep-th/9806194].

[65] M. Fukuma, T. Oota and H. Tanaka, Comments on T-dualities of Ramond-Ramond
potentials on tori, [Prog. Theor. Phys. 103 (2000) 425 [hep—th/9907137].

,39,


http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB408%2C98
http://arxiv.org/abs/hep-th/9705221
http://jhep.sissa.it/stdsearch?paper=10%281999%29034
http://arxiv.org/abs/hep-th/9909110
http://jhep.sissa.it/stdsearch?paper=10%281998%29004
http://arxiv.org/abs/hep-th/9808149
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB622%2C141
http://arxiv.org/abs/hep-th/0101011
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB691%2C3
http://arxiv.org/abs/hep-th/0404016
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JKPSD%2C46%2C1311
http://arxiv.org/abs/hep-th/0503050
http://jhep.sissa.it/stdsearch?paper=09%282001%29003
http://jhep.sissa.it/stdsearch?paper=09%282001%29003
http://arxiv.org/abs/hep-th/0105217
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD44%2C314
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=MPLAE%2CA6%2C1685
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB359%2C581
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB359%2C581
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB371%2C269
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=MPLAE%2CA3%2C819
http://arxiv.org/abs/0706.0036
http://jhep.sissa.it/stdsearch?paper=08%282001%29045
http://arxiv.org/abs/hep-th/0104202
http://jhep.sissa.it/stdsearch?paper=10%282003%29025
http://jhep.sissa.it/stdsearch?paper=10%282003%29025
http://arxiv.org/abs/hep-th/0309056
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB710%2C529
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB710%2C529
http://arxiv.org/abs/hep-th/0405259
http://jhep.sissa.it/stdsearch?paper=09%282005%29078
http://arxiv.org/abs/hep-th/0503112
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRPLC%2C244%2C77
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRPLC%2C244%2C77
http://arxiv.org/abs/hep-th/9401139
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB368%2C444
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB368%2C444
http://arxiv.org/abs/hep-th/9108001
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=00203%2C2%2C733
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=00203%2C2%2C733
http://arxiv.org/abs/hep-th/9806194
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PTPKA%2C103%2C425
http://arxiv.org/abs/hep-th/9907132

[66] S.F. Hassan, T-duality, space-time spinors and RR fields in curved backgrounds,

B 568 (2000) 145 [hep-th/9907152].

[67] A. Giveon and D. Kutasov, Fundamental strings and black holes, JHEP 01 (2007) 071
lhep-th/0611063.

[68] G.T. Horowitz and J. Polchinski, Self gravitating fundamental strings, |Phys. Rev. D 57|

(1998) 2557 [hep-th/970717(].

[69] G.T. Horowitz and J. Polchinski, A correspondence principle for black holes and strings,
[Phys. Rev. D 55 (1997) 6189 [hep-th/9612144].

[70] Y. Kurita and M.-a. Sakagami, CFT description of three-dimensional Hawking-page
transition, |Prog. Theor. Phys. 113 (2005) 1193 [hep-th/0403091].

[71] J. Polchinski, String theory. Vol. 1: an introduction to the bosonic string, Cambridge
University Press, Cambridge U.K. (1998).

[72] L. Cornalba and M.S. Costa, A new cosmological scenario in string theory, |Phys. Rev. D 6

‘ 2002) 066001 [hep-th/0203031[]; Time-dependent orbifolds and string cosmology,
‘ Phys. 52 (2004) 145 [hep-th/0310099].

[73] B. Pioline and M. Berkooz, Strings in an electric field and the milne universe, [JCAP 1

(2003) 007 [hep-th/030728].

[74] M. Berkooz, B. Craps, D. Kutasov and G. Rajesh, Comments on cosmological singularities in
string theory, JHEP 03 (2003) 031| [hep-th/0212215).

,40,


http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB568%2C145
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB568%2C145
http://arxiv.org/abs/hep-th/9907152
http://jhep.sissa.it/stdsearch?paper=01%282007%29071
http://arxiv.org/abs/hep-th/0611062
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD57%2C2557
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD57%2C2557
http://arxiv.org/abs/hep-th/9707170
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD55%2C6189
http://arxiv.org/abs/hep-th/9612146
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PTPKA%2C113%2C1193
http://arxiv.org/abs/hep-th/0403091
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD66%2C066001
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD66%2C066001
http://arxiv.org/abs/hep-th/0203031
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=FPYKA%2C52%2C145
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=FPYKA%2C52%2C145
http://arxiv.org/abs/hep-th/0310099
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JCAPA%2C0311%2C007
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JCAPA%2C0311%2C007
http://arxiv.org/abs/hep-th/0307280
http://jhep.sissa.it/stdsearch?paper=03%282003%29031
http://arxiv.org/abs/hep-th/0212215

