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1. Introduction

It has long been known that the bosonic string admits a two-dimensional black-hole like
background, described as a gauged SL(2,R)/ U(1) WZW model [[l] and can also be thought
of for some values of the parameters as a solution of the lowest order (in ') effective
action [@, fl]. Moreover, it was shown that when viewed as a perturbation of the ¢ = 1
string theory, the leading term in this solution uniquely extends to a full solution of closed
string field theory [.

Some years ago, Fateev, Zamolodchikov and Zamolodchikov [[f] proposed that the
gauged SL(2,R)/U(1) CFT has a dual description in terms of a free theory (with a lin-
ear dilaton) perturbed by a Sine-Liouville potential. This remarkable relation between
two seemingly different models, the so called FZZ duality, has been explored and applied
in several ways (see for example [f—[J]). The duality has an N = 2 supersymmetric
version f], as well as a realization on the boundary of the worldsheet [@, E]

On the other hand, progress made during the last few years in the study of non-
rational conformal field theories (see [17-[[d] for reviews) has shown that both dressings of
Liouville-like perturbations in linear dilaton theories appear in the exact solutions [R(]. The
latter typically have two classical limits, and in each limit one of the two perturbations



disappears. This suggests that the classically vanishing operator is a non-perturbative
quantum effect generated by the backreaction of the first one.

Therefore it is natural to consider a Sine-Liouville theory where both dressings are
taken into account and to ask how the FZZ duality fits in such a setting. In this work
we propose an answer to this question which gives a new perspective on the FZZ duality.
Our approach is based on the observation that the OPE of the two Sine-Liouville dressings
yields the black hole perturbation. Therefore the latter operator closes a sort of algebra
which we have dubbed the FZZ algebra. In order to preserve the exact marginality of
the perturbations, the black hole operator should then be added to the action. Finally, a
perturbative computation will show that the coefficient in front of the second sine-Liouville
should be put to zero. In this way, the standard form of the FZZ duality is recovered, with
just one Sine-Liouville perturbation along with that of the black hole.

This approach to the FZZ duality suggests in turn a natural generalization of the FZZ
algebra in the ¢ = 1 non-critical string context. This is motivated by the fact that in this
case, the two-dimensional black hole is the first of an infinite family of solutions to the
closed string field theory equations, each one corresponding to one of the discrete states of
the ¢ = 1 string [l]. We find that when Sine-Liouville perturbations with different winding
numbers are turned on, all the discrete states of the ¢ = 1 can be generated by multiple
OPEs. This strongly points to the existence of an infinitely generalized FZZ duality in the
¢ = 1 string, which should be further investigated.

The organization of this work is as follows. In section 2 we briefly review the two-
dimensional black hole background and the FZZ duality. In section 3 we introduce the FZZ
algebra, we show that all the interactions involved are compatible with the parafermionic
symmetry of the SL(2,R)/U(1) coset and that the second Sine-Liouville dressing is con-
sistent with the correlation functions of the theory. In section 4, we briefly review the
¢ = 1 string theory and present our proposal for the enlargement of the FZZ algebra in

this model. Section 5 contains the conclusions.

2. Euclidean 2d black hole and FZZ duality

2.1 2d black hole - review

We start by reviewing some basic properties of the two dimensional cigar or black hole
solution in noncritical string theory [[—[] This will also serve to establish some notation
and conventions.

This black hole solution can be written as an exact conformal field theory (all orders
in /), namely an SL(2,R)/ U(1) WZW model [fl], whose Euclidean version is a o-model
with metric:

ds®> = k ((1 — €299 dt? + 1_7162Q¢d¢2> ,
d— Py = Qo, —00 <9 <0. (2.1)

Here k is the level of the SL(2,R) WZW model and @ = \/leQ



By a change of coordinates, this solution can also be written:

ds* = k (dr® + tanh® r df?)
¢ — &y = —2logcoshr, —oo <r<0. (2.2)

The geometry of the Euclidean black hole is that of a cigar ending at » = 0. Its asymptotic
radius as r — —oo is

R=Vk. (2.3)

The value of the dilaton at the tip, ®¢, can be identified with the mass of the black hole:
M ~ e 2%, (2.4)

The 2d black hole can either be considered by itself as a string background, or adjoined to
another “internal” CFT to form the total string background. In the former case, conformal
invariance of the worldsheet theory requires:

3k 9

Ctot:—k_2—1:26 = k=7 = R=

][9]

(2.5)

Therefore in this case one is in the regime of small k£, and the spacetime solution is not
very reliable. On the other hand, if we add an internal CFT then it is easy to see that k
can be arbitrarily large and one expects the spacetime solution to be a reliable guide to
the physics. In this and the next few sections we will assume the most general situation,
with k arbitrary. Later we will specialise to the case where there is only a black hole and
no internal CFT.

An important role will be played by the fact that the 2d black hole background has a
parafermionic SL(2,R)/ U(1) symmetry. Note that a cosmological Liouville perturbation
would spoil this symmetry. Hence we assume there is no cosmological perturbation, which
is physically acceptable since the would-be strong coupling region is already cut off by the
black hole geometry.

For large negative ¢, the black hole metric can be written

ds? = k((l — 208 qt? 4+ (1 + 62Q¢)d¢2) ,
- k:(dt2 +d? — (dt? — d¢2)62Q¢) . (2.6)

Thus, infinitesimally the black hole is generated by a perturbation
AS = (XX — Dpdg)e??? . (2.7)

The second term is a pure gauge in BRST cohomology. Therefore the black hole background
is generated by the operator:
B =0X0Xe*, (2.8)

It should be kept in mind that this operator only describes the 2d black hole far away from
the horizon, in the weak-coupling region ¢ — —oo. However, it unambiguously generates
the full solution, in the sense that a CF'T perturbed by B will flow to the CFT of the



Euclidean 2d black hole [f]. In this process the spacetime gets cut off at the horizon,
leading to the well-known property that winding number is violated: a string wrapped
around the Euclidean time direction in the asymptotic region can be slipped off at the
horizon. Violation of winding number is not, however, evident from inspection of the
operator B, which by itself conserves winding number.

2.2 FZZ duality

The FZZ duality [§] states that the Euclidean 2d black hole discussed above is “dual” to
the Sine-Liouville perturbation of the linear dilaton theory.
The latter arises by coupling a compact “matter” coordinate X to the Liouville field.

Since X is compact, it can be split into X = X + Xg. Let us normalize the holomorphic
fields X, and ¢(z) as (o/ =1)

X(2)X () ~ 6(:)6(w) ~ —3 log(z — ). (2.9)

and similarly for the anti-holomorphic fields Xg, ¢(z). The worldsheet stress tensor is

T =—(0X)* = (99)° + Q0°9, (2.10)
with
1
= 2.11
Q= . (211
and the central charge is
c=2+6Q%, (2.12)

which is the same as eq. (R.§). The linear dilaton is given by

- By = Q9 (2.13)

so that, with g, = e®0e@? the theory is weakly coupled as ¢ — —oo.
The vertex operators of this theory are written:

Vo p = e2ioX 209 (2.14)

)

and have conformal dimension

A=a’+5Q-0). (2.15)

The wave function corresponding to these operators is obtained by multiplying by g; ! ~
e~ @?. Tt follows that whenever 3 < % the wave function is non-normalizable, in that it is
peaked about the weak-coupling region ¢ — —oo. This is sometimes called the “allowed”
dressing. Its insertion creates a local deformation of the worldsheet. For § > % the wave
function decays at weak coupling and is normalizable, and its insertion creates a non-local
deformation.

If the theory is perturbed by an operator that creates a “wall” at strong coupling,
the situation is different. Only one linear combination of right-moving and left-moving



waves survives. As a consequence, the corresponding Euclidean operator will be a linear
combination of normalizable and non-normalizable ones.
Now let us introduce the Sine-Liouville perturbations:

/]-i—i-R _ eiiR(XL*XR) e(Q*|Q*$D¢7 (2.16)

where as before, R = vk. The subscript labels the “winding momentum” for the matter
part of the vertex operator, while the sign in the superscript labels the Liouville dressing.
In particular, the above operators both have the “allowed” value of the Liouville dressing,
so that the corresponding wave-functions grow at weak coupling and are non-normalizable.
These operators carry winding number +1 around the Euclidean time direction.

The FZZ duality states that the 2d black hole theory is equivalent to Sine-Liouville.
One of our goals in what follows will be to make this notion more precise. However first let
us review the existing evidence for this duality. It comes from the knowledge of the exact
two- and three-point functions (on the sphere) of the 2d black hole theory. For example,
the two-point function, which we will re-obtain below, is:

prl (5hy) )”j D(2j — DI+ %5) T(—j+1+m)T(—j+1—m)
ey .

r(l-5 T(-2j+ 1)I(1 - 253 L@ +m)I'( —m)

R(j,m,m) = <
(2.17)

The poles in the first two I'-functions of the numerator reflect the noncompact nature of
the target space [R1]. It can be shown that the positions of the poles of the first I'-function,
occurring at

i=0,-3,-1,-3 ... (2.18)

can be obtained using the black hole operator as a screening charge, and the residues at
these poles can be computed using free field techniques. Together this determines the above
correlator. On the other hand, the poles of the second I'-function, at

2j — 1

1
* k—2

=0,-1,-2,... (2.19)

can be obtained using the Sine-Liouville operator as the screening charge, and their residues
again give the remaining factors in the correlator. The agreement has also been shown to
hold for three point functions in [, fl], for processes conserving and violating winding
number.

It is intriguing that this duality works quite similarly to channel duality in critical string
theory, where summing over the residues at the s-channel poles gives the same answer as
summing over the residues at the t-channel poles. We are not aware if this similarity has
any further implications.

3. FZZ algebra

Let us now study the linear dilaton theory with a Sine-Liouville perturbation. In previous
treatments it has been standard to add to the worldsheet action just one of the two “dress-



ings” of the Sine-Liouville operator.! Here we will start by considering simultaneously both
sine-Liouville dressings. This point of view has already been demonstrated to be useful in
similar contexts (see for example [P0]).

As we will see shortly, this approach provides a direct link between Sine-Liouville theory
and the 2d black hole. We will demonstrate that the linear dilaton theory perturbed by
both dressings of Sine-Liouville operators requires the black hole perturbation operator to
be turned on for consistency, i.e. exact marginality of the perturbation. So it would seem
that the true perturbed theory has both Sine-Liouville and black hole operators turned on
at the same time. But this is not the end of the story. A perturbative quantum computation
will show that the relative coefficients between all the perturbations are determined self-
consistently, in such a way that the coefficient of the second Sine-Liouville perturbation
should be set to zero. In other words, the second Sine-Liouville perturbation disappears
after fulfilling the role of forcing the black hole perturbation to be present.

We will first describe the general arguments justifying this procedure, and will then
show that using various different combinations of the Sine-Liouville operators (of both
dressings) and black hole operator as screeners is consistent with the structure of the
correlators of the theory and fixes the relative coefficients of the different perturbations. A

certain parafermionic symmetry will prove useful in the discussion.

3.1 The algebra of the interactions

The perturbation to the action is as follows?
S—>S+/d2z (T 4+ Th 4+ T + 7). (3.1)

Between them, these four terms incorporate both signs of the matter momentum as well
as both signs of the Liouville dressing. The operators TJR were given in eq. (2.16) while
the other two are given by:

Tp= eTiR(XL—XR) e(Q+|Q*é\)¢7 (3.2)

As these operators are all of conformal dimension (1,1), the above perturbation is
marginal to first order. Now consider the requirements of exact marginality. The general
rule is that the perturbations will be exactly marginal if their OPE does not produce
another (1,1) operator [2Z. However, if they do produce such an operator then we are
required to add that operator back into the Lagrangian to restore marginality.

Now it is easily seen that the following OPE holds between the mutually conjugate
operators T and 7 5, (a similar relation holds between 7, and 7 )

1
~Y
2 —wf?

T3 (2,2)T p(w,w) 0XDX 29 4 ... (3.3)

In fact, in E], the dressing is chosen to connect to the semiclassical limit valid for @ — oco. This is
normalizable for Q < 1 and becomes non-normalizable for @ > 1.
2This is really Cosine-Liouville rather than Sine-Liouville.



Here we have exhibited only the (1,1) operator appearing on the r.h.s. . More singular
terms correspond to operators that are BRST trivial. Even among the (1, 1) operators that
can appear, we have dropped BRST-trivial contributions such as ¢ e?Q9.

On the right hand side of the above equation, we recognise the black hole perturbation
operator. This tells us that the Sine-Liouville theory (when viewed as a perturbation of the
original action by operators of both Liouville dressings) is not by itself exactly marginal,
but marginality can be restored by including the black hole perturbation. In turn, it is
known that the latter perturbation can be built up into a solution of closed string field
theory which, being unique, must be equivalent to Witten’s SL(2,R)/ U(1) CFT.?

It is worth noting that, as in 23], the operators generated by requiring exact marginal-
ity to second order are not quite the physical operators, but rather some variants of them
with an extra multiplicative factor of the Liouville field ¢ in front. In the present case the
black-hole operator would be replaced by:

0XDXe* - p0XDX 2P (3.4)

This is reminiscent of the fact that, at ¢ = 1, the cosmological operator in the linear dilaton
theory is not really e9? but ¢ e??. As in that case, the distinction between the operator
with and without a ¢ in front is expected to be unimportant for a large class of explicit

computations.

3.2 Parafermionic symmetry

To justify and spell out the above observations, we will now perform a more explicit study of
the linear dilaton theory perturbed by Sine-Liouville and black hole operators. A useful tool
in this study is the fact that when the dilaton slope of ¢ is Q) = \/% and the radius of the
compact direction is R = vk, the symmetry of the worldsheet is expanded from Virasoro
to the parafermionic SL(2,R)/U(1) algebra. A representation of this symmetry in terms of
the ¢ and X bosons can be obtained by adding one free boson Z, normalized as in (£.9), and
starting with the following free-field representation of the level k£ SL(2,R) current algebra

JP = VkoZ, (3.5)
JE = (iVEIX F VE = 20¢) T viX=D)

Since J? corresponds to the direction gauged to obtain the SL(2,R)/ U(1) coset, the parafer-
mionic generators can be obtained by dropping Z from the above expressions. This gives

WF = ((VROX F VE — 209)eT Vi X (3.6)

The currents (B-]) and (B.) have similar anti-holomorphic copies. A generic primary of
the coset can be written in terms of SL(2,R) quantum numbers as

. 2im 2im
2 —m e, 2mxp
Vjmm = €99 Ve EeT VER (3.7)

3This was demonstrated for k = 9/4 in [E]



with

n + kw B n — kw
m:
2 2

m =

(3.8)

where n and w are the momentum and the winding of the X direction. This state has
conformal dimensions

ji—=1) m?
x jGG—1)  m?
Ajm = —7;_2) +7, (3.10)

and descends to the SL(2,R)/U(1) coset from an SL(2,R) primary with spin j and
Jg’ =m, jg’ =m.
We are interested in turning on marginal perturbations to the flat background which

preserve the SL(2,R)/U(1) symmetry. Natural candidates are exponentials of X and ¢.
Consider the OPE

FVED o iter 2K ()

Y (2) e (w) ~ T (1+0(z —w))
(z —w) V&
$i%XL(z)+iaXL(w)
SLPW , b9 (w) (3.11)
2 Tz
(z —w)” V&

Requiring mutual locality and no single pole fixes a = wvk, with w a non-zero integer.
Thus the perturbation will be a winding mode belonging to the spectrum of the theory,
if we combine left- and right-movers with opposite signs for w. For each w, there are two
values of b which give an operator with A = A = 1. For the case of one unit of winding,
the Sine-Liouville operators are

SL= MT, = AV Xnrge (3.12)
S2 = MT o = hpeVEEXL X +(2Q-3)0 (3.13)

Turning on Liouville-like perturbations in linear dilaton theories has the effect of screening
the strong coupling region ¢ — +oo. This is indeed the case for SL. For S%, this happens
only when 2Q) > 1/@Q, i.e., k < 4. This region includes the k£ = 9/4 value corresponding to
the pure two-dimensional black hole. Therefore, we will trust the Lagrangian description of
the theory perturbed with S2 in the region k < 4, and resort to the analytical continuation
of the results otherwise.

The important point is that both operators are compatible with the SL(2,R)/ U(1)
symmetry. Now, the chiral black hole perturbation 0Xe??¢ should also be compatible
with the SL(2,R)/ U(1) symmetry. This is indeed the case, but happens only at a fixed
point of the gauge orbit of the BRST trivial state d¢e???. To find this point, consider

B = (0X + ad¢) 9% . (3.14)



Its OPE with ™ is

W (2)B(w) ~ 6—2i%+2@¢>(w) <_% (ZV li;)i + Z‘JS_@Z))) X (a + 14/ %) , (3.15)

and this fixes o = —i4/ % For this value of «, the OPE of ¢~ with B is

) (w) . X (2
6 () B(w) ~ ———0 (62% >% (3.16)

_\/EQ2 Y\ z—w

so the integrated screening charge § dwB(w) also commutes with ¢~ In the following we
rescale B by a constant and add the antichiral factor, so we will use

B =y (i\/EaXL + %&z)) <¢\/E(§XR + %&z)) ¢?Q? (3.17)

This, then, is the form of the black hole perturbation that is consistent with the
parafermionic symmetry. We will make use of this, along with the Sine-Liouville oper-
ators of eqs. (B-13), (B.13), as screening charges in the following subsections.

3.3 Correlation functions

Let us consider the two-point function of the interacting SL(2,R)/ U(1) theory with all the
perturbations turned on. The vertex operators V; ,, » and V_j 41 p m have the same confor-
mal dimension and correspond to incoming and outgoing waves with the same momentum.
We normalize them such that

V_jrimmVj—m—m) =1, (3.18)
and we will consider the two-point function
R(j,m,m) = (VjmmVj—m,—m) - (3.19)

We ignore the divergent delta functions in both (B:19) and (B.1§). Using the SL(2,R)
quantum numbers is useful because the coset theory inherits the structure of degenerate

operators and fusion rules of the SL(2, R) algebra. This in turn will allow us compute (B.19)
by exploiting the trick of Teschner [24, 5, .
The affine SL(2,R) algebra has degenerate primaries at spins [2q]

PG R CES Y

2
. 2w, (3.20)

where k' = k — 2 and r, s are integers with either r,s > 0 or r < 0,5 < 0. The OPE of a
primary with spin j, s gives only a finite number of fields, according to fusion rules that were
worked out in [R7]. Below we will consider the constraints on the two-point function (B.19)

which follow from the degenerate primaries with spins j = —1/2 and j = —k'/2.



The j = —1/2 degenerate field. The fusion of the degenerate primary V_1 1 1 with
27272
any other primary gives [27]
+ —
Voi i Vimem ~ i m [ij%,mﬁ,m%] + Cjmm [Vj+%,m+é,m+%] : (3.21)
Consider the auxiliary three-point function
Vimm(x1), Vigr 1 1 (@2)Vor 1 1(2)) (3.22)
Taking z — ;7 it is equal to
— o1 1 _ 1
Taking z — x9 it is equal to
Clropm B m,m) . (3.24)

Equating the two expressions we get

R+ m+gm+3)  Clum

—Z = _Lmm (3.25)
R(j,m,m) Comn

This is a functional equation for R(j,m,m) that depends on the structure constants ij»[m s

which, from (B.1§) and (B.21), are given by
Cllmamn = Vg mme1 -2 (00V_1 1 1 (D) Vmm (0)) (3.26)
Cimm = Vojigom-t,-m-3 (00Vos 4 1 (DVimm(0)) (3.27)

where

Vimm(00) = lim 2220mz28imy, (2 %) (3.28)

2,Z2—00

is the standard BPZ conjugate. In this approach, the computation of Cci

mm (and similar

constants associated to the second degenerate field below) is the only perturbative result
needed, and allows to compare the role of the black hole/Sine-Liouville interactions. The
presence of the background charge @ in the ¢ direction implies, for a correlator such as

< H e2aiQ¢>(2¢)> , (3.29)
i=1

the anomalous conservation law
n
dai=1. (3.30)
i=1

From (B.7) it follows that (B.30) is satisfied for C'f = _ without any insertion of the inter-

j7m7m

actions, so we have C, = 1. For C; we can satisfy (B.30) by inserting one cigar

j7m7m ]7m7m’

screening charge (B.17). This gives

R K —— OV O)ee (331

NI
NI

,10,



To compute the integrand, we use the free field correlators

<ez‘2%1XL(oo)e—ﬁXL(l) =X 0)> —
WXL gy X - B X0y 21121 -z
(el~2+DQ0(0) 2Q0() Q0N 21RO — 2@ (, _ 1)@°
l<e(*2j+1)Q¢(00)5¢62Q¢(Z)67Q¢(1 2Q00)) — ( 12 i) U (1)
0 z—1 =z

and similar antiholomorphic expressions. This gives

;i Nm + 7 21—k -2 2
Cj,m,m = /L(m—{—])(m +]) d z|z| k-2 |Z _ 1|k—2
27 —1

= —u%(mﬂ')(m +5)v (—%) v ( z ) v (1/K) (3.32)

where v(z) = I'(z)/T(1 — z) and we have used (A.4).

We now show that one obtains the same expression for Cj m,
interactions of both dressings as screening charges. The conservation law (B.30) can also
be satisfied by inserting one screening of type S' and one of type S2, see (B.19)-(B.13).

This gives

using the Sine-Liouville

Cmm = /d%dzwwﬁém;m (00)S (w)S2 (2)V_

_ 2 i 20 g I
= )\1)\2/d2zd2w|z—w| Yz —1F2 TR F TR 5w g

)

D=

1
2

l\.') N[
=

To compute this integral we can change variables from (z,w) to (z,y = w/z), and we get

Chnm = M [yl =y Uy Iy [l 2L (3
w2 _ 2j 2) -1
= M T T im0 (< ) (Zt ) k) L (e

where we have used twice eq. (A.4). Thus we have obtained precisely the same expres-
sion (B.39) for C' nm using both Sine-Liouville screenings, and we can identify

=M, (3.35)
where
Ao = 70 (—=1)\g (3.36)

is a renormalized value of As. The reason to renormalize only Ao in the product A\ Ay will
become clear below.

— 11 —



The j = —k’/2 degenerate field. For this case, the fusion rules are [27]

Jr —
Vo Vi~ G [Vttt 4 Cimn Vi ]
X
+ Cj,m [ B jrlmt ket ’“'} ‘ (3.37)
A similar reasoning as that used above leads leads to the functional equation
5 ’ r_ ’ 4
R(j+%’m+%’m+%) — C:j,m,m. (3_38)
R(j,m,m) Cimm
As before, we can set
ijm = <V7j+%/+1 7m7%ﬁmf%,(oo)vf%/7%,7%,(1)Vj,m,m(0)> =1, (3.39)

since the conservation law (B.30) is satisfied without any perturbative insertion. As for

Cimm = Vo o w0 (00w w w (DVmm(0)) (3.40)

—j—E _k k Kk

27 2 27272

we can satisfy (B.30) by inserting two Sine-Liouville S Uinteractions. This gives

Com = /d2zd2w<Vj+1 . %/,7m77(00)55(w)5}r(z)‘/,

L ’L/(l)v_vj,m,FrL(O»free
22272

= 3 [z — wl e P g (3.41)
Changing now variables from (z,w) to (z,y = w/z) we get

é'_ = )\2/d22‘ ’ 45— 2]4;’ 1‘2/{:/ X/d2y_m_jy_m_j’1_y’_2(k_1)7

.77m7
I(—-m—j+1) T(m+j+k)
I'(-m—j—k+1) T(m+j)

= My (-2 — K +1)7 (25— 1) , (3.42)
where we have used ([A.4) twice.

Now that we have the structure constants, the solution to the functional equa-
tions (B.29) and (B.39) is

T2 — DI(1+35) T(—j+ 1+ m)T(—j+1—m)

R(j,m,m) = (umy(1/K)) : — (3.43)
D(—2j + 1)I(1 - 25} LG +m)L(j —m)
which is the expression we wrote above in () Also, we get also the relation
A2 = (umy(1/K)Y (3.44)

which was first obtained in [§] by similar methods. Given this relation, it is clear that Ao
rather than A; is the coefficient which should absorb the divergence coming from I'(—1)
in (B:34). But since from (B:33) we see that Ay is finite, it follows from (B.3@) that Ay is ef-
fectively renormalized to zero, and therefore the second Sine-Liouville screening disappears

from the theory.
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Also note from (B:35) and (B:44) that only one of the three coefficients s, Ay, Ao is
independent. The expression (B.4d) for R(j,m,m) is symmetric under m « m for m —m €
Z, using (A71). It satisfies R(—j + 1,m,m) = R~1(j,m,m), and for delta normalizable
states (j = % + ¢R) it is a phase, namely, the phase shift between an incoming and an
outgoing wave.

Using the Teschner trick one can also obtain the three-point function, and the same
special structure constants we computed above enter similarly as an input for functional
relations for the three-point function, which follow from crossing symmetry of an auxiliary
four-point function [2§].

Therefore, in this efficient approach to compute the correlators, the role of the second
Sine-Liouville dressing is established for two and three point functions. It would be inter-

esting to use the second Sine-Liouville screening to perform free-field computations similar
to those in [].

4. Generalized FZZ algebra

As an application of the considerations detailed above, we will investigate a generalized
class of Sine-Liouville models. The FZZ algebra procedure will then be employed to find
the analogs of the dual black hole operators. However, such operators exist only in the
special case of ¢ = 1 matter coupled to Liouville theory. Therefore we will first give a brief
survey of the relevant aspects of ¢ = 1 string theory, including a listing of some interesting
physical states in the cohomology, before proceeding to the model.

4.1 Cohomology of ¢ =1 strings

The ¢ = 1 string is a special case of the linear dilaton background of Section 2.2 where we
set () = 2 to get a total central charge ¢ = 26. With a cosmological perturbation to cut off
the strong coupling region, the worldsheet action is:

Se=1 = /dzz <—8X(§X + 00 + 2R(2,2)p + 47 62¢> . (4.1)

The string loop expansion in this theory is an expansion in H% The coordinate X has
the interpretation of time, but in what follows we will consider its Euclidean continuation,
corresponding to the case of finite temperature. Thus X is Euclidean (spacelike) and
compactified:

X(z,2) ~ X(2,2) +27R. (4.2)

The physical fields of the theory are defined by the BRST procedure, which is most tractable
when the worldsheet theory is a free field theory. In the present case, the theory (at least in
the given variables) is free only at p = 0, the limit in which the effective string coupling is
infinite. For this case, the BRST cohomology has been worked out in [ -B4]. As observed
in [BY], at nonzero p we can still use part of the previous results.
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Let us therefore start by reviewing the cohomology at p# = 0. One important class of
physical operators? are the momentum “tachyons”:

TE = 75X TR nez (4.3)

o= -

with left and right conformal dimensions equal to 1. These are just the special cases of the
operators already introduced in eqgs. (2.16), (B-9). As before, the superscripts + refer to
non-normalizable /normalizable operators respectively.

Another important class of observables are the winding modes. Writing X = X+ Xp,
we define X = X, — Xp in terms of which:

TE = "RX QFR 7, (4.4)

These are clearly also (1,1) operators.

The operators T= and 7, i are dual to each other under (timelike) T-duality:

XR_’_XRa ¢—>¢—10gR (45)
under which X — X and 1
R—>E7 w— uR. (4.6)

Note that Ty = T = €2? is the cosmological operator.

There are other modes of dimension (1,1). They are called “discrete states” [B2, BJ|
and can be thought of as two-dimensional “remnants” of the higher-spin fields that exist
in critical string theory. We start by writing the following chiral operators at the self-dual
radius R =1

W (2) = Py (9 X) 2 Xe (272901 (4.7)
where s = 0, %, 1,...,andn,n = s,s—1,...,1—s,—s and Ps ,, is a polynomial in derivatives

2 — n2. In particular, Ps+s = 1.

of X, with conformal dimension s
Because the above operators depend only on the left-moving part of the Liouville field,
which is a noncompact scalar field, they are not physical operators. The physical operators

are the combinations:

+ — + =4+
}/;;n,n’(z7 Z) - WS,TL(Z)W&n/(Z) . (48)
For n = n/ = £s the above operators are the momentum modes T o4, while for n = —n/ =

+5s they are the winding modes 75o,. The remaining ones, with n < s or n’ < s are the true
discrete states. The time-independent discrete states are those with n = n’ = 0. Simple
examples are the ones with s = 1,2 for which the relevant ¢ = 1 primaries are:

PI,O = 8X’
Pag = (0X)* + 3(8°X)? — 20X’ X, (4.9)

“Here and in what follows, we refer to a dimension (1, 1) operator as a physical operator if it is BRST
invariant after integration over the worldsheet. Typically such operators are also BRST invariant when
multiplied by the ghost field combination c¢. We need to be more specific about the ghost dependence of
a physical operator only if this dependence is nontrivial.
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and the corresponding non-normalizable discrete-state operators are:
Yo = 0X0X, (4.10)
Yo = PaoPaoe . (4.11)

Although the above states have been tabulated for a specific radius R = 1, they will exist
at other radii as long as n+n' is an integer multiple of 1/R and n—n’ is an integer multiple
of R. In particular this constraint is always satisfied for n = n’ = 0, independent of the
radius, hence the time-independent discrete states Y;O,O exist for all radius. Of course s
has to be an integer in order for n = n’ = 0 to be allowed. Since we are working at general
values of the radius, we will concentrate on this set of time-independent discrete states.

The first nontrivial state in this collection is just Y1J,r070 = 0X0X, the radius-changing
operator. In the critical string this would have just been the zero-momentum mode of
the graviton/dilaton. Here it is a “remnant” of those fields, and is forced to have zero
momentum. The other discrete states are similar remnants of excited tensor states of the
string, with fixed momenta.

Note that for the radius operator appearing in eq. (.10) there is a normalizable, or
non-local, counterpart:

Yoo =0X0Xe". (4.12)

This is precisely the black hole perturbation of the previous sections, specialised to the case
Q = 2. It has been shown [ that starting from a perturbation of the ¢ = 1 string by Yi 0.0
there is no obstruction to finding a classical solution of closed string field theory (CSFT)
to all orders in o, and moreover the solution so obtained is unique. Therefore, starting
with eq. (B-) one generates an exact (at tree level) CFT describing a string background.
It follows that this CFT must be the SL(2,R)/ U(1) black hole CFT. This closes the gap
between the spacetime solution, valid only for large k, and the CFT, which lacks a direct
spacetime interpretation.

But it also suggests a generalization. Observe that:

Yo00=PsoPso(@ X, 0 X) e(2+25)¢ (4.13)

for s = 0,1,2,... defines an infinite family of normalizable operators, of which the first
two (s = 0,1) are the cosmological and black hole perturbations. Now the considerations
in ref. [A] were shown to be generally applicable to all these operators. Therefore each of
them similarly generates a unique classical solution of CSFT, and so must correspond to
some exact CFT. Unlike the first nontrivial case (s = 1, the usual 2d black hole) where the
CFT is the SL(2,R)/ U(1) nonlinear o-model, the CFT in the other cases is not explicitly
known. The form of the states in eq. (l.13) suggests that we are dealing with higher-spin
generalizations of the 2d black hole. As we will now argue, these are related by a generalized
FZ7Z duality to Sine-Liouville perturbations of higher winding number.

4.2 Higher winding Sine-Liouville perturbations

Supposing that instead of the unit winding perturbation V' = 77, we perturb the action of
the linear dilaton theory by Sine-Liouville operators of winding number 2:
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(recall that the + sign in the subscript refers to the sign of the winding number while the
one in the superscript refers to the dressing). It is easily checked that the OPE between
mutually conjugate operators of this type is again the black hole perturbation:

1
~Y
|z —w]?

Ton(2,2)T 5 p(w, @) OXIX &' 4 - (4.15)
The same will be true for pairs of mutually conjugate operators of any winding number
— in every case, the output of the OPE is the 2d black hole perturbation. One way to
understand this is that we can orbifold the compact time direction to enhance the radius
by an integer factor. The multiply wound Sine-Liouville perturbation of the original theory
then become singly-wound perturbations in the orbifolded theory. But orbifolding in time
does not affect the black hole perturbation operator, which is time-independent.

Things become more interesting if we perturb the theory simultaneously by operators
of different winding numbers. As a first example, consider the theory perturbed by the
single and double-winding operators:

S—>S+/d2z(Tg+T+R+Tlg + T g+ Top+ T+ Top + T op) (4.16)

In this case, examining the OPE algebra, we find that the product of three of these operators
can potentially produce a new (1,1) operator on the r.h.s. :

T_iZR(Zl, 21)7%(22, 22)75(23, 23) ~ 732,0(8X)752,0(5X) €6¢ = YVQT(],O (417)

where ’Z;iR can be read off from eq. (.4) and Pa is given explicitly in eq. (E.9).

Let us work this out in more detail. We have:

T+

on(21,21)T _p(22, 22)T_p(23, 23) =: 2 X1 2=2R)d1 o miRX2 (24 R)G2  —iRX3 (24 R)s

-R

_ 1 L 1 . o R2X1-X2-X3) .. [(2-2R)$1+(2+R)d2+(2+R)¢s3 .
|212|472R | 213[4—2R | 25| 4+H4R

(4.18)

where we have used the shorthand X; = X(;, Z;) and similarly for ¢;, as well as z;; = z;—z;.

After integration over the z;, the r.h.s. of the above may be written

i 1 1 1
2 _
L0 Feam e O ) (419
=1

where we have defined wy = 21 — 20, w9 = 21 — 23, w3 = 23, and
(’)(wi,u’)i) - |:: eiR(QX(wQ-I—wa)—X(wg—w1+w3)—X(w3)) % (w - ?I}) :66¢(w3,w3) . (4.20)
Here we have moved all the Liouville fields ¢; to the location wg and dropped the new

terms that arise in doing this. As we will see, at the end this will only lose us some terms
that are trivial in the BRS cohomology.
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Finally we expand the X-dependent vertex operator about the point ws as:
> 2
[ Xt Xt XD o ()] = |30 0 (wr—w1)" Any o (5)

ni,n2=0

(4.21)
where the operators A, n, are built out of holomorphic derivatives of X, namely
0X,0%X,... and have conformal dimension (A,A) = (n; + ng,0). Their complex con-
jugates have dimension (0,711 +ngy). Anticipating that the final contribution can only come
from physical operators in the cohomology, we keep only those operators in the sum which
are of the form | Ay, n,|? with ny + ng = 4. Then the combined matter-Liouville operator

in eq. (£:20) can be replaced by:
Jws ¥ |wy = ws| ¥ | Ay g (w3) [P+ 500000) (4.22)
Now we see that the composite operator
Apy iy (w3)[? o 8Pwa0a) 4.23
1,12

has conformal dimension (1,1) and is a local operator depending only on (ws,ws). The
coefficient functions depend only on wi,ws and combine under the integral sign into an
expression of the form:

1 1 1
/d2w1d2w2 (424)

|wi]* [wa? [wy — wa|
for some «, 3,7 satisfying o + § + v = 4. Thus the coefficient of the (1,1) operator is
logarithmically divergent, the sign of a nontrivial G-function.

At this stage it is clear without further computation that the operator A,, ,, must
be the Virasoro primary Ps defined in eq. ([.9). The reason is that the three operators
whose OPE we are computing are all in the cohomology and the output must therefore
also be in the cohomology. Given the total matter and Liouville momenta of the fields on
the Lh.s. of the multiple OPE, there is a unique such operator that can appear on the r.h.s.
. Hence we have shown that the higher-spin black hole operator

Yo0.0 = Poo(0X)P2(9X) ™ (4.25)

appears in the [-function of the theory perturbed as in eq. (4.1¢), thereby justifying
eq. (EI7).

The above result is quite general. For example, one can check that:
Tip(21,20) T (22, %) -+ Toplan, 2n) ~ Pno(0X)Puo(0X) 2N =y (4.26)

Thus the higher-spin black hole operator of label N (i.e. Liouville momentum 242N arises
when we perturb the linear dilaton theory with Sine-Liouville operators of windings 1 and
N.

We see that, in a similar sense as for the FZZ algebra of the previous section, the
multiply-wound Sine-Liouville operators are linked to higher-spin black holes. More pre-
cisely, perturbing by all Sine-Liouville operators of winding numbers 1,2,..., N gives rise
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to higher-spin black holes with all labels up to N (the spins realised in this way are 2k2, k =
1,2--- ,N). This should be viewed as a generalization of the FZZ duality, and we expect
that also here the coefficients of half of the Sine-Liouville operators get renormalized to zero.

To produce only a definite higher-spin black hole for N > 2, one must fine-tune the
perturbation strengths so that the lower-spin operators are not produced.

5. Conclusions

In this work we presented a new approach to the FZZ duality between the two-dimensional
black hole and the sine-Liouville conformal field theory. In this approach the duality is to be
understood as coming from the fact that the Sine-Liouville perturbations of both dressings
induce, via their mutual OPE, the operator representing a black hole deformation, and
one the of the two Sine-Liouville perturbations then disappears because its coefficient gets
renormalized to zero.

This approach has led us to propose a generalized FZZ duality for the ¢ = 1 string.
One side of this duality is a CFT generated by perturbing the linear dilaton background
with higher-spin analogues of the black hole operator. Finding an exact description of this
CF'T would be very helpful in understanding this generalized duality better, though that
appears to be a hard problem on which no progress has been made since the existence proof
in ref. [f]. One might instead try to use the holographic description in terms of double-
scaled matrix models to get more insight into the nature of the theory that results from the
fully back-reacted higher spin perturbation. Also, even partial progress in the worldsheet
treatment of the higher spin perturbations (e.g. some correlation functions) could provide

relevant tests for the generalized FZZ duality we have proposed.
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A. Useful formulae

D@1 -2) = — - (A1)
o= 2 s
Y +1) = —a%(a) ) (A3)

a-a 3 I'l+a)TA+b)T(-a—b-1)
/Rdemx (1-z)b1 -z =n T(Ca) T(<h) T@+b+9) (A.4)

= (a,b < a,b)
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The above integral is well defined only when a — a,b — b € Z, and it is only then that the
second line holds.
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