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Abstract: This paper investigates the relations between the Toda conformal field the-
ories, quantum group theory and the quantisation of moduli spaces of flat connections.
We use the free field representation of the JV-algebras to define natural bases for spaces
of conformal blocks of the Toda conformal field theory associated to the Lie algebra
sl3 on the three-punctured sphere with representations of generic type associated to the
three punctures. The operator-valued monodromies of degenerate fields can be used to
describe the quantisation of the moduli spaces of flat SL.(3)-connections. It is shown that
the matrix elements of the monodromies can be expressed as Laurent polynomials of
more elementary operators which have a simple definition in the free field representation.
These operators are identified as quantised counterparts of natural higher rank analogs
of the Fenchel-Nielsen coordinates from Teichmiiller theory. Possible applications to
the study of the non-Lagrangian SUSY field theories are briefly outlined.

1. Introduction

Relations between conformal field theories (CFTs), quantum groups and the quantisation
of moduli spaces of flat connections have been investigated extensively in the past in
connection with the Chern-Simons theory with compact gauge groups. It can be expected
that this subject has a somewhat richer counterpart in the cases where the gauge group
becomes non-compact. Interest in the non-compact cases is motivated in particular by
recent development in supersymmetric field theory, as will be briefly outlined next.

1.1. Motivation from N' = 2 supersymmetric field theory. An important source of mo-
tivation for the study of the non-compact cases are the relations between N' = 2 su-
persymmetric field theories in four dimensions and two-dimensional conformal field
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Table 1. Isomorphic algebras appear in different contexts

Field theory X(C, slp) Liouville theory Moduli of flat connections on C

Algebra Ay generated by Algebra Ay of Verlinde line Quantised algebra A, of func-
SUSY loop observables operators tions on Mg (SL(2), C)

Instanton partition functions Liouville conformal blocks Natural bases for modules of A ¢

theories discovered in [AGT].! This development is deeply related to the study of the
relations between d = 4, N’ = 2 supersymmetric field theories and quantum integrable
models initiated in [NS]. An interesting class d = 4, ' = 2 supersymmetric field the-
ories, nowadays often referred to as class S, consists of theories X(C, g) labelled by a
Riemann surface C and a Lie algebra g of ADE-type [Ga, GMN]. The theory X(C, g)
on a four-manifold M* is believed to be the effective description for the six-dimensional
(2, 0) theory associated to g on M* x C when the area of C is small. In the simplest case
where g = sl an essential role in this story is played by the algebra Ax of supersym-
metric Wilson and ’t Hooft loops representing an important sub-algebra of the algebra
of all observables in X(C, g). The algebra .Ax turns out to be isomorphic to the algebra
Ay of Verlinde line operators in Liouville CFT [AGGTV,DGOT,GOP,IOT], which is
furthermore isomorphic to the algebra A of quantised functions on the moduli space
of flat SL(2)-connections on Riemann surfaces [TV], as summarised in Table 1.

One can argue [TV] that the isomorphisms between the algebras Ax, Ay and Ay
imply the relations between instanton partition functions for X(C, sl) and conformal
blocks of Liouville CFT observed in [AGT] and discussed in many subsequent works.

In the cases where g is a Lie algebra of higher rank one still expects to find a sim-
ilar picture with Liouville CFT replaced by the conformal Toda CFTs associated to
finite-dimensional Lie algebras g. However, even in the next simplest case g = sl3 one
encounters considerable additional difficulties obstructing direct generalisations of the
results known for g = sl,. On the side of ' = 2 SUSY field theory one generically
finds interacting field theories not having a weak coupling limit with a useful Lagrangian
description. It is not known how to calculate the partition functions in these cases. This
difficulty has a counterpart on the side of Toda CFT where the spaces of conformal blocks
are known to be infinite dimensional generically, but otherwise poorly understood up to
now.

This paper is a step towards the generalisation of the correspondences between the
theories X(C, g) and Toda CFT to the cases where no Lagrangian description is known.
Motivated by the six-dimensional description of X(C, g), we take the quantised algebra
of functions A4 as an ansatz for the algebra Ax. This is perfectly consistent with
previous work on the cases which do have a Lagrangian description [Bu, GLF1,GLF2,
LF]. The relations between representations of A and the algebra of Verlinde line
operators in Toda CFT investigated in [CGT] suggest that suitable Toda conformal
blocks represent natural candidates for the as yet unknown partition functions of the
strongly coupled theories X(C, g). This paper provides groundwork for such a program
in the simplest nontrivial case g = sl3.

Our work is furthermore motivated by the papers [BMPTY,MP,IMP] where it was
proposed that the conformal blocks of Toda CFT can be obtained in a certain limit
from the partition functions of topological string theory on certain toric Calabi-Yau

1 References [N,NO,LMN] introduced dual partition function related to the instanton partition functions by
acertain transformation, presented free fermion representations for the dual partition functions, and conjectured
that the dual partition functions should have a CFT interpretation.
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Table 2. Comparison of modular functors from conformal field theory, quantum group theory (Reshetikhin—
Turaev construction) and quantisation of the moduli spaces of flat connections on Riemann surfaces

Conformal field theory Quantum group theory Moduli of flat connections
Invariants in tensor prod- Invariants in tensor prod- States

ucts of VV-algebra rep- ucts of quantum group

resentations (conformal representations

blocks)

manifolds used for the geometric engineering of X(C, g). With the help of the refined
topological vertex one may represent the relevant topological string partition functions
as infinite series admitting partial resummations. If the geometric engineering limit of
these partition functions can be taken, it is expected to represent conformal blocks in
Toda CFT. However, at the moment it is not known if this is the case and which basis
for the conformal blocks in Toda CFT the topological string partition functions will
correspond to. Only when this question is answered one can extract predictions for the
Toda three point functions from the results of [BMPTY,MP,IMP]. We’ll address the
connections to topological string theory in subsequent papers.

1.2. Context. One of our goals is to establish a precise relation between conformal blocks
in Toda CFT and specific states in the space of states obtained by quantising the moduli
spaces of flat connections on Riemann surfaces C. The use of pants decompositions
reduces the problem to the basic case C = Cp 3. Some guidance is provided by the
paradigm well-studied in the case of rational conformal field theories summarised in
Table 2.

However, the Toda CFTs of interest in this context are not expected to be rational
CFTs. We’ll therefore need a non-rational analog of the set of relations indicated in
Table 2 generalising the situation encountered in the case of Liouville theory, see [TV]
and references therein. The experiences made in this case suggest that a very useful role
will be played in the non-rational cases by the Verlinde line operators, a natural family
of operators V,, on the spaces of conformal blocks labelled by closed curves y on the
Riemann surface C. The relevant spaces of conformal blocks can be abstractly charac-
terised as modules for the algebra Ay of Verlinde line operators [TV]. This means that
these spaces of conformal blocks have a natural scalar product making the Verlinde line
operators self-adjoint. Natural representations of Ay diagonalise maximal commutative
sub-algebras of Ay . Such sub-algebras of Ay are labelled by pants decompositions. Dif-
ferent pants decompositions give different representations of Ay intertwined by unitary
operators representing the fusion, braiding and modular transformations.

A key step towards understanding the relation between conformal field theory and
the quantum theory of flat connections is therefore to establish the isomorphism between
the algebra of Verlinde line operators Ay and the algebra of quantised functions on the
corresponding moduli spaces of flat connections. In the case of Liouville theory this was
established in [TV] using the explicit computations of Verlinde line operators performed
in [AGGTV,DGOT]. As discussed in [TV] one finds that the Verlinde line operators gen-
erate a representation of the quantised algebra A x4 of functions on Mg, (PSL(2, R)).
The generator of A ¢ corresponding to the Verlinde line operator V,, is the quantised
counterpart L, of a trace function on Mg, (PSL(2, R)). The situation is schematically
summarised in Table 3.
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Table 3. The vector spaces listed in the row at the bottom can be abstractly characterised as modules of
isomorphic algebras Ay ~ A g

Conformal field theory Moduli of flat connections on C
Algebra Ay of Verlinde line operators Quantised algebra A ¢ of functions on Ma(SL(2), C)
Generators Verlinde line operators V,, Quantised trace functions L,
Module Spaces of conformal blocks Spaces of states

An important feature of the representations associated to pants decompositions is the
fact that the Verlinde line operators get expressed in terms of a set of more basic operators
representing quantised counterparts of certain coordinates on Mgy (PSL(2, R)) which
are close relatives of the Fenchel-Nielsen coordinates for the Teichmiiller spaces [TV].
The relevance of such coordinates had previously been emphasised in a related context
in [NRS]. The distinguished role of these coordinates in our context is explained by
the fact that they have two important features: (i) They represent the algebraic structure
of the moduli spaces of flat connections in the simplest possible way, and (ii) they are
compatible with pants decompositions.

Coordinates for Mg, (PSL(3, R)) satisfying the conditions (i), (ii) characterising
coordinates of Fenchel-Nielsen type have been previously been introduced in [Go, Ki].
A systematic geometric approach to the definition of higher rank analogs of the Fenchel—-
Nielsen coordinates was proposed in [HN,HK]. It would be very interesting to understand
the relation between the coordinates defined in these references and the ones presented
in this paper.

The computations in [AGGTV,DGOT] use the duality transformations between dif-
ferent bases for the space of conformal blocks. The kernels representing these duality
transformations have an interpretation as partition functions of three-dimensional QFT
supported on domain walls between two theories of class S [DGG]. When a Lagrangian
description of the QFT on the domain wall is known one can sometimes calculate the
braiding kernels using localisation as shown in [HLP] and many following papers. The
paper [LF] describes more recent results in these directions, and gives further references.
Some of the braiding matrices in Toda CFT have been calculated in [GLF1,GLF2,LF].
However, in all these cases the two representations associated to the punctures involved
in the braiding operations are degenerate or semi-degenerate, corresponding to theories
X(C, g) which have a Lagrangian description. The approach taken in this paper will be
different, being based on the techniques of CFT.

1.3. Contents of this paper. The free field representation of the VV-algebras allows us to
define convenient bases for spaces of conformal blocks. Further developing the known
connections between free field representations of conformal field theories and quantum
group theory we will relate the spaces of conformal blocks to spaces of intertwining maps
between tensor products of quantum group representations and irreducible representa-
tions. This reduces the computation of monodromies to a problem in quantum group
theory. The monodromy transformations get represented in terms of operator-valued
matrices with matrix elements represented as finite-difference operators acting on the
multiplicity labels for bases of conformal blocks. Our explicit computations allow us to
identify basic building blocks for the operator-valued monodromies which can be iden-
tified with (quantised) coordinates for moduli spaces of flat connections generalising the
Fenchel-Nielsen coordinates mentioned above.
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Section 2 introduces relevant background from conformal field theory and explains
how to use conformal blocks with degenerate field insertions to define operator-valued
analogs of monodromy matrices. A construction of conformal blocks for the W5 algebra
using the free field representation is introduced in Sect. 3. It is explained how this
construction relates bases for the spaces of conformal blocks on C 3 to bases in the space
of Clebsch-Gordan maps for the quantum group U, (s[3). The connection to quantum
group theory provided by the free field representation is used in Sect. 4 to calculate basic
cases of the monodromies of degenerate fields around generic chiral vertex operators in
53 Toda CFT. The results of this computation are then used in Sect. 5 in order to relate
the basic building blocks of the operator valued monodromy matrices to coordinates of
Fenchel-Nielsen type on the moduli spaces of flat SL(3)-connections. There exist two
different limits in Toda CFT corresponding to a classical limit for Ay, b — Oand b — i,
which both yield a deformation parameter g2 = ¢~2710 ? equal to 1. We point out relations
to the Yang’s function for the Hitchin system, and to the Riemann-Hilbert problem for
holomorphic SL(3)-connections on Cp 3 arising in the two limits, respectively. In the
concluding Sect. 6 we discuss in particular the extension of our results to continuous
families of conformal blocks as expected to be relevant for a full understanding of Toda
CFT.

2. Conformal Blocks and Quantum Monodromies
The Ay—_1 Toda CFTs are defined by the Lagrangian

N-1

1 .
L= g(avga, ) + 14 ; PUCRON 2.1)

where ¢ is a N — 1 component scalar field, the vectors e; are the simple roots of the Lie
algebra sly, and (., .) denotes the standard scalar product in RN,

2.1. Chiral algebra Wy and its free field construction. The chiral symmetry algebra
of Ay—_1 Toda CFT is a Wy-algebra generated by holomorphic currents Wy (z), d =
2,..., N. A quick way to introduce the algebras Wy starts from a collection of N — 1
free chiral bosons,
1
(p,-(z)=qj—ipj1nz+z—a,{z—", j=1,...,N—1 (2.2)

n
n#0

with modes satisfying the commutation relations

[al, apl = n8ii8pem » [pjsqil = —idjk, (2.3)

i

and (a,"l)Jr = a',. The currents W,;(z) with mode expansions

o
Wa@= > Wauz ", j=2....N, (2.4)

n=—oo
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can then be defined through a deformed version of the Miura transformations,

N—-1 N
D[] Q0+ (hv—i, 99(2)) ==Y Wn—x(2)(Q) 2.5)
i=0 k=0

where :: denotes Wick ordering and /; = w1 — le_:l e; are the weights of the funda-
mental representation of sly with highest weight w;. The chiral algebra Wy defined in
this way will be the chiral symmetry of Toda CFT if the parameter Q in (2.5) is related
to the parameter b in the Lagrangian (2.1)as Q = b+ b~ .

The currents 7' (z) = W2 (z) generate a Virasoro sub-algebra within Wy with central

charge
c=(N—-D(1+N(N+10?). (2.6)

Highest weight representations of the algebras VVy are generated from highest weight
vectors ¢, labelled by an N — 1 component vector « satisfying

Wanea =0, n>0, Wa,0ta = wa(a)eqy, d=2,...,N, 2.7

where wy () are polynomials of « of degree d, with

1
wa(@) = 5(2Q0py — @ a). (2.8)

being the conformal dimension. We are here using the notation py, for the Weyl vector
of sly, which is equal to half the sum of all positive roots. B
The space of states of the Toda CFTs will then be of the form H = fS daVy @ Vg,

where V), is a representation for the algebra Wy generated by the anti-holomorphic
currents W4 (Z). The set of labels S for the representations appearing in H is expected to
be the set of vectors « of the fooma = Q+iP, P € R, Q = ow (b + b’]), pw being
the Weyl vector of sly.

2.2. Definition of conformal blocks. One of the basic problems in Toda CFT originates
from the fact that the spaces of conformal blocks corresponding to the three-punctured
spheres are infinite-dimensional, as will briefly be reviewed below. This implies that the
Toda CFT three-point function can be represented in the following form

(Vs (13 ® w3; 23, 23) Vi, (12 @ wo; 22, 22) Vi (V1 @ wi; 21, 21) )

= [ dkak €07 03 @02 @ w13 23,2220 Y 0 © wn ® wis ).

2.9
In (2.9) we are using the notation V, (v ® w; z, 7) for the vertex operator associated to a
state v @ w € Vy ® Vy by the state-operator correspondence. It can be represented as a
normal ordered product of the primary field V(z, 2) = V,(¢q ® ¢o; 2, ) associated to
the highest weight state ¢, ® ¢, with differential polynomials in the fields representing
the Wis-algebra. The superscript p refers to the triple of labels p = (a3, a2, 1) for
the representations of the VV-algebra associated to the vertex operators appearing in
the correlation function (2.9). fkp and flgp are bases for the relevant (sub-)spaces of the

spaces of conformal blocks on the three-punctured spheres Cop 3 = P'\{z1, z2, z3} having
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Wh-algebra representations with labels «; assigned to the punctures z; fori = 1,2, 3,
respectively.

We will now review the basic definitions and results on the conformal blocks of
WW-algebras that will be used in the following. The presentation will be rather brief, the
formulation being to a large extend analogous to the one presented in [T17] for the case
of the Virasoro algebra.

The conformal blocks on Cop , = ]P’l\{z 1. -..2n}, are defined as the solutions to the
Ward identities expressing the VV-algebra symmetry of Ay _; Toda CFT under the Wy -
algebra. For any collection of meromorphic (1 — d)-differentials £, = &, (y)(dy)l_d s
d=2,...,N,withpolesonlyaty = z,,r = 1, ..., n, we may define operators Wy [&,]
on the tensor product R = Q);_; Va, by setting

n
Waltal:=) > &SI W, (@) (2.10)
r=1keZ
with £ being the coefficients of the Laurent expansions of qaroundz,,r=1,...,n,
d.k g p
Ea(y) =Y EV Ly — 2t @.11)
keZ

and W, , (z) representing W, , on the r-th tensor factor of R associated to the puncture
2rs
Wir(z) =1d®--- ®@id®@ Wy ®id® -+ ®id. (2.12)
r-th
Using these notations we will define conformal blocks” as linear maps f : R — C
satisfying
f(Walgglv) =0, VYveR, Vd=2,...,N, (2.13)

for all &; as introduced above. The set of linear equations (2.13) defines a subspace
CB(C, R) in the dual R’ of the vector space R called the space of conformal blocks.
‘We will often find it convenient to assume that z,, = oo which does not restrict the
generality in any serious way. By using a part of the defining invariance conditions (2.13)
one may reduce the computation of the linear functionals f(v), v € R, to the special
values®
8f(oo) = f(eg; @+ B ey, | ® Voo), Voo € Vg, (2.14)

There is a one-to-one correspondence between functionals f : R — C satisfying
(2.13), and functionals g : V,, — Csatisfying areduced system of invariance conditions
following from (2.13) and (2.14). We will therefore also call such functionals g conformal
blocks.

In this paper will mostly discuss the case N = 3 corresponding to s(3 Toda theory in
the following, where we will use the simplified notations

TG =W =) v "Ly, W =W0) =) y "W (215)
nez nez
We expect to be able to reduce the case of an n-punctured sphere to the one for the three-

punctured sphere by means of the gluing construction. For this case it is straightforward

2 This is the definition often given in the mathematical literature. The relation to the conformal Ward
identities is discussed for the case N =2 e.g. in [T17].

3 See [T17, Section 1.7] for the case N = 2.
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to show that the defining invariance property (2.13) allows one to compute the values
of f(v) on arbitrary v € Vy, ® Va, ® Ve, in terms of the particular values Fr; =
fleq, ®eq, ® (W_l)lea3). This means that any conformal block f on Co 3 is uniquely
defined by the sequence of complex numbers Fy = (Fy,), Zo- AS opposed to the case
of the Virasoro algebra we therefore find an infinite-dimensional space of conformal
blocks in the case of V3.

The representation of the VVs-algebra attached to the puncture z, generated by the
operators Wy ,(z,) induces an action on the spaces of conformal blocks CB(C, R) via

(Wan(zr) (W) = f(Wan(z)v). (2.16)

The conformal block Wy ,,(z,) f obtained by acting on f with Wy ,,(z,) is characterised
by a sequence (F; W) f D Z-o which may be computed by specialising the definition

(2.16) to vectors of the form v = ¢y, ® ¢o, ® (W_| )leo,3 and using (2.13) to express the
right hand side of (2.16) as a linear combination of the Fyyr, " € Z>o.
Before one addresses the problem to compute the Toda three-point functions C; ;

(or1, 2, @3) using an expansion of the form (2.9) one needs to find useful bases { fk“ ik e
T} for the space of conformal blocks appearing in (2.9), with Z being a suitable index
set. According to the discussion above one might be tempted to consider the basis
{fi;1 € Zxo} for CB(C, R) defined such that Fy, , = §; ,. However, such a basis does
not appear to be the most useful basis for the purpose to construct physical correlation
functions in the form (2.9). Bases which appear to be more useful in this regard will be
defined using the free field representation for the VV-algebras.

It will also be useful to keep in mind the one-to-one correspondence between confor-
mal blocks for three-punctured spheres Co 3 = P!\ {0, z2, 0o} and chiral vertex operators
VP (v, 22) : Vo = Vs, p = (03, 2, 1), V2 € Vg, defined by the relation

f1®v®v3) = (v3, VP (w2, 22)v1)y, (2.17)

using an invariant bilinear form (., WV, on Vu;. One may, more generally, relate
conformal blocks fy to families of multi-local chiral vertex operators V(w; z) : Vo, —
Vo W E Vo, ® -+ @ Vy, ,2=(21,...,2n—1), defined such that

Sy ® - ®@vy) = (va, V(w3 2)vi)y, . (2.18)

Such multi-local vertex operators can be constructed as compositions of vertex operators
VP (v, z). We may therefore construct large families of conformal blocks by constructing
the chiral vertex operators V* (v, z), or equivalently the conformal blocks associated to
Co,3. This will be our main goal here.

2.3. Degenerate representations. A special role is played by the vertex operators asso-
ciated to degenerate representations of the WWs-algebra. We will only need the examples
where the representation label « is equal to either —bw; or —bwy_1, with w1 and wy |
being the weights associated to the fundamental and anti-fundamental representation of
sly, respectively. In these cases one will find relations called null vectors among the
vectors generated by the algebra Wy from the highest weight vector e,. In the case
N = 3 one will find the following three null vectors in the representation V_p,,, :
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np: 0= (L_g+rk1,1WoDe_pow » (2.19)
ny: 0= (L2 +ky Lo+ k22 W_2)e po, , (2.20)
n3: 0= (L2 +k3 Lol y+k3,L_3+k33W_3)e_po, . (2.21)

Explicit formulae for the coefficients can be found e.g. in [FL]. The relations in the
representation V_j,,, , take a similar form, obtained by replacing «;; by —«;;, i =
1,2, 3.

The null vectors in degenerate representations have well-known consequences for
the vertex operators associated to such representations. If «p = —bw1, for example, it
follows from the relations above that V* (v, z2) : Vy; — Ve, can only be non-vanishing
if a3 = a1 — bh, where h, are the weights of the fundamental representation of sl3 for
1 =1,2,3.Forap = —bwy—1 one will similarly find oz = o1 + bh, for1 = 1,2,3. We
may therefore abbreviate the notations for the corresponding vertex operators to D, (y)
and D, (y), respectively. They map

D, :Vy = Vabn,»  Di: Ve = Vaspn,, 1=1,2,3. (2.22)

Itis furthermore well-known that these relations imply differential equations satisfied
by the conformal blocks if some of the tensor factors of R = Q)!'_, Vs, are degenerate
in the sense above. To be specific we will in the following consider conformal blocks
on a sphere with n + 2 punctures z; = 0, 22, ..., Z,—1, ¥, Yo, 00, with representation
V_pwy_, associated to yp and representation V_p,,, associated to y. As in (2.18) we may
then consider the conformal blocks

Fv (. 30: 0y = (en Di(y0) Di(3) V (ea, ® - ® ta,;32) €y, - (2.23)

The differential equations following from the null vectors include, in particular,

93 9
<$ +i3 T()’)@ +i32T'(y) + k3.3 W(y))fv :y0:2); =0, (2.24)

where

n

+§ < w3 (o) . W_i(z) N W—2(Zr)> 7

w3(—=bw1) W_1(yo) W_2(y0)
* ’ -z O-2z2)* y—z

(y—1t0)® (—y)* y—yo

n—1
w2 (—bwy) 19 < wa (ay) 19 >
T(y) = + —+ E + — . 2.25

) (y=y0)%  y=ydn S\O-z) y-z 0z 229

W(y) =

r=1

Note that the null vectors n; allow us to express W_1(yp) in terms of L_;(yg) ~ %.
We may furthermore use the null vector n; together with the Ward identities to express
W_,(yp) in terms of a differential operator W_5(yg) constructed out of derivatives %

and L_; (z,). However, even in the case n = 3 one can not use the invariance conditions
defining the conformal blocks to express all W_; (z,) Fv (y; y0; 2)ii, i = 1,2 in terms
of derivatives of Fy (y; yo; 2)7;, in general.

Not having a closed system of differential equations represents an obstacle for the
use of the differential equations (2.24). Our goal is to define the analytic continuation
of Fv (y; yo; 2);; with respect to y and compute the resulting monodromies. Without a
more explicit description of the action of the algebra V3 on spaces of conformal blocks
one can not use the differential equations discussed above to reach this goal. This is the
main difference to the case where N = 2. Other methods are needed to reach our goal,
as will be introduced next.



1126 1. Coman, E. Pomoni, J. Teschner

2.4. Free field construction of conformal blocks. We propose that useful bases for the
spaces of conformal blocks can be defined using the free field representation of the alge-
bra Wjs. This section gives an outline of the necessary constructions which is sufficient
for the formulation of our main results. A more detailed description will be given in
Section 3 below.

Key elements are the normal ordered exponentials

Vo (2) = @@, (2.26)
One of the most important properties for the following will be the exchange relations
Vp(@)Va(@) = e TPV (2)Vp() (2.27)

where the left hand side is understood as the analytic continuation from aregion |7'| > |z|,
and 7’ moves in a counter-clockwise direction around z. The special fields S;(z) =
Ve, (z) will be referred to as the screening currents. From the screening currents S; (z)
one can construct screening charges Q;(y) as

Qi(y) = / dg/ &), (228)
v

y being a suitable contour. Apart from the screening charges associated to the simple
roots e;, i = 1, 2, it will frequently be useful to consider the composite screening charge
Q17 defined as

Only) = / dy Si2(y),  Si2(y) =/ dy’ S1(y)$2(y"), (2.29)
14 Vy

with y, being a suitable contour encircling the point y which will be specified more
precisely below.

As will be discussed in more detail in Sect. 3 we may use these ingredients to construct
conformal blocks on Cp 3 by expressions of the following form

g(voo)z/ dul.../ dum/ dvl.../ dvn/ dwl.../ dw,
Cuy Cum Cyy Cu, Cu, Cu)

(Voo s S1(u1) ... S1(um)S12(v1) ... S12(Wp)S2(w1) ... S2(wp) Vy, (22) €ay ).
(2.30)

The precise definition of the expression on the right hand side of (2.30) requires further
explanations. The integrand is the multi-valued analytic function obtained by standard
normal ordering of the exponential fields appearing in the matrix element on the right
hand side of (2.30). Both the contours of integration and the precise choice of branch
defining the integrand still need to be specified. All this will be discussed in more detail
in Sect. 3 below.

The vertex operators appearing in (2.30) map from a module V,, of the Ws algebra
to the module Fy,, where o3 is related to a2, @1 and n = (m, n, p) by the conservation
of the free field momentum,

sii=n+m,
o3 = ay +ap +b(sie; +s202), (2.31)
s2:=n+ p.
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Fixing the triple p = (3, a2, 1) of representation labels only fixes the two combina-
tions s1 = m +n and sp = n + p of the three parameters n = (m, n, p). It is therefore
natural to parameterise n in terms of s1, s and an additional multiplicity label k such
that

m=s; —k,

n=k. (2.32)
p=s —k,

For fixed external parameters p = (o3, @2, 1) one may therefore use (2.30) to construct
a one-parameter family of conformal blocks F; ,f .

2.5. Quantum monodromies. A useful probe for the conformal blocks F; ,f will be the 3 x

3 matrix of conformal blocks on C 342 having matrix elements denoted by f,f (y; y0)
1,1 = 1,2, 3, defined as

n’

FL 33005, = (g« D:(30)D, () V(@) &g, )- (2.33)

We will regard y( as a base-point, typically assumed to be near oo on Co_3 and sometimes
use the abbreviated notation F,f »);, = f,f (¥; yo);,- We are going to demonstrate in
Sect. 4 below that f,f (¥);, has an analytic continuation with respect to y generating a
representation of the fundamental group 71 (Cp 3) of the form

Fyn =9 9 (M) FL ), (2.34)
1

J

We will see that only finitely many terms are nonzero in the summation over /. It will
be useful to regard f,f (¥);, as the components of vectors F#(y); in a vector space

with respect to a basis labelled by &, and accordingly the coefficients (My)z] ’Ik as matrix
elements of operators (M,),/, 1, ; = 1, 2, 3, allowing us to write (2.34) in the form

F (), = > (M) - F (). (2.35)
J

We may anticipate at this point that the matrices (M, ),/ will turn out to be “quantum”
analogs of the monodromy matrices of a flat SL.(3)-connection on Cp 3.

The derivation of the relations (2.35) described below will allow us to show that the
elements (M,)),/ of the quantum monodromy matrices can be expressed as functions
M, (u, V), of the two operators

UFf =q *F, VF=q"F

+1°

(2.36)

2

generating a Weyl algebra VW characterised by the commutation relation uv = g~ “vu,

using the notation g = e~75% 1t will turn out that the M, (u,V),’ are Laurent poly-
nomials of low orders in u, V. This property will be essential for the interpretation of
u and Vv as quantised analogs of Fenchel-Nielsen type coordinates on moduli spaces of
flat connections to be discussed in Sect. 5.



1128 1. Coman, E. Pomoni, J. Teschner

3. Free Field Construction of Chiral Vertex Operators

We will now describe how to define the chiral vertex operators (CVOs) precisely, and
how to compute the monodromies resulting from the analytic continuation of the location
of a degenerate chiral vertex operator around the support of a generic CVO. One needs
to specify a suitable set of contours for the integration of the screening currents in order
to complete the construction of the chiral vertex operators. Monodromies may then be
calculated by deforming the contours appropriately. The main goal of the following
two sections will be to derive the claims on the structure of the quantum monodromy
matrices formulated at the end of the previous section. The consequences of these results
concerning the relations to the moduli spaces of flat connections will be explained in
Sect. 5 below.

The approach described below is inspired by the works [GS,FW] where the con-
nection between the free field representation of the Virasoro algebra and the quantum
group U, (sl2) was investigated. Relations between free field representations of other
conformal field theories and quantum groups of higher ranks have been studied in
[RRR,BMP,BFS]. However, the aims and scope of these works are different from ours,
making it difficult to extract the results relevant for us from the references above. We
therefore give a self-contained treatment below.

3.1. Basic Definitions. For both tasks it will be useful to represent conformal blocks as
linear combinations of a family of auxiliary matrix elements of the following form

1% P2 _ Priseees P2 [N
(oo, V" Gam) -+ Vi @)eay) = D (2 ) o Wa o (2, -, 22, 0),

yenes

ny,..., n;
(3.1
where p; = (B, ay, Bi—1) forl =2,...,m, By = aoo and Vo € Fq,, . The functions
W,‘f,fj‘,‘,xl' (Zm, -+, z1) in (3.1) are defined as multiple integrals

Wi )
= ﬁ de e le (UOO 5 S;;l{" (ym)Vam (Zm) L. Sllll (yl)Val (Zl)e())’ (32)
r

over the contours I" = Tl x ... x Fi” depicted in Fig. 1. The crosses in Fig. 1 indicate
normalisation points on the contour I" where the multi-valued integrand in (3.2) is real
ifzz e RY, r =2,...,m,and 0 < z; < --- < z;;. We are using the notations
n = (n;1,n12,mp) forl =1,...,m,and

Y =811 - S101 ), IS ) - S0, DO 08, ),
(3.3)
and assume that

m

U = Y (0 +b(ni1 +np12)er +b(n g +n12)e2). (3.4)
=1

The contours used to define the composite screening currents S12(y) in (2.29) should be
chosen such that the only singular point of the integrand in (3.2) encircled by yy is the
point y.
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Fig. 1. Nested non-intersecting and non-self-intersecting multi-contours for integration over screening currents
associated with different vertex operators. The multi-contours around a puncture and which are associated
with a particular screening charge are depicted collectively by one loop

The functions Wy "’,‘fll do not by themselves represent conformal blocks, as is easily
seen as follows. The commutators between screening currents S;(z) and the generators
of the WWs-algebra are total derivatives with respect to the variable z. When the screening
currents S; (z) are integrated over open contours as depicted in Fig. 1, one will therefore
find boundary terms in the commutators between screening charges and the generators
of the Wjs-algebra supported at the base-point zg. The boundary terms will spoil the
validity of the Ward identities for the }V3-algebra, in general.

However, we will see that the boundary terms all cancel for specific choices of the
coefficients C in (3.1). Representing compositions of chiral vertex operators in the form
(3.1) is useful since both the problem to find the coefficients C in (3.1) and the calculation
of monodromies will be shown to reduce to purely algebraic problems in quantum group
theory. In order to explain this relation we shall begin by collecting the definitions and
notations concerning the quantum group U, (s13) relevant for our goals.

3.2. Quantum group background. The quantum group U = U, (sly) is a Hopf algebra,
generated as an associative algebra over C(q) by e;, f; and kijE fori =1,...,N —1
which satisfy the relations

o t]— s ki — k! kfe; = gt ekt 35)
DT g =gt K = g Tkt '
fori =1,..., N — 1 and where « is the 5[y Cartan matrix «;; = 28;j — 8;+1,j — &; j+1 -

The Serre relations are
e?ej —(q +q‘1)e,~ejel~ + e.,‘el-z =0, fizfj —(q +q_1)f,‘fjfi +fjfi2 =0, 3.6)

with [i — j| = 1. Let us now restrict to the case N = 3. Defining

ep =eie —qgerer, fio="fifs —qgfafi, (3.7

it follows from the Serre relations that
elen =q 'epe;, eepn =qene, (3.8)
fifa = ¢ 'fiaf1 ., fafin = gfiafa . (3.9)

Using these relations it is possible to show that arbitrary monomials formed out of the
basic generators f;, i = 1,2 can be represented as linear combinations of the ordered
monomials f{'f{}2f)> with (n, n12, n2) € N°.
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3.2.1. Representations The irreducible highest weight representation of U/, (sl3) with
highest weight A will be denoted by R.. The highest weight vector v) € R, is annihilated
by the generators €;, €;v, = 0. The action of k; is

kiv, = g Py, . (3.10)

The representations R, are irreducible for generic weights A. We call a weight A generic
if it is not the highest weight of a finite-dimensional highest weight representation of sl3.
We will use a basis for the 4, (sl3) Verma module R; which consists of the following
vectors

ey =02, n=(n,nn). (3.11)

The vector e, has weight
v=v(A,n) =LA —m+ny)e; —(n+nep. (3.12)

It will sometimes be useful to parameterise the labels n = (n1, n, n») in terms of another
pair of data n = [§, n] consisting of the shift of weights § = —sje1 — sper together
with a multiplicity label n such that s; = ny +n and s = ny + n. For a fixed weight
v = A+ 6 parameterised by positive integers s and s, one can only have finitely many
values of n between 0 and d, — 1 = min(sy, s2). The multiplicity space of a weight v
has dimension d, and will be denoted by M3 .

The action of the generators x of U, (sl3) is represented in the basis (3.11) by the

matrices R , defined by
T (x)eh = ZR(X) e (3.13)

Tables for the matrix elements of R o o for x = &;, f; can be found in “Appendix A”.
Here we will only note the followmg 1mp0rtant feature concernmg the dependence on
the multiplicity labels k. The action of m; (x) on the basis vector e can for x = e;, f;,
i =1, 2, be represented in the following form

o (@)efs g = Ei 0, 8, 1) €fsye, 19+ E{On 8, i)V €50 19 G
jT)\(fi)eﬁs’k] = Fi ()\., 8, l/lk) 3?6_6’.’](] + Fi/()\" 8’ uk) V+1 ef:s_ei’k] B

where u, = g%, Vef”5 N = q_kef‘s e and the coefficient functions E;, E/, F; and F/
are Laurent polynomials in the variable uy. This simple feature will play a crucial role
for us in the following.

Apart from the representations associated to generic weights A we will be interested
in particular in the fundamental representation generated from the highest weight vector
Ve, and having a basis {v,, f1ve,, flave, }-

3.2.2. Tensor products of representations The coproduct A of U, (s(3) is defined by
A=k e +e®1, Af)=fok ' +10f, Ak)=k k. (3.15
The coproduct is an algebra homomorphism, so equations (3.15) imply, for example,

Aepn) =kiko®en+en®1+ (¢ —g)ek ey,
Afp) =t ok 'K +1®@en+ (@ —gf @ fk; . (3.16)
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The Clebsch—Gordan (CG) maps describe the embedding of irreducible representations
into tensor products of representations. In the case of the highest weight representations
introduced above, one may represent the CG maps Ci? w - Ray = Ry ® Ry, inthe
form
O = > (RIB5)e ®e. (3.17)
ny,ng
V3=v2+V]

Here and below we use the notation v; = v;(A;, n;) with v(A, n) defined in (3.12).

A set of equations for the Clebsch-Gordan coefficients (CGC) (33 |22 &!') follows
from the intertwining property

AW o) = 3RS M, 2) (3.18)

(x),n3 n

for any element x € U, (sl3). Whenx = €; € {€1, €2} and n3 = 0, this equation implies
that for every fixed pair (ng, ny)

_ A3 | A2 A1 (e,vy) pra.m2 A ?»211 A.nl
O_Z((;nnl)q IR(e,)n2+Z }| (e)n (3.19)

/
n,

Equations (3.19) can be regarded as a set of recursion relations. For generic values of A;,

i =1,2,3 one can show that these equations determine (3|22 A!) uniquely in terms

of (M :\é kol ) Indeed, it is not hard to see (see “Appendix B” for further details) that

one can use equations (3.19) to derive a recursion relation expressing ()\3 w2l with
n; = [—sje;—s2e2, ki ]interms of the CGC (A3 2 mi ) havingm; = [—s}e1—shea, k]
w1ths1 +s2 =51 +s5y — 1.

The value of ( ﬁz XO‘ ) is not further constrained by (3.19). A basis for the space
of CG maps C )f 5, is therefore obtained from the CGC ()‘2 e ) characterised by the

n; nj
property that

()g i‘é )61 )k =8k ky, 1If My =1[8, k2], 8 =A3—A1 — Ao (3.20)
As ko can only take a finite set of values determined by §, we see that the coefficients
(w2 #2n), define a basis for the space of CG maps. For generic weights A1, A2, A3
there is an 1somorphism between the space of CG maps and the subspace with weight
Az — A1 within R;,, or equivalently the subspace with weight A3 — A2 within R;;.

It will be important to keep in mind that the ()‘3 A2 M ) defined using (3.20) depend

n nj

on the multiplicity labels only through the matrix elements R?e’in),n/' The features con-

cerning the dependence of R?e’,-n) v on the multiplicity labels observed in (3.14) will be
inherited. ’

Note furthermore that the recursive procedure determining the CGC (%5 |22 4!),
proceeds by induction in s = s1 + s if n = [—s1e1 — s2e2, k1]. In each step one
generically increases the range of values for the multiplicity label k7 in ny = [§, k2]

with non-vanishing (A3 J2 3 ) by one unit. In the case n; = [—sje; — sze2, k1] with

s1 + 52 < 2, for example, we find non-vanishing ()” ﬁ;g ﬁ} ) only fork —2 < ky <k.
Further details are given in “Appendix B”.
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3.2.3. Iterated Clebsch—Gordan maps Families of intertwining maps C : ®7=_11 R; —

R, can be constructed as compositions of the Clebsch-Gordan maps introduced in
Sect. 3.2.2. For m = 3, for example, one may consider linear combinations of the form

Ag _ Aa | A3 Ao A1) LA A2 A3
e da )= Y (MR @ ®e). (3.21)
n3,np,nj
V4=V]+V2+V3

One may argue in the same way as before that the coefficients in (3.21) are uniquely deter-

mined in terms of the particular values forngy = 0 andn; = 0. The space CG(A4|A3X2A1)

of Clebsch—Gordan maps is therefore isomorphic to the subspace denoted by Ri;‘ _A’;l in

Ra; ® R, with total weight A4 — Aq. It is then easy to see that a basis for this space is
provided by the composition of Clebsch—Gordan maps,

A2
Ag | A3 A2 Ap _ A4 | A3 A A2 | A2 A
(Blmut), = Cglaman), Geli)e. 622
>’ np
vi2=A1+V2

The coefficients (3.22) represent the matrix elements of a map Di‘:ml from CG
(Ag|A3A2)1) into Rig_)é] .

3.2.4. R-matrix The universal R-matrix is an invertible element R € U, (sly) ®U, (sly)
with the property

RAX)R™! = (PoA)(x), x € Uy(sly) , (3.23)

where P e U, (sly) ® Uy (sly) is the permutation that acts as P(x ® y) = y ® x.
It satisfies the Yang-Baxter equation Rj;R3R23 = R23R 3R 2 and the action of the
coproduct on it is

(A®1DR=Ri3R», (®AR=R;3Rn». (3.24)

It can be shown that the conditions (3.23) have a unique solution of the form R = ¢’ R
with t = Zij (Ki;l)h,' ® h;, with «;; being the Cartan matrix, if k; = qhi, and

R=1+@g—-qg Heofi+e,0fHh —g 'en®@f)
+g —q Here; @hfi +... (3.25)

The omitted terms in the expression (3.25) are of higher order in €;,i = 1, 2.
The universal R-matrix is related to the braid matrices By, : Ry, ® Ry, = Ry, ®
R, through
B)lez =Po Mhinas where My = (JTM ® 7T)L2)(R) (3.26)

is the evaluation of the universal R-matrix in the tensor product of representations Ry, ®
R, and P is the permutation of tensor factors. Our notation for the matrix elements of
By, 5., is defined such that

Bimen ®en2= > (Bi)mnlem ® e . (3.27)

mj,mp
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Fig. 2. Braiding of two generic multi-contours. The collections of contours associated with general products
of screening charges are depicted here as simple loops around the punctures

Fig. 4. Deformation of the outermost of the contours encircling z; representing a step in the passage to linear
combinations of the contours depicted in Fig. 3, where s; = (1, 0, 0)

3.3. Braiding of screened vertex operators. The spaces of functions generated by the
functions W,?l;".‘fl' (zZm, - - ., z1) introduced in (3.2) carry a natural action of the braid
group which turns out to be related to the representation of the braid group on tensor
products of quantum group representations. We will now briefly explain this first crucial
link between quantum group theory and free field representation to be used in this paper.

Let us consider nggf (z2, z1) defined using the contours from Fig. 1. The braiding
operations are defined using the analytic continuation of this function with respect to z»
and z; along a path exchanging their positions. This analytic continuation can be defined
by integrating along suitably deformed contours as indicated in Fig. 2. By means of con-
tour deformations one can represent the result of this operation as a linear combination
of integrals over the contours introduced in Fig. 1.

This can be done by the following recursive procedure. In a first sequence of steps,
performed in an induction over ny = (12,1, 12,21, n2,2) one may deform the contours
on the right of Fig. 2 into linear combinations of the contours depicted in Fig. 3.

The induction step is indicated in Fig. 4.

In a second sequence of steps one may then deform the contours surrounding both z;
and z in Fig. 3 into a linear combination of contours surrounding only z; or z; at a time.
The result of this procedure can be represented as linear combination of the original
contours introduced in Fig. 1, leading to a relation of the form

B(Wezi(z2,20)) = ) (buyay)m e Wi (21, 22) (3.28)

mj,mp

We will explain in more detail in “Appendix C” below how such computations can be
done and calculate the matrix elements of by, 4, for the important special case where
oy = —bw with a1 generic. The result can be compared to the action of the braid group
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Fig. 5. Decomposition of a simple contour associated with the root ey around two punctures into contours
enclosing only one of the punctures. This decomposition represents the co-product A(f}) = 1 @f; +f; ® kl_1

on tensor products of quantum group representations defined in (3.27). It turns out that
the matrix by, 4, appearing in (3.28) coincides with the matrix By, in (3.27) provided
that A; = —oy/b for [ = 1, 2. This result can easily be generalised to the cases where
ay = —bA; with A; being the weight of any finite-dimensional representation of U (s[3)
by noting that any finite-dimensional representation of U, (s[3) appears in the iterated
tensor products of fundamental representations, and that the co-product of the quantum
group has a simple representation in terms of the free field representation, as indicated
in Fig. 5.

As representations of the braid group one may therefore identify the vector spaces
generated by the functions W,?,f,‘fll (zms - - -, z1) With the tensor product of quantum
group representations ;- R, assuming that the weights are related as ;; = —o; /b,
l=1,...,m.

3.4. Construction of conformal blocks. We had noted above that the functions Wy n}

(zm, - - -, z1) are not the objects we are ultimately interested in. They do not satisfy the
Ward identities for the WV3-algebra characterising the conformal blocks. It turns out,
however, that there exist suitable linear combinations of the form (3.1) which will indeed
represent conformal blocks. We are now going to argue that this will be the case if the
coefficients C in (3.1) are the matrix elements of the Clebsch—Gordan maps describing
the embedding of the irreducible representation with weight Ao, = —b ™ las into the
tensor product )", R;,. For m = 3, for example, one may get expressions of the
following form

(Voos szs (z3) Vkpzz (z2)eq;)

— A4 | A3 A2 Al | A2 A 3,02,0]
- Z ( 0 Im3np )k3 (n12 n nj )k2 Wna,nz-,nl (z3.22,0), (3.29)
n3,np,nj,n
Ag=vi2+v3
Vi2=v1+v2
where pp = (a2, o2, 1) and p3 = (0o, @3, @12) With ajp = —bA1y. Note that the

summations in (3.29) include summations over the multiplicity labels of n3, ny, n; and
np, together with a summation over two out the three weights vy, v, and v3.

3.4.1. Relation to quantum group theory Inorder to see the relation between the problem
to find linear combinations of the form (3.1) representing conformal blocks and the
Clebsch—Gordan problem one needs to notice that the boundary terms appearing in the
commutators of the screening charges with the generators of the algebra W5 turn out
to be related to the action of the generators €; on tensor products of quantum group
representations defined by means of the co-product. In order to formulate a more precise
statement, let us introduce some useful notations. Let

V,f‘rzl,’.:'_',’nal‘ @my-voh21) = / dym .. dy1 Sy (Ym) Va,, @m) - - - SIIll Y1)V, (z1) (3.30)
r
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be the operator appearing in the matrix elements (3.2) defining the functions W,‘fl;” ,,,,,,,,, ng -

The correspondence with vectors in tensor products of quantum group representations
observed above can be schematically represented as

Vim -t o el @@ e, (3.31)
allowing us to introduce the notation

(A Vg @) 2z, - .. 21) (3.32)

for the vertex operator associated to A(x)e;\l{ ®...0 eﬁz for x € U,(sl3) via the
correspondence (3.31). In the computation of the commutator of the vertex operators
V! with the generators of the algebra W5 one may distinguish terms from the
commutators of the screening currents from the terms coming from commutators with
other exponential fields. The contribution of the former is then found to be a linear com-
bination of terms which are proportional to (A(€;) Vi ”‘,f‘]‘ )(Zm, - - -, 21)- Considering,

for example, the commutator with L_; we find

.....

m
[Lo1, Vgm s (G, .z | = Z 3z, Vo) (Zms - -+, 1) + (boundary terms),
I=1

(3.33)
with boundary terms proportional to (A (x) V™ ") (Zm, - - -, 21) for

x=(q—q Hiki'e +k;'e). (3.34)

The derivation of these statements is outlined in “Appendix D”. We conclude that the
boundary terms in the commutators with generators of the algebra VW3 will vanish if the
coefficients C in (3.1) are taken to be the expansion coefficients of the images of highest
weight vectors under the CG maps.

3.4.2. Independence of the choice of base-point The linear combinations (3.1) repre-
senting conformal blocks do not depend on the position of the base point z( indicated
in Fig. 1. Indeed, the derivative of g};”gf with respect to zq yields boundary terms
which cancel in the linear combinations (3.1) by the same arguments as used above.

The independence of zg can be used for our advantage in two ways. One may note,
on the one hand, that the expressions for conformal blocks resulting from (3.1) can be
replaced by expressions where different base points zq are associated to each individual
CG coefficient appearing in expressions like (3.29). In (3.29), for example, one could
have a base-point z for the integrations with screening numbers n; and ny, and another
base-point z(’) for those with screening numbers nj; and n3, as depicted in Fig. 6. In
this form it is manifest that the conformal blocks defined via (3.29) factorise into three-
point conformal blocks, as they should. This representation furthermore exhibits clearly
the relation between the intermediate representation V,,, of the algebra s appearing
in the conformal blocks on the left side of (3.29) and the intermediate representation
Ry,, appearing in the Clebsch—Gordan coefficients on the right side of (3.29), with
representation labels related by a1 = —bA12.

If, furthermore, the components of «| are sufficiently negative, one may simplify the
expression (3.29) by taking the limit where the base-point zo used in the definition of the
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Fig. 6. Different base points z( and z6 associated with different integration contours

contours approaches z1. Taking into account (3.20) the expression (3.29) gets simplified
to

03 [ _ A2 (kg | A3 A2 Al 3,002,001
(oo VE VR @ea) = 3. D2 (i i) Wasee i (za, 2,00,
n
V3+V2:3)\.4_A.1

(3.35)
where my = [A12 — A1 — A2, k2], p2 = (@12, a2, 1) and p3 = (oo, @3, at12) With

a12 = —bA1;. The expression for the coefficients D/?zlzkz in (3.35) gets simplified to

A2 A | A3 A A A | A3 A
D, (Caluni) =2 Ciliin), - (3.36)
np2
Vi2=A4—V3

We see that sending zg to z; is related to the projection of the tensor product ®;’:1 R,

onto the subspace vy, ®®,3=2 ‘R, . This projection obviously commutes with the braiding
operation applied to the second and third tensor factors, allowing us to simplify the
computations.

It can also be useful to consider the limit where zo — z». In this case one may
use contours supported near the circles around the origin with radius |z2|, allowing us
represent the CVOs as composite operators of the form Q' (¥) Q132 (¥) 5% (¥) Va, (22),
with screening charges Q;(z) = fy Si (y) being defined by integration over y = {y €
C; |yl = |z2]} fori =1, 12, 2.

4. Computation of Monodromies

We will now explain how the connection between free field representation and quan-
tum group theory helps us to compute the representation of monodromies on spaces of
conformal blocks. Recall that we are interested in calculating the monodromies of the
conformal blocks

FL i y0)i, = (¢4, » Di(y0)D,(y) VL () ¢y,), (4.1)

regarded as function of y. The task can be simplified slightly by sending the base-point yq
to infinity, reducing the problem to the computation of the monodronies of the four-point
conformal blocks

GL ), = (veo, DY) VE(2) eg)s (4.2)

where v € V,, With a4 being related to the variables a3 and 7 in (4.1) as g = o3 —bh;.

We will therefore consider the space of conformal blocks on the four-punctured
sphere Pl\{zl = 0,220 = z,23 = ¥, 24 = oo} with representation V,, assigned to z,,
r = 1,...,4. The free field representation identifies this space with the subspace of
®13=1 Ry, with weight 14 — A1, assuming that o, = —bA, forr =1,...,4.
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The fundamental group of Co 3 = P'\{0, z, 0o} is generated by the loops 0, ¥z, Yoo
around 0, z and oco. Since the loop yp o y; o Yo 1S contractible, it suffices to compute
the monodromies along two out of the three loops. The monodromy of the conformal
blocks g,f (y), introduced in (4.2) around oo is a simple diagonal matrix. It will therefore
suffice to compute the monodromy of g,f (y), along a loop surrounding z» = z. The free
field representation introduced above relates this monodromy to

(D)\ kzM) L. BA3A2 : B)Q)»_g : Di?)\z)\% s (43)

where D is the linear operator defined in (3.29), and By, : Ry; ® Ry, = R, ® Ras
is the braiding operation.

As explained previously, we will mainly be interested in the case where the repre-
sentation R, assigned to z3 = y is the fundamental representation, A3 = ;. The
simplifications resulting from A3 = w; will be discussed next.

4.1. Conformal blocks with degenerate fields. In the case A3 = w; the weight A1 in
(3.35) can only take the values A, = A4 — h;,1 = 1, 2, 3. The expansion (3.35) further
simplifies to

A A —b
(Voor DMV (2)eay) Z Z DkO(M|(:1): m Ol)Wd ;)218[2 “(.2,0),

)»4 hj+v2+A]

4.4)

where d; = [w1 — h;,0],i = 1,2, and d3 = [w; — h3, 1]. One should also remember
that ny is fixed as np = [A12 — A1 — Ap, k] through equation (3.20). Taking this constraint
into account, we will in the following replace the notation W, ]bw‘ 0 by WeAn
Noting that vi2 = A4 — h, one finds that the summation over nj; in (3.36) can take only
the four possible values s; = [—e¢;,0],i = 1,2 and [—e|2, €], e12 = €1 + 2, € € {0, 1}.
One may then write (4.4) a bit more concisely in the form

(voos D, (VL (@)eay) = ) Dy Ga) W) (23, 22, 21). 4.5)

The remaining coefficients in (4.5) are

1

D=1, Dii= (51" pa=3 (319 500) . @6
e=0
Using the notation
=1 @.7)
1— g2

the non vanishing matrix elements of D can be represented explicitly as

Dy = 61_1[—(61 a7t
D32 = g7 ([1 — (e2. 2a)] — [1 + (e1, an)]) (2, ha) — 11e7) ",
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Day = g2 =1 (1~ [1 = (2, 2)]) ([(e2, 2a) — 1162) ",

¢ = g2 @M (141 = (en2, Aa)]) — (1 = gA)([1 = (e2, Aa)] = [1 + (1, Aa))).
(4.8)

The derivation of these expressions is outlined in “Appendix B.2”.

4.2. Braiding with fundamental representation. The form of the braid relations also
simplifies when A» = w; or A3 = w;. Let us first consider the case A = wj. The braid
matrix preserves weight subspaces in the tensor product. Recalling that the only allowed
weights in the fundamental representation are /,,1 = 1, 2, 3 one notes that the subspace
in R, ® R having fixed total weight v is spanned by vectors of the form egj' ® e} with

weight of e’ being v — h, for: = 1,2, 3. For fixed 1 one gets a subspace of R, ® R,

isomorphic to the multiplicity space MKﬁh’. The projection of the braiding operator
Buix : Roy ® Ry — Ry ® Ry, onto a subspace of total weight v can be represented

. . . —h,
by an upper triangular matrix b* = b* (A, v) of operators bfj mapping from M, ™ to

Mi_h’ fore, j =1,2,3.
The operators bfj can be conveniently represented as follows. The basis (3.11) allows
us to introduce a basis for the multiplicity spaces M} given by the vectors m} , =

f‘i'*kf’fzféz’kuk with k = 0, ..., min(sy,s2) and v = A — s1e; — s2ez. M} can be
embedded into the infinite-dimensional vector space M with basis my, k € Z, by
mapping m; , to m. On M one can define the operators v~!andk as

viimg =g m_y,  kmy = kmg. (4.9)

Out of these operators one may then construct the operators Bl+ , as
6T1 =qM 652 = glhzv+ey) 6;3 = ghaw+ern)
bl = g2V (g — g~ Hg2 @M (q1+2k[s1 —KI[ =51 +59 — K+ (e, W] +v_1[k])
653 - q(h3,v+612)(q—1 —q) ([sz —KIJ[1 — 53 +k+ (ep, A)]q—(ez,x) _ v_l[k]q1—252+(€2,7»))
E)T3 = q(h3,v+elz)(l - qz)([sl —K][so — K][so — 1 — Kk — (e, A)]q1+4k*352+(€2*81,k)

+ Vil [k]([Sz —2—(e1a, )\)]q272k732+(e|2,)\.) — 5o — k]qufszf(en,)\.)

+[s] — k]q2k—3s2+(ez—el,k) +[sy — K + 1]q2k—2—352+(62—61,k))

— g WKk — 1]q‘3x2‘(€2—31~*>). (4.10)

+
1
. . . —h . ..

in the subspace of M isomorphic to MK /. Using these definitions one may represent

our results for the operators bl+j as the projections of Bf] to operators from MK_h

It can easily be checked that the image of the restriction of bY to Mi_h’ is contained

' to
MM

In the second case A3 = w; one may similarly represent the projection of B;,, onto
the subspace of weight v by a matrix b_ = b_(v) having matrix elements representable
through
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bﬂ = q(hl,v) , b;z = q(hz,v+e1) , b;3 — q(h3,v+e12)
b_ = q(hlyv)(q _ q—l) ’ b3—2 — C](hz’”el)(qz _ l)q—sl+1 (quk[sl K- q2k>
b3 =" (g —q Hvg" ! @.11)

A feature of particular importance for us is the fact that the braid matrix can be represented
as a matrix having elements which are finite difference operators of second order in the
multiplicity label. This is a direct consequence of (3.14) given the relation between
braiding and quantum group R-matrix, as is easily seen using (3.25).

4.3. Form of the monodromy matrix. With both of the braid matrices b, and b_ explicitly
derived, we now find that the matrix M, representing the monodromy around z takes the
form M, = D~'b_b, D with D being a lower triangular matrix with matrix elements
acting as pure multiplication operators on the multiplicity spaces. It may be useful to
note that

q(hl,v) 0 0 q(hl,v) sz b.{_3
b_ = b2_l q(hz,v+61) 0 , b, = 0 q(hz,v+e|) bJZrS
31 o g 0 0 gliren)

We may represent b_b, as

PRICIRY g™Vt g"MVbt,

b_b, = 6]2:1 v;b21 q2(h2 v+el)(h+ b21?+2 2<lb2_1 b41-3)+ q(hz.,v+e1)b%'3
, v+ U+ — ht =t
q'"1""by; by bT, +q" Vg, g M) + by by + by by

It has now become straightforward to derive our main claim concerning the form of the
monodromy matrix: It has matrix elements which are finite difference operators in the
multiplicity labels of low order.

Remark 1. Tt would in principle be possible, but tedious, to compute the eigenvalues of
the monodromies along these lines. The formalism used in this paper offers a convenient
alternative. A change of basis from the bases considered in this paper to a basis diagonal-
ising the monodromy matrices can be constructed using generalised 6 symbols (fusion
matrices). The eigenvalues of the monodromy matrices M> = M>(X,), considered as
function of A, must therefore coincide with the eigenvalues of M1 = M (A1) if A1 = Ap.
The matrix M can be found quite easily using the observations made in Sect. 3.4, re-
lating them to the diagonal matrix representing the monodromy of the vectors D, (y)eq,
around y = 0. The transformation properties of D,(y) under conformal transforma-
tions imply that D, (y)e,, has an expansion in powers of y%2(@1—bh)—w2(@)—wr(=bo)+k
k=20,1,2,.... It follows that M is given as

(My),; = exp(2mi(wa(a1 — bh,) — wa(ar) — wa(—bw1)))3s,

4.12
= exp(27ri(b2 +b(a) — py Q. h)))s,, 12

As it is not essential for the main goals of this paper, we will not go into further details
here.
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5. Relations to the Quantisation of Moduli Spaces of Flat Connections

Our next goal will be to explain how the “quantum monodromy” relations (2.35) can be
used to define a quantisation of the moduli spaces of flat sl3-connections on C = Cp 3,
and more generally on punctured Riemann spheres Cy ,. After recalling the description
of these moduli spaces as algebraic varieties, we will recall the definition of the Ver-
linde line operators V,,, a natural family of operators acting on the spaces of conformal
blocks labelled by closed curves y on C. It was shown in [CGT] that the Verlinde line
operators generate representations of the quantised algebras of functions on the moduli
spaces of flat connections with V,, representing the quantised counterpart of a trace
function L, associated to y. Our main goal in this section is to explain why the oper-
ators U, V representing elementary building blocks of the operator-valued monodromy
matrices M, (U, V),’ are closely related to quantum counterparts of a natural higher rank
generalisation of the Fenchel-Nielsen coordinates.

5.1. Moduli spaces of flat SL(3)-connections. Let us denote the space of holomorphic
connections on P! \{z1, ..., zn} of the form

n

A n
Vi=8+A0).  AO)=D) ST D A =0, (5.1)
r r=1

r=1

with A, € sly modulo overall conjugation by elements of SL(N) by M4z (SL(N), Co.»).
Computing the holonomy defines a map Myg(sly, Co,n) — Mp(SL(N), Cop ), with
Mp(SL(N), Co. ) being the character variety, the space of representations p : 71 (C) —
SL(N), modulo overall conjugation. M (SL(3), Cp ) has the structure of an algebraic
variety. A convenient set of regular functions is provided by the traces of holonomies
L, = tr(M,), where M,, is the holonomy along a closed curve y.

The description can be reduced to the case n = 3 by pants decompositions. As a useful
set of generators for M p(SL(3), Cp 3) one can choose the following combinations of
trace functions [Lal,La2], see also [CGT]: Let M;, i = 1, 2,3 be the monodromies
around the three punctures of Cy 3, let A; = tr(M;), A; = tr(Mfl) fori =1,2,3 and

N = tr(MlM?,_l) — A1A3, W =t (M3M, M) — AlA| — ArAy — A3A3,

N = tr(Mf1M3) — A1A3, W= tr((M3M2M1)_1) — A1A1 — AQAQ — A3A_3.
(5.2)
Other trace functions L, can be expressed in terms of these generators using the skein
relations.
It was shown in [Lal,La2,CGT] that the generators introduced above satisfy two
algebraic relations of the form

Pi({Ly.y € m1(Co3)}) =0, i=1.2. (5.3)

The explicit formulae for the polynomials | and P, can be found in the references
cited above.

The algebra Ay = Fun(M p(SL(3), Co.3)) is a Poisson-algebra with Poisson bracket
defined using the Atiyah-Bott symplectic structure. The Poisson structure is algebraic, it
closes among the polynomial functions of (N, N, W, W) and A = (A;, A;)i=1,2.3 [Lal,
La2,CGT]. The functions (A;, A;)i— 12,3 generate the center of this Poisson algebra.
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5.2. Quantisation of the moduli spaces of flat connections from CFT. Spaces of con-
formal blocks carry two natural module structures. One type of module structure is
canonically associated to the definition of conformal blocks as solution to the conformal
and W-algebra Ward identities, as defined in Sect. 2. Of particular interest for us is
another type of module structure defined in terms of the so-called Verlinde line opera-
tors and their generalisations. This subsection will present the definition of the Verlinde
line operators, and explain why the algebra of Verlinde line operators is a quantum
deformation of the algebra of regular functions on Fun(M g (SL(3), Cp 3)) [CGT].

In order to define the Verlinde line operators let us note that the identity operator
appears in the operator product expansion

D;(yo)D,(y) = 81,y P (yo — )0 (d + Y (yo — )

3
5.4
+Y ¢l o= V) + OG0 — y).
=2

where Y (yo — y) = Zfli] (yo — ¥)'Y, (), with Y, () being combinations of the gen-
erators of the W3 algebra, and P, € C,: = 1,2, 3. The chiral vertex operators V;(y)
correspond to the other finite-dimensional representations appearing in the tensor product
of fundamental and anti-fundamental representation of s(3. This shows that a canonical
projection [P from the space of conformal blocks on C¢ 342 spanned by the ]—',f s,
to the space of conformal blocks on Cp 3 spanned by F,f can be defined by setting
]P(}—/f()’)l—,) = Sl_lPlF]:)'

By taking linear combinations of (5.4) one may eliminate the terms containing the
chiral vertex operators V;(y), leading to a relation of the form

3
> E'D,(y0)D,(y) = (yo — »)(id + ¥ (yo — y)). (3.5)

=1

This allows us to define an embedding E of the space of conformal blocks on Cp 3 into
the space of conformal blocks on Co 342 by setting IE(ka) = 213:1 E! f,f M-

As before we find it convenient to regard the functions f,f as components of a vector
F? with respect to a basis labelled by k. We had observed in Sect. 2 that the analytic
continuation of F”(y);, along y € m1(Cp3) defines an operator M,, on the space of
conformal blocks on Co 342,

My (F°(3),) = FP(r.p);, = (M), - FP (). (5.6)
J

The composition Po M,, o [ will then be an operator from the space of conformal blocks
on Co 3 to itself which may be represented in the form

3
PoM, o E)(FP) =V, -F’, V, =Y E'(M,)'P,. (5.7)
=1

The operators V,, will be called Verlinde line operators. They can be regarded as “quan-
tum” versions of the traces of the monodromy matrices M, of a flat SL(3)-connection.

Assuming the validity of the mondromy relations (2.35) it was shown in [CGT] that
the algebra generated by the operators V,, is isomorphic to the algebra Ay, of quantised
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functions on Mg, (SL(3), Cp,3), the moduli space of flat SL(3)-connections on Co 3.
This means in particular that the operators V,, satisfy deformed versions of the relations
(5.3)

PI({Vy vy €m(Con)) =0, i=12, (5.8)

with polynomials Pih differing from the polynomials P; in (5.3) by fixing an operator
ordering and i-dependent deformations of the coefficients. The algebra generated by the
Verlinde line operators can be identified with the skein algebra defined from quantum
group theory using the Reshetikhin-Turaev construction [CGT].* It follows that the
operators V,, satisty q-commutation relations reproducing the Poisson brackets of the
corresponding trace functions to leading order in .

We had observed in Sect. 2.5 that the elements of the quantum monodromy matrices
can be expressed as functions of two operators U and V. It follows from (5.7) that the same
is true for the Verlinde line operators V,,. We are now going to argue that the classical
limits of u and v are closely related to natural higher rank analogs of the Fenchel-Nielsen
coordinates.

5.3. The notion of Fenchel-Nielsen type coordinates. As apreparation let us first discuss
defining properties of a class of coordinate system which will be called coordinates of
Fenchel-Nielsen type. In order to motivate our proposal we will briefly review the case
of flat sl connections.

Recall that useful coordinates on M p(SL(2), Co 4) are the trace coordinates, as-
sociating to a closed curve y the trace of the holonomy along y. For N = 2, C =
Cos = Pl\{zl, 22, 23, 24} one may, for example, introduce the holonomies M; around
the punctures z; and define the following set of trace functions:

L; =Tr M; = 2cos2mm;, i=1,...,4, (5.9)

Ly =Tr M1 M, L, =Tr M1 M3, L, =Tr M) M3 (5.10)
In order to describe M p(SL(2), Co 4) as an algebraic Poisson-variety let us introduce
the polynomial

Poa(Ls, L, Ly):=L1LoL3Lg+ LyL; Ly + L2+ L? + L2+ L2 + L3+ L3+ L7
— (L1Ly+ L3Ly) Ly — (L1L3+ LoLy)L; — (LpL3+ LiLg)L, —4. (5.11a)

The polynomial Py 4 allows us to write both the equation describing M p(SL(2), Co.4)
as an algebraic variety and the Poisson brackets among the regular functions Ly, L; and
L, in the following form:

(i) P(Ls, L, Ly) =0, (5.11b)
0
(i) {Ls,L,} = 8TP(LS, L;, L,) and cyclic. (5.11¢)
t

A set of Darboux coordinates A, k for M p(SL(2), Co.4) can then be defined by param-
eterising Ly, L; and L, in terms of coordinates u, v as

w—uH2L;=Cru)yv+Cou)+C w)yv',
w—uH2L,=Cruyv+C%u) +C, wv",

Ly = u+u71,

4 An alternative proof of this result can be based on the observation that the operator D appearing in (4.3)
represents the dynamical twist used in [CGT].
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with coefficient functions C; (1), C;, (1), e = —1, 0, 1 explicitly given as

COu) = Ly(L1L3+ LyLg) —2(LoL3 + L1L4),
C(u) = Ly(LaL3+ L1Lg) —2(L1L3 + LaLy),
CEu) = w+u"' —2cos2m(my Fma))(u+u"" —2cos 27 (m3 F my)),

CEu) = —ut'CE).

These coordinates are relatives of the coordinates previously introduced in [Ji,NRS].
The coordinates defined by representing u, v as u = e'*, v = ¢ are closely related
to the Fenchel-Nielsen coordinates from Teichmiiller theory. Restricting A and « to the
flat PSL(2, R)-connections coming from the uniformisation of Riemann surfaces one
finds purely imaginary values of these coordinates. 2iA will coincide with the geodesic
length along y;, and ik will differ from the Fenchel-Nielsen twist parameter t only by a
simple function of A, ik = t + n(A). Compared to the Fenchel-Nielsen coordinates the
parametrisation introduced above has the advantage that the expressions for the trace
functions in terms of A, x have more favourable analytic properties. In the case of the
Fenchel-Nielsen coordinates one would find square-roots in these expressions.

This motivates the following definition. Darboux coordinates (i, v), u = (41, ...,
“d), v = (vq, ..., vg) for Mp(C) are of “Fenchel-Nielsen type” if

(R) the expressions for L, (i, v) have the best possible analytic structure, being

rational functions of u, = ¢, v, = ¢ or even Laurent polynomials,
(P) the coordinates are compatible with a pants decomposition of C.

Requirement (R) means that coordinates of Fenchel-Nielsen type are reflecting the
Poisson-algebraic structure of M pg(C) in an optimal way. Note that this property is
shared by the Fock—Goncharov coordinates [FG1] for M g (C). The main feature referred
to in the terminology “Fenchel-Nielsen type” is (P), shared by the Fenchel-Nielsen
coordinates for the Teichmiiller spaces. Compatibility with a pants decomposition means
that appropriate subsets of the coordinates would represent coordinate systems for the
surfaces obtained by cutting the surface C along any simple closed curve defining the
pants decomposition. The Fock—Goncharov coordinates for M p(C) do not have this

property.

5.4. Quantum Fenchel-Nielsen type coordinates. In order to relate the operators U and
V to quantum counterparts of Fenchel-Nielsen type coordinates for M g (SL(3), Co3)
one mainly needs to observe the following simple consequence of our calculation of
quantum monodromy matrices.

The operators V,, generating a representation of Ap, i = b?, on the spaces of
@)

conformal blocks can be represented as Laurent polynomials V}’} (u,v) ofuandv.

We will interpret our observation (L) as the statement that ft and D represent the
quantised counterparts of Fenchel-Nielsen type coordinates for M p(SL(3), Co3).

In order to support this interpretation let us consider the Poisson-algebra R generated
by rational functions of two variables u, v with Poisson-bracket {u, v} = —2m uv. The
classical limit A of the algebras Aj, considered above is a Poisson-algebra which
can be identified with the sub-algebra of Ry generated by the Laurent polynomials
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VS (u, v) The logarithmic coordinates u = —ilogu, v = —ilog v have Poisson bracket
{i, v} = 2m, identifying them as Darboux-coordinates for Ay. It follows from our
observations above that mapping V;) to £, defines an isomorphism of Poisson algebras.

This means in particular that the functions VS (u, v) satisfy the relations (5.8), and have
Poisson brackets that reproduce the Poisson brackets of the trace functions L,, when L,
is replaced by V}(,) .

These properties are completely analogous to the description of M p(SL(2), Co.4),
motivating us to call the coordinates u, v Fenchel-Nielsen type coordinates for
Mp(SL(3), Co,3).

Remark 2. To avoid confusion let us stress that statement (L) is a purely algebraic state-
ment. The conclusions drawn from (L) do not depend on the particular representation
used in this paper.

5.5. Yang’s functions and solutions to the Riemann—Hilbert problem from classical lim-
its. We will now point out further relations between Toda CFT and the theory of flat
connections on Cy 3 arise in two different limits. The standard classical limit of Toda field
theory corresponds to b — 0. Assuming that the vectors a; are of the formo; = —b~'n;
fori = 1,2,3 one may expect that the conformal blocks behave in the limit » — O,
o = —ni/b, k= M/2rrb2, with n;,i =1, 2, 3, and u finite, as follows:

_1 _
FL 6oy Vg, ~ ¢ 7Y 5 0)x, ), (5.12)

where x, (y), and x;(y), 1,7 = 1,2, 3, are three linearly independent solutions of the
differential equations

9’ 1,
(—8—))3+T(y)5+§T (y)+W(y)>Xl(y) =0, (5.13)
3_3+T( )i+lT/() W ( x-(y) = 0 5.14)

Differential equations of this form are closely related to a special class of flat sl3-
connections on Cy 3 called opers. The action of the operator-valued matrices M,, (U, V)
on F?(yp, y);, turns into the multiplication with the ordinary matrices M, (u, v) with

u = ¢ and v = €'V in the limit (5.12), where

2
v=2 122 Ly . (5.15)
2 i du
The matrices M, (4, v) represent the monodromy of the differential equation (5.13).
Equation (5.15) describes the image of Opgy, (Co,3) within M p(SL(3), Co,3) under the
holonomy map. It therefore represents a higher rank analog of the generating function
of the variety of sl-opers proposed to represent the Yang’s function for the quantised
Hitchin system in [T10,NRS, T17].
Another interesting limit is » — i, where ¢ = 2. In this case one finds q2 =1, s0
that the operators U and v commute with each other. The transformation

. w2
G (yo, yi k6, W), = €M e T FLLL (v, )y, (5.16)

nez
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diagonalises U and v simultaneously with eigenvalues u = ¢?™'* and v = —ie™ )
respectively. It follows that the operator-valued monodromy matrices M, = M, (u, v)
are transformed into ordinary matrices M, (u, v). The conformal blocks G* represent
solutions to the Riemann-Hilbert problem to construct multi-valued analytic functions
on Cp 3 with monodromies fixed by the data A, k. Comparison with the main result of
[ILT] suggests that

G, 1) =Y ke BN EL (5.17)
nez

may serve as a partial replacement for the isomonodromic tau function in this context.
One should note that G” (k, A) depends only on the monodromy data. However, having a
simple relation to the solution (5.16) of the Riemann-Hilbert problem on Cp 3 suggests
that G («, 1) captures important information on the symplectic geometry of flat SL(3)-
connections on Cp 3.

6. Conclusions and Outlook

Our main result is a remarkably simple relation between the screening charges of the
free field representation for the V3 algebra and the Fenchel-Nielsen type coordinates
Mp(SL(3), Co3). This direct link between the free field realisation of CFTs and the
(quantum) geometry of flat connections on Riemann surfaces seems to offer a key towards
a more direct understanding of the relations between these two subjects. We believe that
these relations deserve to be investigated much more extensively.

6.1. More punctures, higher rank. The generalisation to conformal blocks on surfaces
with higher number of punctures should be straightforward. A simple counting of vari-
ables indicates that Fenchel-Nielsen type coordinates for surfaces Cy , with arbitrary n
can be obtained from the Fenchel-Nielsen coordinates of all subsurfaces of type Co 3
and Co 4 appearing in a pants decomposition of Co . This paper has introduced all in-
gredients necessary to compute the monodromies of degenerate fields on any punctured
Riemann sphere. Using these ingredients within the set-up used in [ILT] it is not hard to
see that the operator-valued monodromy matrices can be represented as Laurent polyno-
mials of basic shift and multiplication operators which can be related to Fenchel-Nielsen
type coordinates in the same way as before.

In the case of Toda CFTs associated to Lie algebras of higher ranks an interesting
feature not discussed here will play a more important role. Instead of only three types
of screenin{; charges, here denoted Q1, Q> and Q17 one will in the case of sly Toda
CFT have 5(N — 1)N screening charges Q; j, j > i. These screening charges are in
one-to-one correspondence with the positive roots of sly, and can be constructed as
multiple g-commutators of the simple screening charges Q; ;+1 associated to the simple
roots. This implies that different ordering prescriptions for the positive roots of sly will
correspond to different bases in the space of conformal blocks on Co 3. The physical
correlation functions in Toda CFT can not depend on such choices. This invariance may
represent a supplement to the crossing symmetry conditions exploited in the conformal
bootstrap approach which may be potentially useful.

6.2. Continuous bases for spaces of conformal blocks in Toda field theories. The con-
formal blocks defined above generate a subspace of the space of conformal blocks
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which is sufficient to describe the holomorphic factorisation for the subset of the physi-
cal correlation functions in s(3 Toda CFT admitting multiple integral representations of
Dotsenko-Fateev type. For the case of Liouville theory it is known that one needs to con-
sider continuous families of conformal blocks in order to construct generic correlation
functions in a holomorphically factorised form. The same qualitative feature is expected
to hold in Toda CFTs associated to higher rank Lie algebras. Based on the experiences
from Liouville theory one may anticipate some essential features of the generalisation
from the discrete families of conformal blocks studied in this paper to the cases relevant
for generic Toda correlation functions.

6.2.1. Continuation in screening numbers Recall that the conformal blocks provided
by the free field representation can be labelled by the so-called screening numbers, the
numbers of screening currents integrated over in the multiple-integral representations.
We conjecture that conformal blocks appearing in generic Toda correlation functions are
analytic functions of a set of parameters which restrict to the conformal blocks coming
from the free field construction when the parameters are specialised to a discrete set of
values labelled by the screening numbers.

In order to support this conjecture let us offer the following observations. A variant
of the free field construction can be used to construct continuous families of conformal
blocks. For real and sufficiently small values of the parameter b one may define, following
[TO1], operators Q;(y), i = 1, 2 by integrating along contours y supported on the unit
circle. Following the discussion of the Virasoro case in [T03] one may argue that the
operators Q;(y) are densely defined and can be made positive self-adjoint with respect
to the natural scalar product on the direct sum of unitary Fock modules fS dpB Vg, with

S being the set of vectors 8 of the form 8 = Q+iP, P € R2, Q= pow b+ b_l), oW
being the Weyl vector of sl3. For purely imaginary values of nj, ni2 and ny one may
therefore define unitary operators denoted by Q'/*(y), Q'15*(y), and Q5 (y) by simply
taking Ql'.'i (y) = exp(n; log(Q;(y)), fori = 1, 12,2. We conjecture that Q:f” (y) can
be defined for even more general values of n; by analytic continuation.

This means in particular that the definition of the conformal blocks F; If given in
Sect. 2.5 can be generalised to provide families of conformal blocks for Cy 3 labelled by
a set of continuous parameters p = (a3, a2, «1) and k. We conjecture that the depen-
dence of F, kp on p and k is meromorphic. This is consistent with, and supported by the
fact that the operator-valued monodromy matrices calculated in this paper have an obvi-
ous analytic continuation which is entire analytic in the parameter £ and meromorphic
in p. If the conformal blocks on Cp 3 have an analytic continuation in these parameters
as conjectured, the quantum monodromies defined from the analytically continued con-
formal blocks must coincide with the obvious analytic continuation of the monodromy
matrices calculated in this paper.

6.2.2. Relation to quantum group theory and higher Teichmiiller theory There are fur-
ther encouraging hints that the description of the continuous families of Virasoro confor-
mal blocks relevant for Liouville theory admits a higher rank generalisation representing
the analytic continuation of the conformal blocks considered in this paper. Let us recall
that the conformal blocks needed for generic correlation functions come in families as-
sociated to a continuous series of Virasoro representations [ZZ]. The monodromies of
conformal blocks can be represented in term of the 6 j-symbols associated to a continu-
ous family of representations of the non-compact quantum group U, (SL(2, R)) [TO1].
The relevant family of quantum group representations [PT1,PT2] is distinguished by
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Table 4. Relations between conformal field theory, quantum group theory and moduli spaces of flat connec-
tions relevant for the case of Liouville theory. The Fuchsian component in the moduli space of flat PSL(2, R)-
connections is the connected component formed by all connections having holonomies p : 71(C) —
PSL(2, R) such that H/p is a Riemann surface of the same topological type as C

Conformal field theory ~ Quantum group theory Moduli space
Liouville theory Modular double of U, (SL(2, R))  PSL(2, R)-connections, Fuchsian component

remarkable positivity properties closely related [BT1] to the phenomenon of modular
duality [F95,PT1,F99]. All this is closely related to the quantisation of the Teichmiiller
spaces [CF,Kal]: It turns out that the 6j-symbols of U, (SL(2, R)) mentioned above
describe the change of pants decompositions on the four-holed sphere in quantum Te-
ichmiiller theory [T03,NT]. The situation is summarised in Table 4.

The mathematical structures appearing in Liouville theory have generalisations as-
sociated to Lie algebras of higher ranks. The higher Teichmiiller theories [FG1] can be
quantised [FG2]. A key feature facilitating the quantisation of the higher Teichmiiller
spaces is the positivity of the coordinates introduced in [FG1] when restricted to the
so-called Teichmiiller component, a connected component in the moduli spaces of flat
PSL(N, R)-connections generalising the Fuchsian component isomorphic to the Te-
ichmiiller spaces for N = 2 [Hi]. This generalises similar properties of the ordinary
Teichmiiller spaces when described in terms of the coordinates going back to [Pe].

The main new feature in the higher rank cases is the appearance of non-trivial spaces of
three-point conformal blocks. We expect these spaces to be isomorphic to the multiplicity
spaces of Clebsch—Gordan maps for the positive representations of U, (SL(N, R)). The
study of the positive representations of U, (SL(N, R)), N > 2, was initiated in [FI]. The
Clebsch—Gordan maps for this class of representations of {/,; (SL(N, R)) have recently
been constructed in [SS2]. For the case N = 3 one gets bases for the space of Clebsch—
Gordan maps labelled by one continuous parameter. The constructions in [SS1,SS2]
reveal a direct connection between the positive representations of U, (SL(N, R)) and
the quantised higher Teichmiiller theories generalising what was found for N = 2 in
[Ka2,NT].

It should be possible to establish a link between the continuous families of conformal
blocks introduced above and a suitable basis for the space of Clebsch—Gordan maps
between positive representations of U, (SL(3, R)) by generalising the constructions in
[TO1] for the case of Liouville theory. The positivity of the screening charges together
with the direct relation between Clebsch—Gordan maps and free field representation
established in the paper suggests that there is a scalar product on the space of conformal
blocks on Cg 3 with p = (@3, a2, «1), o; = Q +i P; for which the conformal blocks ka
with k£ € iR generate a basis.
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A. Useful Relations

We wish to compute the action of the raising operators €; on some generic representa-
tion of U, (sl3), which is constructed from a highest weight vector vy, that is eie,); =
e;f{'f1,f3v,. To do so we use the notations n = (n1, n, nz) = (s1 — k, k, so — k) = B
and alsos; = (1,0,0),sp = (0,0, 1),s3 = (1,0, 1) and s = (0, 1, 0), as well as the
relations

ler. fal =foki' . [e2.fi2] = —gfike (A1)
[enn,fil = —gkiea, [enn,hl=k;'e (A.2)
o1, fial = —— (ki 'Ky — kik) (A3)
q—q
elff =fl'e1 + %fﬁ"_l(qz“"")kl — kY (Ad)
ey =fl'er + %fg’—l (g2 Mk, — kz_l) (A.5)
erffy = fiher + [mlffs ok ! (A.6)
exf?y = fihes — [mlg> " hif}y ko (A7)
enf!! = ey — [mlg 2" ke, (A.8)
enf = e — IEL(]]_zfﬁ_l(qz(l’m)klkz — k'K h (A.9)
enfy =fren + mlfy 'k; e . (A.10)

The matrix elements which give actions of generators €; on representations of U/, (s(3)
are

membel st — kIl — s —k+5

+(€1 , )\‘)]ql+2k—52—(€1,)x)eé

eleék =v kg

k—S1
eref, = —V ! [klg? PN ep w5y —KI[1 — so+k+ (2. Mg TP ep
enep, = —[s1 —klls2 — kI[1 — 52 + k + (e2, Mg 212+ 2Pep
+v kg TR (2R — k4 [sy — 1 — (ena. MDe, g, -
(A.11)

denoting the non-simple root e12 = e + e>.

The operator Vv acts on representations eg, through Veék =qF eé " and therefore
shifts the value of the multiplicity label k. One may note however that K is bounded and
when it is zero, any term which includes v1in equations (A.11) vanishes due to the
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presence of the factor [k]. Thus from Eq. (A.11), for some generic fixed B, the matrix
elements representing the generators € are non-zero only for particular

R(*é?){% £0 iff B € {Bx+(1,0,0), Byr +(1,0,0)}, (A.12)
R(Ae’f‘;ﬁ;( £0 iff B € {Bx+(0,0,1), Byt +(0,0, 1)}, (A.13)
R?é?zk)’% £0 iff B € (B +(1,0,1), By + (1,0, D} . (A.14)

When B; = 0, the values of B;{ are more restricted, since each component of B,’( is
non-negative

2,0 .
R(ei)’B;( #0 iff
B, = {(1,0,0)8;,1, (0,0, 1)3; 2, (1,0, 1)3; 12, (0, 1, 0)8; 12}. (A.15)
From Eq. (A.11), we read off the following matrix elements

ABr—1—s1 __ —so+k—(er,\)
R(el)vﬁk = [klg™ “

A By — sy —
Rig b ot = [s1 —KI[L = s1 —k+s2+ (e1, 1)]g 22 Cnd)
ABr—1—%2 _ 2—2sy+k+(e2, 1)

R(ez)’Bk — _[k]q AY) ()

A By — _

Rt = [s2 —KI[1 — 52+ k + (e2, M)g' ~>»

A Br—1— —k— _ —
R ™ =[klg* 72?20 B s) — k] + [s2 — 1 = (e12, W]

A Br—s3
R(elz),fik

= —[s1 — kl[s2 — k][l — 52 + k + (e, 1)]g >~ F1s24@1—e2d) = (A 16)

The e; label can be omitted since it is redundant, being implied by the difference of
weights. Similarly, the action of generators f; is represented by

A Bitsy ABrei+ss _ si—k MBr+sy _ 2k—sy ABrsrtsy k—s1
Rg, =1, Ry =q . Ry, =q . Ry, =—q '[s) —k].
(A.17)

B. Clebsch—Gordan Coefficients

Here we sketch how to compute the Clebsch—Gordan coefficients which enter the con-
struction of chiral vertex operators in Sect. 3.2.2, starting from Eq. (3.19) reproduced
below

= A3 |22 M\ (e vn) pham Az |22 A pirag
O_Z<03’“/2“l)q an’z +Z(03|n2n’1>Rn’l . (B.1)

’ /
L) ny

To lighten notation, let us drop the first column in the notation (| - -), whose first column
will be everywhere ()63 ) and where A3 is fully determined by the other weights.
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B.1. Clebsch—Gordan coefficients for generic weights A. For generic weights A, equa-
tion (B.1) can be used iteratively to determine the CGC (ﬁg ﬁ} ) in terms of ();12 ’\01 ) by
constructing nj as Ny = nj 181 +n1S12 + 11 252. Below we first describe the calculation
for n; € {sy, sz, S12, $3}, which represent the first two steps of the iteration, and then

describe the general inductive step. Beginning with Eq. (B.1),ny =0andi = 1,2

0= (54 ) RO+ (2,0 ) a“ R + (0250 ) a VRS, . B2)

By s Br+s; O k+Si Brs1+s; O Brt1+si

The resulting system is under-determined, so we solve for a one-parameter family of
solutions with the constraint (3.20)

—1 -1
A A _ (ei 1) 21,0 A2, Bk A A _ (e 11) 21,0 A2 Br—1
(Bi Sil )k - _q : (RS,'1 ) Rﬁk+si ’ (kal S;i )k - _q : (RS,'I ) Rﬁk+sl‘ :
(B.3)

The second step sets n’1 = S12, 83 and we use (B.1) with (nj = 83,7 = 1) and (n| =
S1,i =12)

_ } : A2 A 1,83—S; 1+(e;, A1) 2 : A2 Al A2, By
0 - (B] S )k RS/- + q BI+I’+Sf S3—S; k RBI+I/+SZ‘ :
j=3,12 '=0,1

These equations alone are not sufficient to fully determine (2 ¢!),, (12 &) ), - One first
needs to insert the solutions (B.3) into the right-most coefficients, thereby arriving at a

pair of coupled equations

q—l—(e]z,)»l)R?.] ,0 Z (Az M ) RM,S,‘ — < A2 Al ) R)»z,ﬁ] RA2,131+S3—S,-
! k k
j=3

By s Sj By+s3 0 By+s3—s; " B+s3

( A2 M) ( 22,8y R)”Z’BI+S3_Si+R}‘2’B’ R)»2J51+1+83—Si)
k

Bre1+s3 0 Br+s3—s; B +s3 Brer+s3—s; " Br1+s3
A A 22,8 22,8141 +83—s;
+ (Bl+2+83 0 ) X R31+1+83—Si RB[+2+53 (B4

with three solutions (%) distinguished by ! € (k. k — 1,k —2}.

Inductive step: Let us consider a pair of equations labeled by two integers (s1, s2) which
enter the weight v| = A1 — s1e; — s2e2 < Ap. If we denote by w’ the sum w’ = 51 + 52
of these labels, which enter the CGC under the weight A

(B (Bal)e (B.5)

then these coefficients are determined by the coupled pair of linear equations with label
(s1, $2) in terms of coefficients with w = w’—1 and for which v = A1 —s1e1—s2e2+¢; >
v}. It is thus possible to set up an induction procedure through the pair of equations

A2 Ap MiBm=si _ _(ei,v1) Z A2 A A2,n
Z < n Bm+m’ )k Rﬁnwm’ - q n’ Bm_si k Rn/ (B6)
m’'=0,1 n'e{n+s; , n+s12—S; 4 }

fori = 1, 2, which corresponds to the actions of the e, e, generators respectively. Note
that the parameter j can also only take values 1, 2 depending on the particular value of
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i. A possible obstruction to inverting this system and solve for the CGC in (B.5) could
arise if the matrix of coefficients in Eq. (B.6)

R g

MBm—sy Lr1.Bm—sy (B'7)

R R
Brm Bt

were not invertible. This is however not the case for generic weights A1, X,, given the

explicit expressions (A.16).

B.2. Clebsch—Gordan coefficients for the case Ay = wi. When one of the highest
weights is a fundamental weight, specifically A, = w;, the CGC no longer come in
families parametrized by some integer k and they can be computed in a few steps. For
example

A A ,0 A 2,0
0= (f;)ll 0) q(e‘l )R::I + (061 s ) Rs]

- (“g; s*l) — g = (er, )] (‘;11 g) . (B.8)
When n’1 = §12, 83, one finds from equation (B.1)

A 1+(ej, A ,0 A A,83—S;
0= (wl )q +(e )R;zl)l + (a)l )RSBS'; S

Si S3—S; 0 S3
w] A A,S3—S; .
+(0512)R512 =12 (B.9)

and

0= (wl }») q(€12,?~)R;z;12,0 + (wl 6) q(€12,A)RSa;1,0

s;2 0 S3
A 2,0 A 2,0 2 A pi,0 ,0
+<a())l SS)RS3 +(a61512)R512 +(1—g¢ )(%}fs};)q(el )RSZ RG'™ . (B.10)

The solution to this system is given by

(%) = —T=te2 g™ emPe !t (92) =g et @1

(912) =q“ P ([—(e2. W] — [1+ (er, MDC; ", (B.12)
for the normalization (‘gf‘ 3) = 1 and where

¢ =g “P[(er, W]
x (2P (1t [=(enz, D + (1 = g2 (= (e, W] = [T+ (€1, 1)) -
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-e

Fig. 9. Deformation of the outermost of the contours encircling z;

C. Braid Matrix Derivation

In this section we collect a few of the more technical points that occur in the calculations
of the braiding of screened vertex operators, as was depicted in Fig. 2 and reproduced
in Fig. 7.

This procedure was described in Sect. 3.3 as an induction process to deform contours
around z3 in Fig. 7 to pass to linear combinations of the types of loops illustrated in
Fig. 8 and then deform the resulting auxiliary loops into a set of basis contours like those
in Fig. 1.

Part 1: The first part of the braiding calculation specifically deforms the contours around
7 from Fig. 7 to linear combinations of loops like in Fig. 8. An intermediate step of this
procedure is depicted in Fig. 9. The ordered marked points X represent normalization
points for the integral over the indicated contours, where the integrand is real. The gray
contour being deformed in Fig. 9 is associated with a Q1 screening charge and carries
the label s1. On the right hand side, this loop turns into a sum of two types of contours.
The first is a loop around both points z and has normalization point X at the same position
as on the original contour. The second type however, is a loop around only the point z7,
whose normalization point is related by analytic continuation to the marked point X on
the original gray contour. This means that the relative order of the marked points X has
changed and as a consequence of the exchange relation (2.27), a braiding factor gets
generated.

This factor contains a full monodromy e ~271#(¢1.22) due to moving the insertion point
of the screening current Sy counter-clockwise around z,. The factor 221~ D+2.12=12.
then arises because one needs to relate the respective integrands defined by using two
different choices of normalization points with the help of the exchange relation (2.27).

Repeating the step described in Fig. 9 generates quantum numbers [n] = %, as
illustrated in Fig. 10, which has a generic vertex operator at z and a degenerate operator
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o) ((m—1)e+ netnes e)

ll\qnfnv(ql\nfll.* qy"‘ 72\)

Fig. 10. Example illustrating how quantum numbers arise in the braiding calculation

at z1. Let us explain a few more steps in this example, as it is relevant for one of the
braiding calculations in which we are interested. We may denote yls " the loop around z;
which is associated with screening charges Q1 and Q1> for i = 1 and 12, respectively,
and with no charge for i = 0. If we then denote 7' the deformed loop around z, and ,8"21
the loop around both points z and denote 1 ,3"2' By ;'] the integral over the indicated
contours, then the intermediate results after resolving the contours associated with each
type of screening charge are

1[,351)/150 _I[ﬂgllslﬂn nisi o] —2mb(e1 a) n=n2p, ]I[ﬂél’lll—l)slﬂn nisi 11]
— I[ﬂ;l nzszﬂnzsz e—2n1b(e12,a)q—2+n2[ I[ﬁn151+(n 1)512/3;252)/1512]

e—Zmb(el,a) (q—l _ q)q—nz [n]I[ﬁgller(n 1)Slz+52ﬁn252 Sl]
e—2nib(el,a) n—np [n ]I[,Bg]ll *1)51+n512,3"252 Sl]

= 11BN y0] — e bera =t gyg 2 n] I g5 122y
_ e—Znib(elz,a)[n] (q—2+n2 + (q—l _q)q—l nz[nz]) I[‘Bn S12 SlZ]

27‘[1b(el (x) n— nz[nl]l[,Bn_SI 1]

(121183, 7y . (C.DH

e—2ﬂ1b(€12,a)q” 1=ny

Note: There are two additional technical observations to note here: i) contours associated
with the composite screening charge Q12 = Q102 — ¢ Q20 are most safely treated
when considered as linear combinations of contours for simple charges and ii) one must
take care of the ordering of the newly generated contours, in particular when they are
associated with the screening charges Q12 and Q2. Any reordering of contours implies
a permutation of their associated normalization points, which generates braiding factors
as illustrated for example by

/dySl(y)Vo?(Z) =V s /dySlz(y)Vo?(Z)=q”1V§+S'2(Z)- (C2)
14 Y

The case where a screening charge Q> is added has one additional feature. Changing
the order of contours such that the s, contour is inside of the loops with labels s;
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Fig. 11. Decomposition of a simple contour associated with the root e; around two punctures into contours
enclosing only one of the punctures

means commuting an S screening current past Sy, which by the definition of composite
screening charges generates a current S7, and thus

/ dySZ(y)V;(Z) — qn12*n1 V(;l+52 (Z) _ q*nl [nl]VaIll+512*S] (Z) . (C3)
Y

Part 2: Resolving all of the deformed contours around the point z, in Fig. 7, that are
generated by the braiding procedure, creates a combination of the types of loops in Fig. 8.
The second part of the induction procedure described in Sect. 3.3 is then the deformation
of any such auxiliary loops that enclose both z; and z» in Fig. 8 into combinations of
the basis contours in Fig. 1. An intermediate step is depicted in Fig. 11. The same
considerations as above apply here when deforming the gray contour on the left hand
side. The resulting gray loops on the right have normalization points X that are either
at the same position as on the original curve or moved to a different position and the
integrands associated to different choices of normalization points are related by analytic
continuation, which gives rise to a braiding factor. Furthermore, if the gray loop being
deformed like in Fig. 11 carries labels s> or sy, it is necessary to reorder the resulting
contours like we did in equations (C.2), (C.3) so that they match the order prescribed in
Fig. 1.

Let us now take the contours in Fig. 8 with a generic vertex operator inserted at the
position z, and a degenerate operator at z; and deform the loop enclosing both points z
into a combination of basis contours like in Fig. 1. This case is relevant to the braiding
calculation of interest here. If we call yf " the loop around z; and ﬂ; ;! the loop around
both points z, then the decomposition of integrals over B,-type contours leads to

IBHZI So 1 n[n]l[yznzlfslzylslz]*_ —ny n[nl]l[ ny|— ISI]+q ny nl[ylul lso]’
ﬂ;lzlyl — qnl—nzl[yllzl Sl]
—c]n_”z[nz] [yznzl - Slz]_ —1- nz(l _ 2)[n]1[yn21+51 —S12 512]
1B 1= "™ 11 P, (C4)

with notation / [,B;1 2l V1 "] for the integral over the indicated contours and where the loop

yzs’ is a basis contour enclosing the point z2. Combining the two parts of the braiding
calculation, we reach the main result.

Main result: The two types of braid matrices that we compute following the steps
outlined above have a degenerate vertex operator inserted at either the point z; or z5 and
are explicitly

Bl fk_;‘;,;f"(zz,zl)]—2<b+)l, WS (21, 2) (C5)

J=
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3
_ Bx—d,.d
BIW, o (22 20l = Y (0-),, W,' 0 Y (21, 22) (C.6)
J=1

using the notation B8y = (s; — k,k,s20 — k) and 67 = (0,0,0),8, = (1,0,0) and
83 = (1, 0, 1). The matrix elements of b, are

(h1,v) (h2,v+er) b% — q(h3,v+612)

bl =¢ b3 =q
2 =q"" (g — g7 )g O (¢ s =Kl =i+ =k e 1K)
b§3 — q(h3,\1+€12)(q—] _q) ([Sz_k][l —S2+k+(€2, )L)]q—(ez,)n) _V—l [k]ql_2s2+(62,)\.)>
(C.7)
and
t5 =g (1 g (Is1 = Kllsz = Kllsz = 1 = k = (ez, )] H3nriemar)

VK ([s2 = 2 = (era, Mg> PR [y — kg2l Y)
+ [Sl _ k]qZk—352+(€2—€1,)») + [S2 —k+ 1]q2k—2—3s2+(62—el,k))

_ q_lv_z[k][k _ 1]q—3s2—(ez—el,)n)) i (C.8)

while those of b_ are

by, =g¢"" . by =q") by =gl

by =q"" (g —q7h . by =q"" Vg~ g (qu"[sl —1—k - q2k)
by = g™ (g —q " (C.9)
foro = —brand v = A — s1e1 — s2er.

D. Realisation of the Generators e; on Screened Vertex Operators

In this section we will indicate how to derive the identification between the action of
L_ on screened vertex operators (3.30), which removes one contour of integration, and
the action of €; generators on tensor products of representations (3.31). Using notations
similar to the ones introduced in Sect. 3.4.1 for the simpler case of U, (s[;), we find that

[Lo1, V&(2)] - 8:V(2) = S(zo)g — ¢ Hk eV (2), (D.1)

by the following considerations. For screening number n = 2, there are only two contours
of integration. L _ acts by the Leibniz rule on each screening currentin V,* (z), producing
total derivative terms. The contributions from the two boundaries of the integration
contour are related by monodromy factors. In this way it is not hard to arrive at the
following equation

[L-1, VZ @] = 7§dy(1 — e ) §(20)S(y)

+(1— e ) §(y)S(20) Va(2) + 8- V5 (2) -
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By factoring off the operator S(zg), this simplifies to

(L1, Vi@ ] =" —qg ) @ —g")g" —¢7)SG)VI()
+0, V5 (2) .

More generally, for arbitrary n € N units of screening charge, we find by iterating these
steps

(L1, V@] =0V @)
+q* " (g — g H TGP — g NG — g TS () V(D)

To compare now with the actions of the e and k generators, notice that these are

e eﬁ — (q_qfl)fz(qﬂfnﬂ _q72)»+n71)(qn _qfn)el%l»_l , k*l e;%;_l :q2(n717)»)eﬁ_1 ,
so we arrive indeed at equation (D.1).
At higher rank, for U/, (sl3), one can similarly show for example

(Lo Vi@]-ave@ ~@—a ) (kler+k;ler) Vi@ D2)

The final observation to make in order to identify the actions of L_j and e is that the
action of L_1 on composite screened vertex operators correctly reproduces the action
of the coproduct

[Lo1, Vgt @m, ... 21) |

m
= 0 VEme i (g 2) ~ (A VE ) G, L 20),
=1

for
x=(qg—q ke +ky'er),

which we verified by direct computation.

In order to see that the boundary terms occurring in the commutators with arbitrary
generators of the W-algebra admit a similar representation in terms of the generators
e; the main point to observe is that all commutators between screening currents and
W-generators can be represented as total derivatives.
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