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ABSTRACT: We examine strong/weak dualities in two dimensional conformal field theories
by generalizing the Fateev-Zamolodchikov-Zamolodchikov (FZZ-)duality between Witten’s
cigar model described by the s(2)/u(1) coset and sine-Liouville theory. In a previous work,
a proof of the FZZ-duality was provided by applying the reduction method from s[(2) Wess-
Zumino-Novikov-Witten model to Liouville field theory and the self-duality of Liouville field
theory. In this paper, we work with the coset model of the type sl(N + 1)/(sl(N) x u(1))
and investigate the equivalence to a theory with an sl(N + 1|N) structure. We derive
the duality explicitly for N = 2,3 by applying recent works on the reduction method
extended for sI(N) and the self-duality of Toda field theory. Our results can be regarded
as a conformal field theoretic derivation of the duality of the Gaiotto-Rapcak corner vertex

operator algebras Yy y n+1[t] and YN707N+1[w*1].
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1 Introduction

In this paper, we examine strong/weak dualities in two dimensional conformal field theories

(CFTs). In general, strong/weak dualities are quite useful, for instance, to examine strongly

coupled physics from weakly coupled theories. A rare solvable example was proposed by

Fateev-Zamolodchikov-Zamolodchikov (FZZ) [1], and their duality states an equivalence

between Witten’s cigar model [2] and so-called sine-Liouville theory. The cigar model can

be described by the coset

(1.1)



The level k is related to the inverse of curvature and the sigma model description is suitable
for large k. On the other hand, the sine-Liouville theory is described by a bosonic field ¢

with background charge and another bosonic field X with X ~ X + 27vk. The theory
includes interaction terms

Viat = QWA(ewb(Q)H\/EX + e¢/b(2)—i\/EX')’ (1.2)
where b(g) =1 /vVk —2and X represents the dual of X. The interaction terms do not grow

rapidly when b9y is large enough. From this, we can see that the FZZ-duality is an example
of strong/weak duality. See [3] for more details of the FZZ-duality and its application to

holography.
In this paper, we generalize the FZZ-duality by replacing the coset model (1.1) with
(N +1
M . (1.3)
5[(N)k X u(l)
The central charge is
E(N+1)2-1) k(N?-1

k—N-—-1 k—N
The symmetry of the coset model (1.3) is given by a one parameter quotient of the W -
algebra [4]. Recently, W-algebras and especially the W -algebra play important roles in
theoretical physics. For instance, subsectors of four dimensional gauge theories are known
to be described by Toda field theories with certain W-algebra symmetry [5, 6]. Moreover,
the coset model (1.3) is essentially the one appearing in the higher spin holography [7] or
its supersymmetric extension [8].

This connection to the cosets relevant to higher spin (super-)gravity is our first main
motivation. The second motivation is a conformal field theory derivation of dualities and
trialities of corner vertex operator algebras (VOAs). Recall that at the corner of interfaces
of four dimensional supersymmetric gauge theories with gauge groups U(Np), U(N2) and
U(N3) there is a VOA, called the Yn, n, n,-algebra [9]. This vertex algebra is parameterized
by a parameter v (for the associated CFT it is the inverse of the coupling constant), which
is the level of the associated W-algebra shifted by the dual Coxeter number.*

The triality conjecture of [9] asserts that Y, n, n,-algebras are invariant under per-
mutations of the labels where the coupling constant also changes appropriately. Especially
the Yn, n, n,;-algebra at coupling v coincides conjecturally with the Yy, n, n,-algebra at
coupling 1!, Te. if one of the theories is strongly coupled (small 1) the other one is
weakly coupled (large ). The triality conjecture is a theorem if one of the labels is
zero [4]. The simplest example, the Yy g o-algebra is the W -algebra of sl(N) and the
isomorphism between Yy g o-algebra and Yy y o-algebra is Feigin-Frenkel duality [11], while
the isomorphism between Yy g o-algebra and Yj o n-algebra is the coset realization of the
W -algebra [12]. The Yy 1 o-algebra is a coset of the Feigin-Semikhatov algebra of sI[(N+1)
and the isomorphism between Yy 1 o-algebra and Y yg-algebra is the Feigin-Semikhatov

"'W-algebras are usually defined as quantum Hamiltonian reductions, that is certain BRST-cohomologies,
of affine vertex algebras. The level of the W-algebra is the level of the affine vertex algebra and this was
first introduced in generality in [10].



duality [13], proven in [14]. It is expected that the dualities and trialities of the vertex
algebras of protected operators at corners and junctions lift to dualities of spaces of confor-
mal blocks and thus providing a picture that contains the quantum geometric Langlands
correspondence [15-17].

It is thus desirable to give conformal field theory derivations of the dualities and
trialities of Y-algebras. Especially, one would like to not only have an isomorphism of
VOAs, but additional correspondences as e.g. a matching of correlation functions. Our
higher rank FZZ-duality is precisely this for the case of the Yy n n41-algebras. Moreover,
the Yn, n, n;-algebras are conjecturally the same as the Wi, n, n,-algebras of Bershtein,
Feigin and Merzon [18], see also [19, 20]. The latter act on the cohomology of moduli spaces
of spiked instantons of Nekrasov [21]. It is thus also desirable to get a conformal field theory
perspective on the conjectural relation between Yy, n, n,-algebras and Wi, n, n,-algebras.
The latter are characterized as intersections of kernels of screening charges acting on a free
field theory, i.e. they have a nice description in terms of a theory with free kinetic terms
and interaction terms. The dual theory that we get is a theory with free kinetic terms
and interaction terms and the holomorphic part of our interaction terms are precisely
the screening charges of the Wiy o n4i1-algebra [20], i.e. our formalism naturally relates
Yo v, Nt1-algebra to Wiy o n41-algebra.

The Wi o,n+1-algebra is called as W(sl(N +1|N))-algebra in [18, 19] due to its s[(N +
1|N) structure. The W(sl(N+1|N))-algebra is closely related to the N’ = 2 Wy 1-algebra,
which is obtained as a Hamiltonian reduction of sl(/N 4+ 1|N) current algebra. However,
note that the two algebras are different. The N = 2 W, -algebra is identified as the
symmetry algebra of sl(N + 1|N) Toda field theory, and it is believed to be realized by
the CPy Kazama-Suzuki coset model as well [22, 23].2 From this fact, we can also think
of a supersymmetric version of our higher rank FZZ-duality, but its detailed analysis is
postponed to future work.

In this paper, we explicitly derive the duality with the coset model (1.3) for N = 2,3
by extending the proof of the original FZZ-duality in [26]. In the proof of FZZ-duality, the
s[(2) factor of the coset (1.1) described by s[(2) Wess-Zumino-Novikov-Witten (WZNW)
model is reduced to Liouville field theory by applying the analysis of [27], which is a path
integral derivation of (generalized) Ribault-Teschner relation [28, 29]. We further utilize
the self-duality of Liouville field theory, which is the key point for the nature of strong/weak
duality. There have been several works on generalizations of the reduction method [30-
32]. Recently, big progress was made in [33], and the result enables us to do the current
generalizations of FZZ-duality. In order to directly apply the procedure of [26], we may
want to reduce the s[(N +1) factor of the coset (1.3) to sI(N+1) Toda field theory. If this is
possible, then the self-duality of the Toda field theory can be applied. However, its difficulty
has been recognized, see, e.g., [32, 34]. We can avoid this difficulty by not directly reducing
the WZNW model to the Toda field theory but instead using intermediate theories with
non-regular type of W-algebra symmetry [33]. A famous example of non-regular W-algebra

2This Conjecture is proven in the case N = 2 [24] and by Lemma 7.12 of [25] both theories have the
same type of minimal strong generators.



is given by Bershadsky-Polyakov (BP-)algebra [35, 36]. We make use of the intermediate
theories in the following way. The method of [27] and its generalizations heavily rely on
the free field realizations of algebras. For non-regular W-algebras, it was noticed that
several free field realizations are available [37, 38]. The reduction then becomes possible
by replacing its free field realization with a convenient one for the intermediate theories.
Throughout this paper, we assume that the theories are defined on a genus zero Riemann
sphere. It is an interesting open problem to deal with theories on more generic surfaces.

The paper is organized as follows. In the next section, we start by examining the
symmetry of the coset model, which is also underlying the duality. In section 3, we study
the coset model (1.3) with N = 2. We develop a free field realization of the coset algebra
by following [39, 40], which is necessary to apply the reduction method of [27, 33]. In
section 4, we derive a generalized FZZ-duality with the coset (1.3) for N = 2. In this
case, the annoying issue associated with higher rank algebra does not arise and the original
reduction method of [27] and the self-duality of s[(3) Toda field theory can be applied
straightforwardly. Massaging the theory obtained in this way, we derive a duality between
the coset model (1.3) with N = 2 and a generalized sine-Liouville theory with an s[(3|2)
structure. In section 5, we generalize the analysis by considering the coset model (1.3) with
N = 3. A free field realization of the coset algebra can be obtained in a way similar to the
N = 2 case. However, the original reduction method of [27] cannot be applied directly. We
overcome this difficulty by utilizing the technique of [33] briefly explained above and derive
the dual theory with an s[(4]3) structure. In section 6, we conclude this paper and further
discuss open problems and future directions. In appendix A, we explain an N = 2 version
of higher rank FZZ-duality based on the results of [22, 23]. In appendix B, we summarize
useful results on free field realizations of BP-algebra in [33].

2 Symmetry algebra

As explained in the introduction, a class of VOA denoted by Y, n, n;[%] was introduced
in [9] through brane junctions. There are three types of definitions of the algebra, but
the equivalence of the algebras defined in the three ways is still a conjecture if all labels
are non-zero. The first one is directly obtained from the brane junction picture, and the
symmetry algebra of the coset model (1.3) is identified as Yy y n+1[t] with

Yp=—-k+N+1 (2.1)

after decoupling a u(1)-sector [9]. The second one is realized by a truncation of a W10 [A]-
algebra, which will be explained in the next subsection. The equivalence of these two
realizations if one of the three labels is zero has been proven in [4]. The third one is given
by an intersection of kernels of screening charges in a free field theory, which is actually the
definition of W, n, v, mentioned in the introduction. This screening realization has been
proven to coincide with the coset definition in a special series of cases [14]. The algebra
Yonn+1[¢] is dual to Yo n+1[t~Y [4], and the conjectural screening charges for a free
field realization of the algebra Yy o n+1 [4p~1] are provided in subsection 2.2.



2.1 Truncation of W,-algebra

In this subsection, we realize the coset algebra by a one-parameter subquotient of the
Wao[N]-algebra, [4]. Since sl(N) with level k may be regarded as su(N) with level —k,> we
rewrite the coset (1.3) via level-rank duality as

su(N+1)p  su(—k)n xsu(—k)
su(N)_p xu(l) su(—k)ni1

(2.2)

If —k = L with integer L > 2, then the symmetry of the coset is known to be the usual
W-algebra. However, we are interested in the parameter regime of —k < —N — 1 now,
thus the symmetry is an “analytic continuation” of the algebra. The extended algebra is
a Wo-algebra called as Wo[A] parametrized by A and a central charge c. It is rigorously
constructed by Andrew Linshaw [41]. For the coset (1.3), A = —k and the central charge
is (1.4). It is sometimes convenient to combine a u(1)-sector to form Wy yo[A].

The algebra Woo[A] has a spin s current W) with s = 2,3, ... for generic value of \.
An ideal forms at A\ = L with integer L. > 2 and W -algebra with the truncation of spin
as s = 2,3,...L can be obtained by dividing the ideal. The operator product expansions
(OPEs) among generators are unique up to the two parameters A, ¢ mentioned above. The
algebra is known to have a triality relation [41, 42] and it is useful to introduce three
parameters A\, Ag, A3 satisfying [43]

— 4+ =+ —=0. (2.3)
One of them is identified with A in Wy [\] and the central charge is related as
= (-1~ DAz —1). (2.4)

In order to read off the parameters \; from the OPEs, it is convenient to focus on the
normalization independent combination of coefficients given by

(C33)*Cly

(L (25)

Here ij represents the coefficient of operator product expansion of W@OWU) in front of
W) We further set W) = 1. The quantity is related to \; by

(C55)°Cy _ 144(c+2)(M = 3)(A2 — 3)(A3 — 3)

= : 2.6
(O~ et 20— 20 2~ 2) (20
In the current case, we may set (see, e.g., (2.19) of [44])
k k
A= —Fk, AQ——m, As—m7 (2.7)

3For the discussion of vertex operator algebras, the elements of Lie algebras are assumed to take complex
values.



which leads to

(C55)Cla _ 1
(C%)2  2k2(5N+11)—k(N(5N+39)+22)+17N(N+1)
144(k—1)(k+3)(N+1)(2k—3N) (k=N —1)(k—N)(2k— N) (4k—3(N +1))
8 (k+ 1) (k+2)N(k—2N)(2k—N —1)(3k—2(N+1)) ‘

(2.8)

We will utilize this to check whether theories have expected symmetries in the analysis
below.
Above, we have argued that the algebra Woo[A] can be truncated to Wy at A = L.
More generically, it is known that there is a truncation when A; with j = 1,2, 3 satisfy
N1 Ny Nj
A I | 2.9
VD VR (2:9)
with non-negative integer N; [44, 45]. The truncated algebra is supposed to be Y, n,, v [¢]-
algebra. For the symmetry algebra of the coset model (1.3), the non-negative integers NN,
should be set as
N1=0, No=N, N3=N+1. (2.10)

2.2 Intersection of kernels of screening charges

Screening charges for free field realization of Yy, n, n,[1]-algebra were proposed in [20] by
extending the previous works of [18, 19]. In this subsection, we explicitly obtain screening
charges for Y o n+1 [¢p~1]-algebra by following their construction. There are many equiva-
lent ways to express them but here we use the one resemble to those for s[(N 4 1|N) Toda
field theory explained in appendix A.

For Yn, N, N, [t]-algebra, we introduce (N7 + N2 + N3) free bosons with labels (;S;-H)
(k=1,2,3,7=1,2,...,Ng). The OPEs of the free bosons are normalized as

(k) (r") h"i Kk s

For our purpose, we set Ny = N, No = 0, N3 = N + 1 and (see, e.g., (1.2) of [20])

7 k—N
hi=iVk—N—-1, hy=—— | hy=
L= Yy v I R/ e v |

The expression of free field realization is determined by the order of free bosons. We choose

(2.12)

the one corresponding to the order ¢53)¢51) g?’) .. .qﬁg\})gbg\%l. In this case, the screening
charges are given by
Q= f dwVi(w) (2.13)
for [ =1,2,...,2N with the screening operators as
(3 1) (1) (3)
Vaja(w) = e M0 0 v i(w) = e M0 M en (2.14)

for j =1,2,...,N.



Among (2N +1) free bosons, we decouple a linear combination, Z;V: 'El ¢§- Z - qﬁ s
which generates a u(1)-sector. For this, we redefine the free fields as

;= —i(¢%) — %)) (j=1,2,...,N),

k—N 4
o =i T (@) — ) (=12 N 1),

N+1
- NH ( N+1 ¢(3+*Z¢ )

The OPEs among these fields are

(2.15)

1
0i(2)6;(0) ~ =G iz, 0i(2)g;(0) ~ G Iz x(Hx(0)~ gz, (216)

where GE;VH) is the Cartan matrix of s[(N +1). We will use its inverse denoted by G(N+1)%
as well. With these new fields, the screening operators are given by

' /b1y =2t byt mR T X
Vi=e ( )
(¢1*¢2)/b(N+1)+‘Pl/b(N)*\/ %X
V'Q =€ ( ) )
Vi — (¢2—¢1)/b<1v+1)+(<ﬂl—<ﬂ2)/b<1\r>+\/Wkﬂ)x
3 =E¢€ )

Vi — e(¢2—¢3)/b<w+1>+(w2—¢1>/b<w>—\/%X7 (2.17)

_ — 2k

Von-1 = e(d)N*‘z’N Dby +eN T b+ wRF X
— k

Vo = €¢N/5(N+1)—<PN L/bvy—1/ 7N(12\;+1)X

i

)

where we have set 1
b(a) = Ti—a (2.18)

with a = N, N + 1. The indices of ¢; and ¢; are raised as

o = G i = Widg, (2.19)

In subsequent sections, we shall see that the free field realization corresponds to the theory
dual to the coset model (1.3) for explicit examples.

3 Coset model
In this section, we examine the coset model (1.3) with focusing on the N = 2 case given

by
sl(3)k

FORTIOR (3.1)



In the next subsection, we explain the first order formulation of s[(3) WZNW model and
the free field realization of s[(3) current algebra. In subsection 3.2, we obtain an action de-
scribing the coset model (3.1) and a free field realization of coset algebra. In subsection 3.3,
we explain the spectral flow automorphism of s[(N + 1) current algebra.

3.1 First order formulation of WZNW model

For the proof of FZZ-duality in [26], the reduction method of [27] was utilized, where the
analysis relies on a free field realization of s[(2) current algebra. This implies that a free
field realization of coset algebra is necessary in order to apply the analysis to the current
case. In this and next subsections, we review the method developed in [39, 40] and apply
it to the coset (3.1).

The symmetry algebra of the coset (1.3) can be constructed from sl(/N +1) currents by
dividing the denominator algebra, sI(/N) x u(1). The strategy of [39, 40] is first expressing
the s[(N+1) currents by free fields and then reducing the field space such as to be orthogonal
to the denominator one. We thus start from a free field realization of s[(3) current algebra.
We use the first order formulation of sl(3) WZNW model corresponding to a free field

realization,?
3 - -
/ 2w ” 08'9¢7 + L JgR(6" + ¢7) + Z Bada + Bada)
a=1 (3.2)
27rk/d2 PO (B1 — 728) (B1 — 72B3) + e ‘3)@5252} '
Here we set b3y = 1/vk —3 as in (2.18) with a = 3 and use the Cartan matrix and its

inverse expressed as

2 —1 o (2/31/3
GE?-) = (_1 2) , GBI = <1§3 2;3) . (3.3)

The worldsheet metric is denoted as g, with g = det g, and the worldsheet curvature as
R. In terms of OPEs, the free fields satisfy

61(2)65(0) ~ —CI |2 (2)Br(0) ~ 2 (3.4)

The generators of the sl(3) current algebra can be written in terms of the free fields as
(see, e.g., [47])
el =61, e =p—mpBs, € =ps,
h' = b@%@gbl + 271681 — Y282 + 7303, (3.5)
h? = b(_3§5¢2 —mB1+ 27282 + 73083 -

“The action can be derived from a particular parametrization of group element as in (2.7) of [32]. Here,
@1, 2 takes real values, while v, and 7, are related by complex conjugations. See, e.g., [46] for the analogues
case of s[(2) in [27].



Here and in the following, the normal ordering prescription is assumed for the products of
fields. The other generators f!, f2, f3 can be expressed in a similar manner. The energy-
momentum tensor is given by

- _7G J0§70¢7 + big)0%(¢' + ¢%) — Z Vol - (3.6)

3.2 First order formulation of coset model

Following [39, 40], we perform a projection of the numerator algebra, sl(3), into a subsector
orthogonal to the denominator algebra, s[(2) xu(1). The generators of s[(2) and u(1) current
algebras may be denoted as {ﬁ, é, f } and W'. The Cartan subalgebras are generated by

h=h'+h*, W =h'—n% (3.7)

For the generators of sl(2), we choose é = €3, which determines f as well.5 We introduce
two free bosons by

h = 2b) 0% + 27353, B = 2v3koy , (3.8)

where b(9) = 1/vk — 2 as in (2.18) with a = 2. This implies that the free bosons satisfy

0p(2)00(0) ~ —55 . OR()IN0) ~ —5 5

222 ? (39)

We define the coset theory by considering the subsector orthogonal to @, X, s, 33,73, B3.
For the ghost part with 73, 83,43, 83, we simply decouple it from the rest.

Let us check that the first order formulation of the coset theory possesses the correct
symmetry algebra. The free fields are ¢1,¢2 and the ghost systems (v;, ;) with j =
1,2. We require that the symmetry currents do not have non-trivial OPEs with ¢, x and
commute with the interaction terms

51 = /deeb(B)mﬁl,Bl, 52 = /d2w€b<3)¢2,3232 . (3.10)

There are no spin-one currents satisfying these conditions. We find a spin-two current,
which is the energy-momentum tensor,

:_7G 960 b3 0% (8" + ¢*) i
JagiogT + (9" + ¢%) Z ;3 (311)

+ 0pOG — ba)0* P + 0R0X -
Its central charge reproduces (1.4) with N = 2. In a similar way, we find a spin-three

current and a spin-four current. The ratio of OPE coefficients in (2.6) reproduces (2.8)
with N = 2.

This choice is different from that of standard coset construction in [48], but the algebras obtained in
the two ways are argued to be isomorphic with each other [39, 40]. In the current case, the algebra of the
coset reproduces the expected one as will be checked below.



We shall examine the correlation functions of the coset theory. The vertex operators
of the sl(3) WZNW model are expressed in the form

V(2) = P(Ya, Ya)?@ 019" +320%) (3.12)

where P(v,) is a function of 74,7, with a = 1,2,3. In the coset theory, we consider a
subsector orthogonal to ¢, ¥ and decouple 73, 83,73, B3. We then introduce counter parts
@, ¥ with negative kinetic terms so as to cancel the contributions from ¢, %. The action
of the coset theory is now

i i 5 1
s=o [ Ja¢wjaww—wmwiﬁm@@wuw%—%w)

1 L hn
+ %/de [Z(/@if)%‘ + Bi0%i) — %(eb“)m&,@ﬁ + eb(*’)@ﬂz,@’z)} : (3.13)
i=1
We consider vertex operators of the form
U(z) = fyl—ﬂl —i= m%—ﬂ l+m7yl—j1 —i= m’_YQ_JQ L+ by (5161+7262) 2b(a)lso+2\/% (mxL+mxr)
(3.14)

Here we have decomposed as x(z, %) = xr + Xgr."

3.3 Spectral flow

As in [26], we need to include the effects of spectral flow automorphism of sl(N + 1)
current algebra. We are using the notation such that commutation relations among mode
expansions of generators are given by

[Mhﬂ:—%mwhmm meH:GW“w

ny-m 1) n+m

(3.15)
N+1
(Wi, 1] = (j ) £ I el fi] = 7Jhn+m + knd; j0n4m,o -
The same commutation relations are satisfied even after the changes

P = s, P = firs PR = i+ kSidno (3.16)
fori=1,2,..., N. The commutation relations among new generators fix the action of p{sﬂ'}

to the other generators. From this, we can see that s[(IN + 1) current algebra possesses
N-parameter family of spectral flow automorphism.

The coset 5(2)/u(1) can be obtained by the decomposition s[(2) C 5[(2)/u(1) x u(1). This implies that
the correlator of the coset is obtained from that of s((2) WZNW model divided by that of u(1) theory. The
inverse of correlator in the u(1) theory can be computed with the opposite sign in the kinetic term. The
same technique can be applied directly for the theory of x. It seems natural to expect that the same is true
for the theory of ¢, but this is something to be confirmed.

"We may define the dual field %(z,2) via ¥ = —i fz’z *dy, where *dy denotes the Hodge dual of the
differential dx. Then the decomposition is such that x(z,2) = x5(z, 2) + xr(z, 2) and x(z,2) = x1.(2, 2) —
Xr(z,Z). See, e.g., [26].

~10 -



In the rest of this subsection, we focus on the N = 2 case and express p51:52 = p{di},
We define a state |S1, S2) satisfying

PR (en)[S1,82) =0, p R (f)]S1,82) =0, pTR(RL)|S1,8) =0 (3.17)

with a =1,2,3,i=1,2and n =0,1,2,.... We may decompose the state in terms of free
fields as

|Sl, SQ> = |Sl, SQ)(B’,Y) X |Sl, 52>¢. (3.18)

Here we require

Bin—5151,52) (8,7) = B2,n—5151,52) (8,7) = B3,n—51-5151,92) (8,y) = 0, (3.19)
V1,045 151, 92) (8,4) = V2,0+52151,52) (8,7) = V3,451 452151, 52) (84) = 0 (3.20)

forn=20,1,2,... and
|S1,S2) s = 6(S1¢1(0)+52¢2(0))/b(3)|0>¢_ (3.21)

We denote the corresponding operator as v51%2(¢) inserted at w = £. The insertion of
this operator puts a restriction on the domain of integration over 31, 82, 83 such that they
have zeros of order Si,Ss3,S1 + Sa, respectively. Moreover, it also induces the insertion of
e(5191+520%) /bes) (€). See [26] for more details in the N = 1 case. In the following, we assume
that S1,S2 > 0, which may be realized by utilizing the Weyl symmetry of s(3) Lie algebra
when only one of the vertex operators inserted has non-zero S, S as in (4.4) below.

4 A generalized FZZ-duality

Now that we have a first order formulation of the coset model (3.1), we can apply the
method of [26, 27] to derive a duality. We review the analysis of [33] on the reduction
from sl(3) WZNW model to s[(3) Toda field theory in the next subsection, and we apply
the reduction procedure to the coset theory in subsection 4.2. We rewrite the correlators
such that they can be interpreted as those of the dual theory with an sl(3]2) structure in
subsection 4.3.

4.1 Reduction from WZNW model

In [33], we have explored correspondences of theories with different W-algebra symmetry.
In this subsection, we review a result on the reduction from s((3) WZNW model to sl(3)
Toda field theory. The relation of correlation functions obtained by the reduction procedure
is generically complicated. However, as shown in [33], a simplification occurs if we consider
a restricted setup where vertex operators are of specific from. In order to obtain the first
order formulation realization of the coset theory, we decouple a ghost system (73, 33), and
this is exactly the condition where the simplification occurs.

In our construction of coset theory, we use the vertex operators of the form (3.14). It
is convenient to rewrite them as

v 3 v ~ v
Uy(2) = B (2)ViEe i (20) s Vi () = @I PHVRmOtmxw) -y 1)

- 11 -



where ®,(z,) is given in terms of a Mellin transform as

d2H d2:u'2 Y+mY +mY o v\IY—mY [ v\ Y —mY
Py () = TAEE |2(u 1) (1) (13) (15) Vilzv), (4.2)
117 1M
V() = \M1\2j1 ’M2’2.72 M HRE Y=Y =52 ob(s) (5 d1+75 d2) (4.3)

The pre-factor |u1|*7|u2|?2 in V,,(2,) is chosen such that the expressions obtained later
become simpler. We examine the correlation functions of s[(3) WZNW model and apply
the results to the case of coset theory in next subsection.

The correlation functions of sl(3) WZNW model can be written in the path integral
formulation as

N
<H V(5 )55 <5>>

v=1 (4.4)

3 N
= /S DD [H DQBQD%] ™5 T Vi (z)eS19 92070 b (g
7 a=1 v=1

As in the case of the original FZZ-duality in [26], we consider the correlation functions
with the insertion of v1:92(¢) in order to deal with a generic type of coset correlators.®
The domain of integration for By, B4 is then restricted as described above. Here the action
is (3.2) and the vertex operators are of the form (4.3). Since the vertex operators do not
depend on 73, 43, we can integrate out 73, 53, 93, 33. Then, we can simply set 3 = 3 = 0,
and the action reduces to a part appearing in (3.13).

With this setup, we can integrate out ~1,vy2,71,y2. This results in the constraints

IBi(w) = =27 Z i 0 —2,), Ofi(w)=2r Z 5 0 —2y) (4.5)

with ¢ = 1,2. Solving the equations, we have

(4.6)

and similarly for 3;. Because of the insertion of v°1:52(¢), 3; should have a zero of order S;
at w = £. This leads to the constraints

V

N
Z =0 (4.7)

_Zl/

8In the correlation function of sl(2)x/u(1) coset, the total u(1)-charges are known to be violated up to
IS, mu| = >, my| =58 < E(N —2), see, e.g., [49]. In order to realize this violation, we need to insert
an identity operator 1 = v°(&)e”V*5X as explained in [26]. Since we can construct analogues identity
operators including v°*52 (&) for the current coset as in (4.14) below, the generic type of coset correlator
should include the insertion of identity operator with some Si, S2.

- 12 —



forn=0,1,...,5;. Noticing that a holomorphic one-form with N poles should have (N —2)
zeros on a Riemann sphere, we can rewrite (4.6) as’

(w— &% TS5 (w — )
H;jjvzl( - 2y)

This equation defines the transformation of variables from pf to yli).

Bi (w) = —U;

= —u;B;i(w; 2y, y;;) . (4.8)

Inserting (4.8) into the action (3.2) with 53 = 0, the coefficients of interaction terms
have now coordinate dependence. We remove the coordinate dependence by shifting ¢; as

1
(3)

with ¢ = 1,2. The shifts yield several contributions from the kinetic terms of ¢; among
others, and the correlation function (4.4) becomes of the form

<H Vi, (2)0° 92 ( §)> (4.10)
S; N y N N-2-5 N-2-5,
~ o T (3 0 ) (oo T o 1T 00

i=1n=0 v=1

The right hand side is computed with the action of s[(3) Toda field theory,

= [ [ L 06060+ 1R (b +13) (61 + )+ Lo 4 b ¢2>]

(4.11)
Later we use the self-duality of s[(3) Toda field theory under the exchange of b3 <> bé%
The modified vertex operators are

‘711(2,/) — eb(3)(]'1V+b(;§)¢1+b(3)(]2+b(;))¢ f/b(y;;) — e*(f)i/b(:ﬁ) . (412)

The pre-factor is computed as

9251152 o 51425
2 - 2
3b(3) Sb(d)
% “# 5 w1
i 1 2 i
X H 2y H (20— p) H(yp ~ Yy) H Ypp' ’
v<v! V,p,t p,p’ p<p’,i

where z,,, = 2, — 2z, and y;p, = y; — y;/. See [26, 27] for more details on the reduction
procedure in the case of s[(2) WZNW model.

°In order for the equations (4.8) to make sense, we may need to set 0 < S;,S2 < N — 2. There is a
similar bound, 0 < S < N — 2, for the sl(2) case, and this is related to the bound of u(1)-charge violation
discussed in footnote 8. We expect that similar bounds exist even in the current case, but we cannot say
anything concrete without further investigations.
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4.2 Reduction from coset theory

We apply the reduction relation from sl(3) WZNW model to the case with the coset theory
by following the analysis of [26]. In order to do so, we need to add free bosons ¢,y and
use the vertex operators (4.1) with (4.2) and (4.3). In the coset theory, we may insert an
identity operator!”

1 = 5152 (5)6*(51%92)@/5(2) (g)e*\/g(51*52)(XL+XR)(§) , (4.14)

which uses the spectral flow operator v°1:92(¢) as mentioned above.

Here we perform the reduction procedure in the previous subsection, where the pa-
rameters ', i are replaced by y;,,gj; with ¢ = 1,2. The Jacobian due to the change of
variables is [26, 28, 29]

H

N Ml‘/
6 i S
qu nHo <yzl (f—zv)”>

N—Q—Si ) 924G,
Hl/<l/ ’ZVV ’2 p<p ‘y]lyp/‘Q d2ui N2os

HV 1HN 2—S; |Zu_y;)|2 ‘ui‘4+251 }_[1 P

for each © = 1,2. Because of the transformation of (4.2), the pre-factors with uiBi,ﬂZBi

(4.15)

remain. In order to remove them, we further shift ¢, x as

o+ 5 [hl lu1 By |? + In !U252\2} -,

1
1 /k
XL + 2\/? In(u1B1) — In(uzB2)] — x1, (4.16)

1 [k _ _
XR + 2\/; [ln(ulBl) — ln(ung)} — XR -

The coset correlation function is now written as

N NZSl
\IJV’ZV 4.17
(Mo = [Tt Ry

N R N 2—51 N—-2—S9 R
X <HVV(ZU V}f’ b H Vb yp)v% (y;) H %(yi)vpix —k _g(y§)>-
=1

k k
ymY, m" 2 366 2 76
(2 p=1 260, p=1 2%,

The right hand side is evaluated by the action
2 l] P17 3 1 1 2y _
d*w | =099 — 090 — OxOx + VIR (Qu(d! + %) — Qo)

+i/fwwmw+wW2. (4.18)

0As argued in footnote 8, we may insert an identity operator 1 = vs(f)efﬂsx in the correlation
functions of s[(2)/u(1) coset. In terms of the decomposition s[(2) C sl(2)/u(1) x u(1), the spectral flow
action to the s[(2) part can be reproduced from the corresponding action only to the Cartan part, i.e., the
u(1l) part, see, e.g., [50]. We can obtain 1 = vs(g)e_‘/ESX by considering the identity operator 1 for the
s[(2)/u(1) part and taking the “inverse” of the u(1) part. The identity operator in (4.14) can constructed
in a similar manner from the decomposition s[(3) C sl(3)/(s[(2) x u(1)) x s[(2) x u(1).
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The background charges are

1 2
Q¢ = b(3) + bf , Q<p = b(g) +—. (4.19)
3)
The division by (N —2—5;)! comes from (N —2—S;)!-fold map between pf and y},, see [26]
as well. Moreover, note that the pre-factor Oy is canceled with similar factors generated
due to the shifts (4.16).

4.3 Dual theory

In the previous subsection, we have expressed the N-point function of the coset model (3.1)
as in the right hand side of (4.17). In this subsection, we rewrite the correlation function
such as to be the N-point function of the theory dual to the coset model (3.1) by follow-
ing [26].

Firstly, we utilize the self-duality of sl(3) Toda field theory, which is an essential point

to obtain a strong/weak duality. Instead of (4.18), we use!!

L [ U090 — 00 — 00X + TR (Quld! + %) — Q)
+ )\/dgw [e¢1/b<3> + e@/b(?’)} , (420

where b(3) in the interaction terms is replaced by 1 / b3)

Secondly, we treat the vertex operators inserted at w = y}i7 as interaction terms.

Namely, we express the correlation function as

N N ]
<V]:[1 \IJV(ZV)> = <V1:[1 VV(ZV)> 5 V. ( ) V., (Zy)v;f_xb_ - mV(ZV) . (4'21)

)

The action for the right hand side is now

= o / d*w { J-0¢'0¢) — 0pdp — X + %\@R (Qs(e" + %) = Qup)

, (4.22)
+ A / d*w Z Vi
i=1
with four interaction terms
Vi = e®/be) Vo = e®2/bG)
(4.23)

k k
Vs = e*¢1/b(3>+%0/b<2)+\/gx, Vi = =92 /b@)+o/ba)—/Ex

In this way, we can relate the N-point function of the coset model (3.1) with the N-point
function of a theory with the action (4.22).

1 The coefficient X in front of the interaction terms can be set arbitrary by shifting ¢;. This also shifts
the overall normalization of vertex operators, which are neglected thorough this paper. Other coefficients
in interaction terms appearing below will be set in similar ways.
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Finally, we rewrite the action (4.22) such that the interaction terms (4.23) become the
same as the screening charges in (2.17). For this, we change the fields as

(k=3)¢1+ (k—2)p2 — Y= o1,

b2)b(3)

(k—2)¢1 + (k= 3)¢2 — b2, (4.24)

%
b(2>b<z>w
(P1+ ¢2) — (2k = 5)p — .

b)be)
Under these changes, the action (4.22) becomes

g ) a 1
= [ [ 106060 ~ 090 — nOx + /IR (b (6 + ) ~ biayo)

: (4.25)
YR N
i=1
with interaction terms
Vi = e((k 3)p1+(k—2)p2— b(s)b@)@)/b(s), Vy = ((k 2)p1+(k—3)p2— 5 )b( )90)/17(3), )
Vi = e¢1/b(3)—¢/b(2)+\/§><’ Vi = 6452/5(3)—@/17(2)—\/?)(. (4.26)

They are still different from the screening charges in (2.17). For the original FZZ-
duality, reflection relations are applied to interaction terms in order to obtain the sine-
Liouville theory with (1.2). We would like to act reflections also in the current case. Let
us focus on a combination of interaction terms

V3V ~ 2010 =20/b0) = =219 (4.27)

Here we set

¢:%(¢1+¢2)7 ¢J_:2\1/§(¢1—¢2)’

. . . . (4.28)
by b by b
The background charges for ¢’ and ¢’ are
b b
Qu=i, Qyp=2-2_; @, (4.29)

The vertex operator of the form V, = e2%¢' satisfies a reflection relation due to the inter-
action term (4.27) as V, = R(a)V;_,. Using the reflection relation, the vertex operator
V, =V, VX _ _in (4.21) can be replaced by'?

lu_b(2)7mU7 12

Vo(z) = ) G5 S1+7Y 62) o2b) 1 p+2/ E (Y XL+ XR) (4.30)

121f we use the reflection relation, then we need to insert the factor R(«). In this paper, we neglect it
since it can be removed by changing the overall factor.
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In a similar way, the interactions V1, V5 in (4.26) are replaced by V; = e~ 91/b@)t2¢/be2) , Vo =
e~ 92/b@)*20/b2) with the reflection relation. Further acting the reflections by Vs and Vi,
respectively, the interaction terms become

Vi = Vs = e D —e/berty/5x
Vo=V, = e(¢1—¢2)/b<3>+¢/b<2)—\/§><7
V=1V, = e(¢27¢1)/b(3>+¢/b<2)+\/§><,

Vi=Vi= 92 /b@—/ba =/ Ex

(4.31)

They are the same as the screening operators in (2.17) with N = 2 as desired.?

We can explicitly check that the dual theory has the same symmetry algebra as that
of the coset model (3.1). The symmetry generators of the theory are written by the four
fields (¢1, d2, ¢, x) and their OPEs with V; should be given by total derivatives. There are
no spin-one currents satisfying these conditions. We find a spin-two current, which is the
energy-momentum tensor,

1 o

Its central charge reproduces (1.4) with N = 2. In a similar way, we find a spin-three
current and a spin-four current. The ratio of OPE coefficients in (2.6) reproduces (2.8)
with N = 2.

5 A higher rank generalization

In the previous sections, we have examined the coset model (1.3) with N = 2 and its
duality. In this section, we extend the analysis for the coset (1.3) with N = 3,

5[(4)k

sI(3)e x u(l) (5-1)

In the N = 2 case, the reduction procedure itself was rather straightforward. Namely, we
just integrated the ghost sector and performed the shifts of other fields. It turns out that
the situation is more complicate for a higher rank case. A main point of [33] was to utilize
a map between different free field realizations for same non-regular W-algebra, and the
same technique is needed for the current case as we explain in this section.

5.1 First order formulation of coset model

As in the previous case, we start by finding out a first order formulation of the coset model.
For this, we first express the sl(4) current algebra in terms of free fields and then consider

131t might be convenient to redefine X = X, —Xr = —i(xz+xr) in order to compare with the interaction
terms of sine-Liouville theory in (1.2). Here we choose to use xr,Xxr to make the s{(N + 1|N) structure
clearer.
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the subsector orthogonal to the denominator algebra of the coset (5.1). We use the action
of 5((4) WZNW model in the first order formulation,

/d2 [ ] 8¢Z6¢] \[RZ (bz + Z 60{8'705 +6a67a)
i=1 a=1 (52)

1
o / d*w [eb(4>¢’1 18112 + eP@| By — 71 Ba|? + €?@093| B3 — vo35 — ’Y4ﬁ6|2} :

see, e.g., (5.2) of [33]. Here we set b4y = 1/vk —4 as in (2.18) with a = 4 and use

2 -1 0 3/41/21/4
4 _ 4)ij _
Gi)=|-12 -1, ¢Wi=|1/2 1 1/2]. (5.3)
0 —1 2 1/41/2 3/4

Among the s[(4) currents, the Cartan directions are generated by

h' = b(jéé?(m + 27181 — v2B2 + v4Ba — 585 + 7656 »
h? = b(jaqﬁg —mB1 + 27282 — 7363 + YaBs + V505, (5.4)
h? = b@§3¢>3 — Y22 + 27383 — VaBs + V585 + V656 -

In order to construct the coset theory, we identify the generators of s[(3) subalgebra

with
&' =Pi—bs, =0, & =0, h'=n'+h, =07 (5.5)

The other generators f L f 2, f3 can be constructed from the above generators. The gener-
ator of u(1) subalgebra is
B =h'—2hn%—h3. (5.6)

We introduce new fields by

bigy0P1 = by (091 + ) + 7161 + 2Pz,
bgy0P2 = by 03 — Y22 + 7505 (5.7)
2V6kOX = b(j&(&bl — 202 — 0d3) +4(7181 — Y282 — V555) -
We then consider the subspace orthogonal to ¢1, P2, X and neglect the ghost systems
(Yo, Ba) With o = 3,4, 6.

Introducing new fields 1, @2, x to cancel the contributions from 1, Ps, ¥, the action
of the coset theory is given by

(3)
2 u 50— T 95i80i — o
/ Pw | 5940 — Z9_0piap — 9Dy
271' 2
1 . _ 5.8
=+ %/cﬂw [ ( Z¢ - b(3) Z 2 ) /8a87a + /Ba87a> ( )
a=1,2,5

/d2 b<4>¢1\/31\2 + P92 By 4 P93 o 35| }
- 2k
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Here one may notice that an interaction term depends on 2,79, which makes difficult to
integrate B9, B2 out. The vertex operators are of the form

— H AlaqTa eb(4)(j1¢1+j2¢2+j3¢3)eb(3)(114P1+12‘P2)+2\/%(mXLJFmXR) (5.9)
a=1,2,5
with
ri=—ji—li—-m, re=—jot+jgs—lhi+tla+m, r5=-33—-Il2+m (5.10)

and similarly for 71, 7s, 7's.

The spectral flow operator U{Si}(f) can be constructed as explained in subsection 3.3.
In the current case, there are three parameters S; with i = 1,2, 3. Here we choose the pa-
rameters such that 5, with a = 1, 2, 5 have zeros of order S; with ¢ = 1,2, 3, respectively, at
w = £ after the insertion of the operator. Along with them, there are similar requirements
for By (o =3,4,6). It induces the insertion of eXims Sid' o (&) at the same time.

5.2 Reduction from coset theory

We compute the correlation functions of coset theory with vertex operators of the
form (5.9). It is convenient to express them as

2
U, (z)) = f‘j( 5 (1) (2) (5.11)
U, (z) = ®u(2,)V, fllL‘OZ;i‘mu(zy) (5.12)

with 7§ as in (5.10). Here we have defined ®,(z,) as

dQN d2ﬂ5 I 4+m> +mY ( v\lg—mY (=v\lg—mY
,(2) = 22 (py)n (7)) (n5)™ (115)" Vi(zv) (5.13)
5
Vu(zu) _ |,U,1 |2j1 ’N5 |2]3 eza:sz(Ng’Ya—ﬂg:Ya)eb(4)(j1”¢1+j5¢2+j§¢3)(zy) 7 (514)
and Vlfll’ff,;i‘ () as
V-lsmltpmx () = e T e1+s ¢2)+2\/%m XL+mYXR) (5.15)
i 27m1/ mY v .

We first focus on the part of sl(4) WZNW model. The vertex operators do not have
any dependence on 73,74, ¥6, which means that we can set 8, = 0 with o = 3,4,6. We
would like to perform the reduction procedure by integrating out (vq, 8q) with a = 1,2,5.
However, as noticed above, it is difficult to do so for (72, 2) because of the existence of
72 in an interaction term of (5.8). In this subsection, we only consider the correlation
functions of ¥, (z,) in (5.12). We will later perform the integration over (72, 2).

We thus start from the correlation functions of s[(4) WZNW model in the form of

([T wteto)
g

N (5.16)

e™® H VV(ZV)eZ?ZI 56" /b €,

v=1

[ P?8aD*1a
a=1,2,5
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where S denotes the action of s[(4) WZNW model in (5.2) with 5, =0 (o = 3,4,6). We
integrate out v;, 5; (i = 1,5) and keep 72, B2 as it is for a while. We also set Sy = 0. Taking
care of the insertion of v{%i }(5), we find that 1, 85 are replaced by functions as

N (w— S T (w —yp)
Bi(w) == Ly = P2 = —ui By (w; 2, 4p)
v=1 W v [[=i(w—2) (5.17)
N v _ A\SsTIN-2-Ss3/,, _ .3 '
My (w—=8)? oy (w—y,) _ 3
Bs(w) =—) ——— =—u3 = —uzBs(w; 2, yp) -
1/2::1 w2y i\/ 1(w—2y) b
There are also constraints as
N v
S _—0 n=0,1,...,5),
v=1 (5 - ZV) 518
v (5.18)
5
———=0 (n=0,1,...,53).
Ly
As before, we remove functions in interaction terms by shifting fields as
1 1
o1+ —1n ]ulBﬂ — ¢1, ¢3+—1In ‘U3Bg| — ¢3. (519)

ba) by

There are several contributions from the kinetic terms in particular and the correlation
function (5.16) becomes

N S1 Ss3 N
Vi(z)v171(€) ) = [On] 0 5
(I rtee) =ront 167 (2 2 M (2 25)
v=1 n=0 n=0 v=1 (é o ZV)

N N-2-5; 2_ S3 (5.20)
X<HVZ/(ZI/ H bep H %yp>
v=1 p=1 =1
The right hand side is evaluated with the action
= [ [ U-061000 + 1 TR(bsy + b (6 + %) + s <z>2>]
(5.21)
1 = - 1
b [ | Badra + 5a0ma + 1 (M0% — 0y 4 oty
T
The vertex operators are modified as
f/,,(z,,) _ eué”yz—ﬁg%eb@)(ji’d)l+j5¢2+j§’¢3)+(¢1+¢3)/b(4) (5.22)
and the inserted vertex operators are
Vo(yp) = e~ /b V() = e o (5.23)
The pre-factor is computed as
3_ 851153 5_ 514353
4b?4> 4b?4)
(24> s 4”%4) %
[H zW] l]—[ 2 —yp) (2 — yﬁ)] “ {H(yé - yg/)] [H y;p/yip/] :
V<Vl p,v p7p, p<p/
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We then apply the analysis to our coset theory with the action (5.8) and the vertex
operators of the form (5.12). For the coset correlation function, we may insert an identity
operator

1 = U{Sj}(5)6—(51@1+53<p2)/b(3) (5)6*(51*33)\/%(XL+XR) (€). (5.25)

Applying the reduction produce for the part of sl(4) WZNW model, the parameters pf, ug
are mapped to y},, yg . We further shift @1, @2, x as

1 1
Lpl—l——ln\ulBl\z—)gol, @2+7IH‘U333‘2—>¢2, (5.26)
ba) ba)

1 k ]. k %) 2
XL_|-2\/;[ln(u181)—1n(u383)]_>XL7 XR+2\/;[ID(E181)—1H(1_L3BS)}—>XR

in order to remove u; By, w1 B¢ appearing in (5.12) with (5.13). The correlation function is
now expressed as

N
<H xi;,,(zu)> <H vlflfgl 2, mu(zy)> : (5.27)
v=1 3)

— (3)’

The right hand side is evaluated with the action

2 m i Gz(?) i3 g 3
/d aw(p] L0401 — oxdx

1, [1 3 P ; S (5.28)
+o- [ dw|7VIR D Qpid" = > Qo' | + Badya + B207s
i=1 i=1
/d2 [ b(4)¢1 _ eb<4)¢2‘ﬁ2‘2 +6b(4)¢3|’}/2’2) +27T)\(V1 +V2):| ,
where
1 1
Qp1=Qp3=buy+—, Qp2=">bu, Qp1==0Qp2=>g + (5.29)
ba) bz)
and

Vi = e /by te! /b(3)+\/§ XL+XR) Vo = €_¢3/b(4)+992/b(3)_\/E(XL'*‘XR) ) (5.30)

In order to obtain (5.27), we have regarded the vertex operators inserted at w = y;, yg as
interaction terms as before.

5.3 Interpretation as extended BP-theory

As mentioned above, we have to deal with 72 in an interaction term of the action (5.28) in
order to go furthermore. We would like to apply the technique developed in [33]. For this,
it is convenient to make a change of variables as

:¢1+§¢2+%¢3, 1 =¢2, T2=¢3. (5.31)
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The action is now
a® 3)
1 2 |34 5 Mij oo i y i
S=— /d w | =0z0x + Oz 0z — —L-9p'0¢’ — dxDx
2T 8 2
1 1 2 2 , _ _
+o / d*w [4\/573 (Qxl‘ D Q' =) ng,z«p’) + 32072 + 52372] (5.32)
i=1 i=1
1 1 2
2 by 2 by x 2 -
+% d*w [k (*6 @FBo]” + @2 [y )+27T)\i:ZOVZ] )

The background charges are

3 1
Qu 30w b Qo1 =buy, Qz2=>bu + b
ng, ng, b(3 + T ;
(3)
and the interaction terms are
Vo = e(x xlffxg)/b(zl)
Vi = e~ da/ba+e! /b(3)+\/§(xL+XR)7 (5.34)

Vy = e~ GGotietie) /b +¢ b~/ § (xetxn)

We would like to evaluate correlation functions of the vertex operators of the
form (5.11). From the relation of correlation functions (5.27) and the change of vari-
ables (5.31), the vertex operators are now given by

d2M —U\—TY Y/
U, (2) = I é (1) " (1) Vo () VP, e (20) (5.35)
2 (3)727(3)
with
V(n) = ey e LI 5 e (b U5 =530+ 3500w+ (0 U5 =53+ 3507 ) (5.36)
v v) — .

As seen in appendix B, the first two interaction terms in the action (5.32) correspond
to screening operators of BP-algebra in a free field realization. Following [33], we shall
remove the vs-dependence of interaction term by exchanging the free field realizations of
BP-algebra.
For Vj, we have used the self-duality with respect to a Liouville field, which may require
explanation. Let us go back to the action (5.28) and perform the change of variables as
;1 ;1
¢ = §¢17 Gy = §¢1 + 2, ¢5=¢3. (5.37)
Then the new field ¢} does not have any non-trivial OPEs with the other new fields and its
background charge is @ = byy) + b(_ﬁl%' The term e?*@?1 can be regarded as the interaction
term of Liouville field theory with ¢}. Therefore, applying the self-duality of the Liouville
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field theory, the interaction term can be replaced by e2?1/b). Going back to the original
fields ¢; and applying the change of variables in (5.31), we arrive at the expression with Vj
n (5.34).

We shall treat the theory with the action (5.32) as an extension of the theory with
BP-algebra symmetry. The action of the BP-theory is

=5 /d2 { 9 9xidad + 1\fRZme
T (5.38)

- )\/d% eb(4>x1!52!2 - €b‘4>x2\’72\2} ’

where Qz1,Qz2 are given in (5.33). The interaction terms correspond to screening
charges (B.4) in a free field realization of BP-algebra. In particular, the spin-one cur-
rent for the BP-algebra is written in terms of free fields as

H=" (02— 02") — 120 (5.39)
b(a)

see (B.5). We would like to move to the theory corresponding to the other free field
realization of BP-algebra. From the expression of screening operators in (B.6), the action
should be given by

/d2 { 9 9pidad + = \fRZme

(5.40)
—A/d2 b(4>$115212 4>x2} :
In this case, the spin-one current for the BP—algebra is expressed as
H=—092! + Y22, (5.41)

b<4>

see (B.7).

In order to move from one description with (5.38) to the other one with (5.40), we
should change the vertex operators such as to behave in the same way under the action of
BP-algebra generators. In the current analysis, we neglect overall factors, so it is enough
to have the same charge with respect to the spin-one current H. For more details, see
appendix B and [33]. For V; and V5, we can use the same vertex operators since they have
the same H-charge for the both descriptions. For Vj and ¥/, we should replace them by

) 2
Vo = |d 'ué ™ 34 eH272—272 p(T—F w1 —522) /by , (5.42)
" d2H2 7 $1,92,X
W) = [ ) @) FO VTR, @) 5D
with
Bl -, = - (5.44)

in order to have the same H-charges after the change of description.
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5.4 Reduction from extended BP-theory

Now we can use the action, where the interaction terms do not depend on 7. Thus,
we can integrate (7o, 32) out and apply the reduction procedure. During the change of
description, one of the interaction terms, Vp, is replaced by V{ in (5.42), which has now
v2-dependence. We are implicitly treating the interaction term V{ in a perturbative way.
Namely, we insert vertex operators at w = z, and integrate over p4, where we have set
v=n+1n+2...,n+s. The theory may be regarded as a theory with BP-algebra
symmetry but gauged by its u(1) subalgebra generated by H. For the vertex operators at
w = z,, the H-charge is canceled by the one generated by

. 1 1 k
H=—0x— —(dp' —0p?) + \/78XL- 5.45
T, b ( )\ G (5.45)
With the interpretation, an identity operator may be represented as

1 = v52(£)e %27/ (1hw) (£)e52(#" =9*)/b) ()5 VExL+xn) (©). (5.46)

Here v°2(¢) induces the insertion of 527 /b (£) and puts a restriction on the domain of
integration over (32 such as to have a zero of order Sy at w = &.
Integration over 79, B2 leads to the replacement

Ne+s ” So N+s—2—S55 2
ok (w— &), (w—y,) _ 2
62(111) = — E —_— = —U2 s = _UZB(w7 Zv, Y ) (547)
w2z, L2 (w = =) ’

subject to the constraints

N+S /,LU
2
S o B (5.48)
2 ey
forn=0,1,...,5. We then perform the shifts of fields as
1 1
:cl—i——ln\ung\Q%xl, x——ln]u232]2—>x,
by 3b(a)
L i fusBol? - + L B2 -
Y1 — 77— Injuab2 ®1, P2 T 7 N {u202 P2,
b(s) b(g) (5.49)

1 [k 1 |k =
XL+ 2\/;111@252) — XL, XrR+ 2\/;111(“232) — XR-

The correlation function is now summarized as

<H ‘I’u(zu)> = <H Vu(zy)> , (5.50)
v=1 v=1

where the action for the right hand side is

(3) (3)
§= - /d2w 3 0wd + i i —_ 90907 — dxdx (5.51)
2m 8 2 2 .

1 1 2 ) 2 ) 6
+ Gy / d*w [4ﬁR (sz + Z Qz,iﬁl - Z Qap,i@z - QxX) +27A Z M] .
1=1 i=1

i=1
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The background charges are

3b(4) 3 1 1
= T 5 “1 z,l = b 7 r,2 — b 7
Q 5+ T Qz1 = b4y + b Qu2 = by + b
) . (5.52)
Qu1 = b, Qu2 = b + by Qx 5
and the interaction terms are

Vi = efgx/b(4)+¢l/b(3)+\/%(XLH(R) 7

Vo = e_(%5’74'%I1+%x2)/b(4)+¥72/b(3)_\/%(XL+XR) 7

Vi = VO/ _ e%$/5(4)+801/b(3)—@2/b(3)—\/%(XL-FXR) ’ (5.53)

Vy = e¥1/by ‘

Vs = e¥2/b)

Vi = (32— 571-322)/bay=' /by +0% /by +/ § (xetxm) |

Here we have put Vj back to the action. For Vj, V5, we have used the self-duality of sl(3)
Toda field theory. The vertex operators are now of the form

(b(4)ji’+%)x+(b<4)( Y —250)+ 5 )1+ (beay (55 — éji’)-i-b(%))ﬂfz

Vo(zy) =e b(4)

5.54
by (@ =)ol = =)o) +2y/ R (m” —f)xe +07 = g5)xn) (5:54)
X e (3) (3)

In order to make the interaction terms to be of the form (2.17), we rotate fields and

perform reflections as in the N = 2 case. We first move from (z,z1,22) to (¢1, @2, ¢3)
by (5.31) and then perform the rotations of fields as

(k—4)¢1 + (k —4)d2 + (k= 3)¢3 —

(p1+ p2) = o1,

b(3)b(a)
(2-5) o1+ (=300 + (5 —2) du+ 3b(jb(4)( o) | Gy o
(3 -5)ar+(5-2)0n- 7 )b( et 2 X ds 659)
iy (a0 20 50) 4 (15 o (6 ) e[ F5 x e
Zoabin (3p1 + ¢3) + (6 - 5;) o1+ (1 — l;) o2 + 23kb(13)x — P2,

E o1 E o1 k
—\/;41)@)(¢1—2¢2—¢3)+\/;3b(3)(801—802)+<1_6)X—>X'
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The action is now

a® _
/ 2w ” a¢fa¢ﬂ L0401 — Dxdx
. ) , Iy | ; (5.56)
+5- / d*w [4\@73 (Z bayd' — b(3)<pZ> +2mA Y V}
i=1 =1 =1
with interaction terms

Vi=Vi=e & /bay—2" bz E( XL+XR)

T, = (' =) /by +! /by =/ § (xexr)

Ty = (@ =0/ b+ =) /by +y/§ (xe+xn)
(5.57)

U, = Vi = (8= by +(e*—o )/b<3>—\/§<xL+XR) 7
T = e(®° =0/ by +0® /bty § (e txn) |

Ve = Vy = 9° /by =9 /b =/ 5 (xe+xR) |

Here Vs, V3, Vs are obtained from Vi, Vi, Vi, respectively, by performing certain reflection
relations as before. This form of interaction terms is the same as that in (2.17) as desired.
Similarly, the vertex operators can be put in a nice form as

Vo(z) = (@) U5 ¢1+75 P2471 ¢3)+b(3) (15 o1+ p2) +2 S (m¥xL+m"XR) (5.58)

by applying a sequence of reflection relations.

6 Conclusion and discussions

In this paper, we generalized the FZZ-duality by replacing (1.1) with a higher rank
coset (1.3). A proof of the original FZZ-duality was given by applying the reduction
method of [27]. For the higher rank generalizations, we made use of an extended version of
the reduction method recently developed in [33]. We first find out an free field realization
of the coset algebra by following the analysis of [39, 40]. We then applied the reduction
method to the coset model for N = 2,3 and derived the higher rank FZZ-duality between
the coset model and the theory with an sl(N 4 1|V) structure. For the N = 3 case, we
adopted a technique of [33] by exchanging the free field realizations of BP-algebra. During
the process, we applied the self-duality of Toda field theory, which was the key point to
derive strong/weak dualities.
The theory dual to the coset model (1.3) with generic N should be given by

N+1 (V)
/ d*w [ 0P — —L 9o 0! — DOy
27T 2

(6.1)

1 ) 1 N ) N-1 ) 2N
to- @ |3VaR | Sbovend = 3 bowye! | +2m0 3V
j=1

j=1 =1
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where the interaction terms are as in (2.17). We can see that the theory reduces to the
one obtained in this paper for N = 2,3 (and also the sine-Liouville theory for N = 1 if we
use X = X7 — Xg = —i(xz + xr))- It is an important open problem to give a proof of the
higher rank FZZ-dualities. We expect that a generalized version of the technique utilized
for N = 3 is necessary in order to achieve this.

We would like to consider the following open problems and future directions. Firstly,
we have not discussed the spectra of coset theories and, for instance, we have not specified
the regions for the parameters appearing in (3.14). The information was not used for the
comparison of correlation functions. However, the problem of spectra itself is quite impor-
tant, and in particular, we would like to know whether unitary theories can be constructed
from the coset theories or not. Furthermore, our construction of coset theories may not be
well formulated as discussed in footnotes 5 and 6. We would like to derive our expressions of
coset theories as gauge fixed forms of gauged WZNW models. In [26], the correspondence
among correlation functions was derived even including all pre-factors. It might be useful
to give a derivation of duality with keeping all pre-factors in the current case as well. A
non-trivial point may arise from the map between the free field realizations of BP-algebra.
We would like to examine the theory with BP-algebra symmetry furthermore in order to
understand the map more closely.

In appendix A, we discuss an N = 2 supersymmetric version of our duality. We would
like to extend the current analysis to the supersymmetric case as mentioned in the introduc-
tion. The duality might be derived by following the analysis of [51], where the N' = 2 super-
symmetric version of the original FZZ-duality was proven as a mirror symmetry. This ver-
sion of duality was utilized to examine singular Calabi-Yau geometry [52, 53], and its higher
rank generalizations may be useful for similar purposes. In this paper, we have examined
correlation functions only on a Riemann sphere. On the other hand, the FZZ-duality was
extended for higher genus Riemann surfaces in [26]. Similar extensions would be straight-
forward even for higher rank cases. Moreover, the FZZ-duality was generalized for the
worldsheet of disk topology in [54]. However, it seems to be difficult to extend the analysis
for higher rank cases, since we do not know much about boundary Toda-like field theories.

Our results can be viewed as a conformal field theoretic version of special cases of
duality of Y, n, n,-algebras where the first two labels are interchanged. These algebras
however enjoy a triality and it is of course desirable to get a conformal field theoretic
derivation of the complete triality at least in certain low rank cases. We aim to address
this issue in future work.

An important and quite complicated open question are dualities involving the small
and large N' = 4 superconformal algebras. Note that the small and large AN/ = 4 super-
conformal algebras coincide with certain cosets involving 9(2,1; ) (and psl(2]2)) at level
one [55] and the question is if one can derive N' = 4 superconformal field theories from
WZNW theories of 9(2,1; ) (and psl(2]|2)) at level one. This is relevant for the AdS/CFT
correspondence which is a an interesting example of strong/weak duality, namely string
theory on strongly curved AdS space corresponds to weakly coupled CEFT. Recently, it
was argued that “tensionless” superstrings on AdS3xS?x T4 with one unit of NSNS-flux is
dual to the undeformed symmetric orbifold of T4, see, e.g., [56-58]. The match of correla-
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tion functions was confirmed recently in [59-62], and, in particular, the reduction method
of [26, 27] from s(2) WZNW model to Liouville field theory was utilized in [61]. Some mod-
ifications of the higher rank generalizations developed in [33] and this paper might be useful
for investigating the AdS/CFT correspondence involving higher dimensional AdS strings.
Higher spin gravity may be able to describe (a part of) tensionless strings. The analysis in
this paper would be useful to study CFT dual to higher spin gravity as mentioned in the
introduction. Making use of higher spin holography with N/ = 4 supersymmetry [63, 64]
or N = 3 supersymmetry [8, 65, 66], we would like to examine possible relations between
superstrings and higher spin gravity.
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A Supersymmetric dualities

In this appendix, we explain an N' = 2 supersymmetric version of our higher rank dualities.
We consider the Kazama-Suzuki model [67, 68] of the form
SI(N 4+ 1) x s0(2N);
5[(N)k_1 X u(l)
which can be regarded as the N' = 2 supersymmetric extension of the coset model (1.3).
The symmetry of the coset model is believed to be the N' = 2 W x4 1-algebra [22, 23]. From
this, we can expect that the coset model (A.1) is dual to the s[(N +1|N) Toda field theory
with the same symmetry algebra. In the following, we provide screening charges for the

(A1)

N =2 Wy -algebra, which correspond to interaction terms of the Toda field theory.
We can choose a purely odd simple root system for sl(N + 1|N) Lie superalgebra.
We may introduce two orthogonal bases €; (j =1,2,...,N+1)and §; (j = 1,2,...,N)
satisfying
€€ =0;j5, 0;-0j=—0;j. (A.2)
The odd simple roots are expressed as
Qgj—1 =€ —0j, Q25 =0;—€jt1 (A.3)

with j = 1,2,..., N.
We introduce free bosons z, and free fermions 1), satisfying

2o (2)2p(0) ~ —=dgpInz,  1e(2)1p(0) ~ 6‘:() . (A4)

There are background charges for the bosonic fields such that screening charges are of

dimension one. We prepare z, Y, with a,b=1,2,...,2N + 1 but a pair of certain combi-
nation decouples at the end. Screening operators are now expressed as [22, 23|

Vi = ay - e /Py (A.5)
with [ =1,2,...,2N and b(y1) given in (2.18) with a = N + 1.
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We may redefine the bosonic fields by

¢i = (€6 —€iv1) - @ (i=1,2,...,N),
i = (0; — 0ip1) - @ (i=1,2,...,N—1),
| N1

1 N

We can check that they are orthogonal to the decoupled mode, Zf\gl €T — Zfil d;-x. The
OPEs among these fields are given by (2.16). The screening operators are now expressed as

Vi=oq- ¢€(¢1—@1+x)/b(1\7+1) ’

Vo = ay - ¢6(¢1—¢2+¢1—x)/b(1v+1> :

Vi = ag - ¢6(¢27¢1+¢17<p2+x)/b(w+1) :

Vi = ay - el 9" =t =)/bovny | (A.7)

N_gN—-1, N—1
Van—1 = aan—1 'we(¢ & T e T ) /b(v a1y ,

Van = gy - 1pe@" =" 0 bvy

B Free field realizations of BP-algebra

In this appendix, we summarize the results in section 2 of [33] on the BP-algebra and its
free field realizations. The BP-algebra is generated by a spin-one current H(z), two spin-
3/2 bosonic currents G*(z), and a spin-two current 7'(z), which is the energy momentum
tensor. The non-trivial OPEs among them are [36]

PT(0) ~ 24 20 TO)
T(2)G*(0) ~ gG;(O) + anO) , 7(:)(0) ~ 1) 2O
H(z)H(0)~ —3”(2’;_3) , H(2)GE(0) ~ iGiZ(O) . (B.1)
EHG-(0) (k—1)2(3k—3) B 3(k—Z12)H(0)
N 3HH(0)+ (k—3)T(0)—3(k—1)0H(0)
The central charge is
c:6(l<:—3)—|—25—|—k2—_43. (B.2)

In order to realize the algebra in terms of free fields, we prepare two free bosons z;
(j = 1,2) and a ghost system (v, ) satisfying

zi(2)x;(0) ~ —Gg’) Inz, ~(z)B(0)~ %

(B.3)
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There are two types of screening charges for the same BP-algebra. A type of screening
charges are given by [36]

Q1= fducom g, Q= § ductwmy. (B.4)

The generators should commute with these screening charges, and in particular, the spin-
one current is 1

H =
b(s)

(0x? — 9zt — 1. (B.5)

The index of x; is raised by G®)i | where the expression of G®)% can be found in (3.3).
Another type of screening charges are [33, 37, 38]

Qi = f dwe’®" 3, Qo = 74 dwe’ 2. (B.6)
In this case, the spin-one current is obtained as
1
H=—0z'+18. (B.7)
b)

In the main context, the energy momentum tensor is given by the twisted one
1
Ti(z) =T(z) + §8H(z) . (B.8)

With respect to T;(z), the conformal dimensions of G (z) and G~ (z) become one and two,
respectively. In particular, the generators have integer modded expansions as

L, Hy,
Tt(Z)ZZZn+2, H(Z):Zﬁa
neZ neZ
G+ G- (B.Q)
+(.) — —(2) —
G =Y S 6=
neL nez
Primary states with respect to the algebra are defined such as to satisfy the conditions
Lnlca, c3,m) = GE|ca, c3,m) = Hylca, c3,m) =0 (B.10)
forn =1,2,3,.... The representation of the primary state is labeled by the eigenvalues of

the second-order and third-order Casimir operators denoted as ¢, c3. Here the second-order
Casimir operator is given by Lg and the expression of the third-order Casimir operator can
be found in [33]. The other parameter m is defined by

Hy|ca, c3,m) = m|ca, c3,m) , (B.11)

and in particular
G0i|02, c3,m) < |co,c3,mE1). (B.12)

In terms of free fields, the primary states may be expressed by vertex operators as

ca,c3,m) o< im Vi 5, o(2)|0), Vi i, a(z :waeb@)(jwl“?@). B.13
20 71,72 J1,32,
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The parameters cs, cg are independent of both of o and the choice of free field realizations,
see [33] for explicit expressions. The other parameter m depends on both of « and the
choice of free field realizations. For the free field realization with (B.4), the eigenvalue of
H is given by

m:*jg +j1+0&. (B14)

For the other realization with (B.6), the eigenvalue of H is
m=—j — . (B.15)

These results imply that we should replace o > —2j1 + jo — o when we exchange the free
field realizations.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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