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Introduction

Two dimensional superconformal field theories with one supersymmetry (N = 1 SCFT) are
supersymmetric generalizations of conformally invariant field theories (CFT). The intense
activity in the subject of theories with conformal symmetry began with the work by Polyakov
[1]. It was pointed out there that the conformal theories describe statistical systems at
critical points. In order to calculate the critical exponents the non-Hamiltonian approach to
conformal theories, the so called-bootstrap program, was proposed in [2]. The realization of
this program in two dimensional CFT was presented in the work by Belavin, Polyakov and
Zamolodchikov (BPZ) [3]. The BPZ work introduced the method of constructing minimal
models i.e. the special examples of completely solvable conformal field theories. Soon the
realization of superconformal invariance in quantum field theory and the superconformal

minimal models were analyzed in [4], [5], [6].

Since another two papers by Polyakov [7], [§] the role of CFT in string theory was widely
recognized [9], [I0]. The string scattering amplitudes can be expressed in terms of correlation
functions of (super)conformal field theories. An additional motivation for studies on confor-
mal field theories comes from the AdS/CFT correspondence that has been rapidly developing
field of research in the last years [11], [12], [13].

In CFT any n-point correlation function can be expressed by 3-point structure constants
and conformal blocks [3]. The conformal blocks are universal functions completely determined
by conformal symmetry. The 4-point conformal block is defined as a power series in projective
invariant z. It is a function of central charge ¢, intermediate weight A and four external
conformal weights A;. Coefficients of the z-expansion are defined by the Gram matrices in
Verma modules and the 3-point conformal block. The properties of these objects are well
studied, nevertheless, the calculation of the block from definition is not effective and its
general form is not known. There are however recursive methods of determination of the
4-point conformal block developed by Al. Zamolodchikov [I4] [I5] [I6]. They are based on
the fact that 4-point block can be expressed as a sum over poles in the central charge (or
intermediate weight) and a term non singular in ¢ (or in A, respectively) [14]. The residues
are proportional to the block itself, which leads to recursion relations.

The first recursion relation, i.e. the z-recurrence, is related to the block’s expansion as

the sum over the poles in the central charge. In order to close the recurrence the term regular

in ¢ is necessary. It is given by the ¢ — oo limit of the 4-point block [14].
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The second, more efficient method of determining 4-point block, i.e. the elliptic recur-
rence, can be derived by analyzing large A asymptotic of the block. According to Zamolod-
chikov’s works [16], the first two terms in the large A expansion of the 4-point block can be
read off from its classical asymptotic. A multiplicative factor related to these two terms can
be separated from the 4-point block, which leads to a definition of the so-called elliptic block.
The regular in A term of the elliptic block does not depend on external weights and central
charge. Thus it can be determined from an explicit analytic formula of the block derived in a
certain model [15], [I7]. Since each elliptic block’s residue in A is proportional to the elliptic
block itself, knowing the regular term, one gets the second closed recursion relation for the

coefficients.

The recursive methods of determination of a general 4-point conformal block allowed, for
instance, for numerical consistency check of Liouville theory with 3-point structure constants
proposed by Otto and Dorn [18] and by A. and Al. Zamolodchikov [19]. The methods were
also used in the study of the ¢ — 1 limit of minimal models [20] or in obtaining new results in
the classical geometry of hyperbolic surfaces [21) 22]. In a more general context of arbitrary
CFT model, with the help of the recursive methods one can numerically calculate any 4-point

function once the structure constants of the model are known.

The present thesis is devoted to the problem of definition and calculation of 4-point
superconformal blocks in N = 1 SCFT. It is based on the results published in [23], [24],
[25], [26]. In the first chapter we recall the derivation of the two recursive methods of
determination of the 4-point conformal block [14] 15, 16] in detail. The ideas presented
in this chapter are a basis for supersymmetric generalization. Let us note that we formulate
the original Zamolodchikov’s results in the language of chiral 3-forms. It turns out that the
technique of identifying 3-point blocks as suitably normalized chiral 3-forms can be effectively
extended to the supersymmetric case. It leads to a successful definition of all types of 4-point
superconformal blocks.

In N = 1 superconformal field theories there exist two types of fields: the Neveu-Schwarz
(NS) fields local with respect to fermionic current S(z) and the Ramond fields “half-local”
with respect to S(z). We discuss in the first place the superconformal blocks corresponding
to correlation functions of NS fields [23].

The superconformal Ward identities determine correlation functions up to two indepen-
dent types of structure constants. In NS sector of SCFT there is however an important
simplification: each given 3-point function of arbitrary NS fields is proportional to just one
out of two structure constants. This implies similar as in non supersymmetric case definition
and properties of 3-point NS blocks. Since the algebra in supersymmetric case is more general
than in CFT, there are 2 types of 3-point NS blocks and 4 types of 4-point NS blocks. For
each type of the superconformal blocks there is one even and one odd supersymmetric block.
All the 3-point and the 4-point NS blocks are defined in the second chapter. Analyzing their
properties one can check that it is possible to derive the recursive relations for 4-point NS

blocks. As in the bosonic case, the 4-point superconformal blocks can be represented as a
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sum over poles in the central charge (or intermediate weight) and a term nonsingular in ¢ (or
in A, respectively). The residues of a given type of block are proportional to even and odd
blocks of the same type. The term regular in ¢ can be calculated as the ¢ — oo limit of the
block. With the NS superconformal blocks correctly defined it is not difficult to obtain the

generalization of the first recursive method for determining the 4-point blocks.

The derivation of the elliptic recursion is more complicated [24]. Analyzing supersym-
metric Liouville theory one has to investigate the classical limit of the superconformal blocks.
It turns out that the asymptotical behavior of all types of 4-point NS blocks is given by
one universal block. It is the same classical block which is present in the limit of 4-point
conformal block. In the classical limit the contribution from fermions is noticeable just in
coefficients proportional to exponent of the classical block. Using the relation between large
A asymptotic and the classical block one can calculate the first two terms in large A expan-
sions of the NS blocks. The multiplicative factors related with these two terms describe the ¢
and A; dependence of the non singular in A parts of the superconformal blocks. Dividing the
blocks by the multiplicative factors one can define superconformal elliptic blocks with terms
regular in A which are independent of central charge and external weights. In order to com-
pute the regular terms and complete the elliptic recursion one needs an explicit example of
superconformal blocks with an arbitrary intermediate weight. In the last chapter we propose
a model where such blocks can be calculated.

Before that, in the third chapter, the problem of 4-point superconformal blocks in Ramond
sector is discussed [26]. We restrict our interest to the class of SCFT models where the
Ramond fields have a common parity (for the left and the right sector) [4], [6]. We present in
detail the case of the 4-point blocks corresponding to correlation functions of Ramond fields
factorized on NS states. The other types of Ramond blocks are briefly discussed in the end
of this chapter.

As in the NS sector, the supersymmetric Ward identities allow to reduce any correlator
containing Ramond fields up to two independent structure constants. In this case, however,
an arbitrary 3-point function is always given by a sum of two terms, each proportional to
a different structure constant. The Ward identities have a more complex form because the
correlation functions of the fermionic current S(z), two Ramond fields and one NS field is
double valued. Additional complication comes from the fact that the Ramond field operators
correspond to states from irreducible representation of the tensor product R ® R of the left
R and the right R Ramond algebras extended by the common parity operator. Thus it is
not obvious how one should express the 3-point correlation functions of Ramond fields by
the 3-point blocks which are chiral objects with definite left (or right) parity. Nevertheless,
using the technique of identifying the 3-point blocks as suitably normalized chiral 3-forms,
it is possible to define 4-point Ramond blocks and to analyze their properties. As in the NS
sector, there are four even and four odd 4-point Ramond blocks. The elliptic recurrence for

the Ramond blocks can be investigated by the same method as in the case of NS blocks.

In the last chapter we recall Zamolodchikovs’ calculation of a 4-point block in the ¢ =1
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scalar theory extended by Ramond states of the free scalar current [I5], [I7]. Then, by
adding free fermion current we obtain the supersymmetric generalization of this model [25].
The explicit formulae for the ¢ = % blocks are necessary in order to find the closed elliptic
recursion relations for the general 4-point superconformal blocks. Additionally, we can use
these formulae to check if our constructions of the 4-point blocks and the recursion relations
are correct.

The recursive representations of the 4-point superconformal blocks in the N = 1 SCFT
discussed in the present thesis yield approximate (with arbitrary accuracy), analytic expres-
sions for general 4-point superconformal blocks. Some of the results were already used for
numerical verification of the consistency of the N = 1 supersymmetric Liouville theory in
the NS sector [27], [28]. A consistency check of the Ramond sector of N = 1 supersymmetric

Liouville theory is not yet done.



Chapter 1

Conformal block in CFT

1.1 Basic definitions and notation

1.1.1 Operator Product Expansion

We shall consider two dimensional conformal field theories (CFT) defined on a complex plane.
Within the BPZ formulation [3] the basic dynamical assumption comes under the name of
operator product expansion. It can be formulated as follows

In an arbitrary correlation function the product of any two local operators can be expressed

as a series of local operators

pi(22,22)pj(21,21) = > Cfi(z2 — 21,22 — 21) (21, 21), (L.1)
p

where the coefficients Ckl'j(ZQ — 21,22 — Z1) are c-number functions.

This is a strong version of the Wilson operator product expansion. It allows to express
any correlator in terms of Cy;j(22 — 21, Z2 — Z1) functions. There are two kinds of restrictions
imposed on these functions. The first group follows form the conformal symmetry. It de-
termines for instance the z and the Z dependence of Cm-j(zg — 21,22 — Z1). The second is a
consequence of the operator product expansion. Since the left hand side of is associative,
the OPE coefficients should respect associativity as well. This leads to non linear equations
imposing strong constraints on Cj;;(22 — 21, Z2 — Z1). The idea to construct a CFT model by
solving the symmetry and the associativity requirements is called the conformal bootstrap

program. It was proposed by Polyakov [2] and to large extend realized by BPZ [3].

1.1.2 Conformal symmetry and Ward identities

In two dimensions there exists an infinite parameter family of local conformal transformations

CoUsz— f(z)eC



14 Conformal block in CFT

leaving the standard metric ds?> = dzdZz unchanged up to a scale factor. Such maps are

analytic functions w = f(z) so that
dwdw = |f'(2)]*dzdz.

The conformal transformations that map the compactified complex plane C* = CU{oco} onto
itself are called global conformal transformations or projective transformations and form a

group isomorphic to PSL(2,C). Projective transformations can be parameterized as

f(z)zz:::z, ad —bc =1
where a, b, ¢, d are complex numbers. In CFT one implements both global and local conformal
symmetries H
In the Lagrangian formulation the scaling invariance of a theory leads to a traceless
energy-momentum tensor. This condition together with the standard continuity equation
imply that the non vanishing components of energy-momentum tensor on the complex plane

are holomorphic and antiholomorphic functions:
T** =T =T(2), T# =T =1T(2).

Since the energy momentum tensor is a generator of local coordinate transformation, one can
assume that in a general CFT model:

There exist an holomorphic T(z) and an antiholomorphic T(Z) fields which are generators
of conformal symmetry:

deep(w,w) = 1?4 dz €(2)T(z)p(w, w) + 1/(1{ dz é2)T(2)p(w, w). (1.2)
21t J,, 2mi J

where 6 ep(w, w) is the variation of a local field ¢(w,w) with respect to infinitesimal confor-
mal transformation z — z + €(z),z — z + €(2).

We assume that the algebra of local fields contains primary fields which under conformal

transformation z — w(z) change in a particularly simple way:

b = ()7 ((j;’)_Am,A(z,z), (1.9

where the parameters A, A are called the holomorphic (left) and the antiholomorphic (right)
conformal weight. From this definition it follows that the variation of the primary field with

respect to the infinitesimal transformations has the form:
be,cpn i (w, @) = (Ade(w) + AJE(w) + €(w)d + &é(0)D) pa & (w, ).

The equation ([1.2)) implies:

A 1
T(2)pa alw,w) = mQM,A(wv w) + mf)w%,a(w, w) + reg. (1.4)
_ A 1
T@eaalw,®) = F—rmoan(w @)+ ——20adaa(w, ) +reg.

'For an extensive introduction to CFT one can consult for example [29], [30], [3T], [10]
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These are the local Ward identities for the primary field with the conformal weights A, A.
In the known Lagrangian models the transformation law for generator T'(z) takes the

form:

rw) = (27 [re) - s

where {w; z} is the Schwarz derivative:

{w; 2} (Bw/dz3) 3 [d?w/d2? 2
wiz=—"——7-—-——-| ——— ] .
’ (dw/dz) 2\ dw/dz
The second term is proportional to the central charge ¢ which is the parameter of the theory.
Note that for global conformal transformations the Schwarz derivative is zero.
The transformation law and the equation (1.2)) for generators T'(z),T/(Z) lead to the local

conformal Ward identities for the generator T'(z):

T(2)T(0) = é + %T(O) + %aT(o) +reg.
TETO) = 5o+ ;T(O) + ééT(O) + reg. (1.5)

T(z)T(0) = reg.
We assume this form of the local conformal Ward identities in a general CFT.
The operators

1 1

Ln = 277” OdZ Zn+1T(Z), I_/n == 277” OdZ 2n+1T(2) (16)
form two copies of the Virasoro algebra:
c
[Ln, Lm] = (TL — m) Ln+m + E’I’L(TL2 — 1) 5n+m,0
[Ln, L] = 0 (1.7)
o _ c
[Ly, L] = (n—m) Lptm + En(n2 — 1) gm0

We will call L,, and L,, as the left and the right Virasoro generators, respectively.

1.1.3 Verma module

The state |va) is called the highest weight state with weight A if it satisfies the following

conditions:
L., lva) =0, Lo |lva) = Alva), m > 0. (1.8)

A descendant state is defined as a state created by an action of operators L_j; on the highest

weight state. The descendant states form vector space VA with the basis:

‘VA,M> = L_M ’I/A> = L_m]. .. .L_m1 ‘VA> s (19)



16 Conformal block in CFT

where M = {my,ma,... ,mj} C N is arbitrary ordered set of indices m; < ... < mg < mq,
such that |M| =mi + ...+ m; = n. Each VA Is an eigenspace of Lo with the eigenvalue
A +n. The direct sum of such spaces over all levels of excitations n composes Verma module

VA . i.e. the highest weight representation of the Virasoro algebra:

Vae = VA, WA.=Cua,
neNU{0}

As a scalar product on Va . we can choose a symmetric bilinear form (. |.), A on Va . such
that
(valva) =1, LI =L_,.

The operator Lo is hermitean with respect to (.|.).ao what ensures reality of conformal

weights.

1.1.4 Gram matrix
The Gram matrix is a matrix of (.,.).a for each subspace VX . calculated in the basis (1.9):

[ CY,LA] M,N = (VA,M7 VA,N)C,A' (110)
It has the following properties [32], [33]:

1. The determinant of Gram matrix matrix is given by Kac theorem

det BSA = C H (A — Ars)p(n—m) (1.11)
1<rs<n

where C' does not depend of A, ¢ and A,s weight has the following form:

rs—1 r2—-1 , s2-11

Ays = - —, 1.12
1
= — (V1—-c++V25—¢),
As a function of ¢ Kac determinant vanishes at
1 2
c = crs(A) = 1—-6|(Bs(A) — ), 1.13
) (- 5w 19
where r,s €Z, r>2,s>1, 1<rs<n,and
1
2 _ 2 2
c(A) = o] (rs—l—}—QA—l—\/('r—s) +4(r5—1)A—|—4A>

The multiplicity of each zero in 1} is given by: p(n —rs) = dim V™.

2. The Gram matriz is nonsingular if and only if VKC does not contain singular vectors

of degrees rs < n.

The singular vector X, is a descendant state from V7%, = which is in the same time the
highest weight state satisfying condition (1.8]) with Lox,s = (Ays+75)xrs. It generates

a singular subspace V7'"*

C,Ars"'Ts
vector ¢ € V5 1 (€, Qea,, = 0.

C VZA,,» which consists of vectors £ orthogonal to any
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M,N
3. The only singularities of inverse Gram matriz {BC”A} are poles of first order at

A=A,

If the Verma module V. A, 1,5 is not reducible for all rs < n, then the multiplicity of

each zero of the Kac determinant coincides with the dimension of the singular subspace

n—rs

e A s and the following lemma applies:

Let A(J) be a family of linear operators acting in n-dimensional space V' and let A(J)
be a polynomial function of §. If the order of the zero of detA(d) at 6 = 0 equals the
dimension of the null space of A(0), then in an arbitrary basis each matrix elements of

A(8)7! has at most a simple pole at § = 0.

The same pole structure is true for the inverse Gram matriz as a function of the central

charge c.

1.1.5 The space of states

We assume that there exist a unique vacuum state |0) i.e. the highest weight state invariant
with respect to the global conformal transformations generated by L_1, Lg, L1.

Let us consider a state generated by the primary field ¢ A acting on the vacuum:
lim g a(2)[0) = |A,A). (1.14)
z2,2—0 )
The bra state <A, A| is defined as

(AA] = lim 65 4(22)|0)]" = (06 5 (00, 00), (1.15)

2,Z2—
where the hermitean conjugated primary field is defined as follows

[6aa(22)]" =2722:728¢, 5 (i 1> -

VA4

Such a definition of the conjugated field can be justified by considering the continuation to

the Minkowski space cylinder [30]. The time reversal 6% — —¢°

04,1 _ 0
U—i—za’zzea

on the cylinder by the map
z=e ~io! hecames z — % The additional z, z dependent factors are necessary
to ensure the proper transformation properties of the conjugated field with respect to the
conformal group.

Any two point correlation function of primary fields is determined by the global conformal

transformations up to a constant:

—2Aq 271

(0] pa, A, (22, 22)0, A, (21, 21) [0) = D210A, A,0A, A, (22 — 21) (22 —21)"

We impose normalization of primary fields, what leads to the condition for the 2-point cor-
relators: Do = 1. Thus the states defined by (1.14]),(1.15) are normalized:

(A,A|AA) = 1.
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From the definition of the Virasoro generators (1.6) and OPE of T'(z) and T(Z) with the
primary field ¢ A 1) it follows that the state |A,A> is a highest weight state with
respect to the left and to the right Virasoro algebras:

‘A,A> = ’VA & DA> ,

what implies for the bra state: (A, A‘ = lva @ x)1.

The states created by the action of the Virasoro generators on ‘A, A) form the tensor
product of Verma modules V. o and V&c. We assume that all the states in CFT are of this
type. The space of states in a conformal field theory is a sum of the tensor products of the

left and the right Verma modules:

He= P Vac®Va,.
(2.4

(A, A) are the pairs of conformal weights of the corresponding primary fields present in the

theory. The set of conformal weights (A, A) is called the spectrum of primary fields.

1.1.6 Field operators

The last assumption that will be made concerns the states-fields correspondence and can be
formulated in the following way:

In CF'T there is one to one correspondence between the states from the space of states H.
and the field operators from the space of fields.

Each primary field ¢4 7 is related to the state ‘A, A> 1} The fields corresponding to
the states {A @ §A € VA @ V7 . are called descendant fields:

Jim op A(€,€]2,2)[0) = [€a @ &)

The action of the Virasoro generators L_,, on states extends by the correspondence to the

action on the fields and has the form:

T (w) o =
m‘ﬁA,A(&f’zvz)‘ (1.16)
This relation is the definition of the descendant field. The descendant fields together with
appropriate primary field o A = @A A (¥, 7|z, Z) constitute a conformal family [¢px A]. Any

Comona(6.8172) = pa A(Lomé.Elz,2) = f duw

field in the space of fields belongs to some conformal family [pa A] with (A, A) from the
spectrum of primary fields. For example, the identity operator is the primary field with

both left and right conformal weights equal zero. T'(z), T(z) are descendants of the identity
operator, with weights (2,0) and (0,2) respectively.

1.1.7 Correlation functions

Let us consider arbitrary correlation function containing a descendant field corresponding to
a state L_py ‘A, A>. Using the definition 1| one can write the descendant as a multiple
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integral of the form:

Lom, - Lomdaalv,v]z,2)

%wuz} j{dwn,. Tlwa) — T(w) ba 50715, )

2mi 2772 (wp, — z)mn=1 77 (wy — z)m—1

The integral around location of this field can be written as a sum of integrals with contours
around locations of the other fields in the correlator. By such a contour deformation one can
express the action of £_,,, on one field by a linear combination of £, with n > —1 acting on
the other fields. Using this method one can derive the relations between correlation functions
i.e. the conformal Ward identities. The commutator of the operators acting on a field is
given by the formula following from and OPE (1.5)):

[La, E—m]m,ﬁ(f,f_!z, z)=(n+ m)ﬁn—mm,A(ﬁflza zZ) + E n(n” — 1)0n,m @A,A(E,flz, z).

(1.17)

One can see that due to the contour deformation procedure it is possible to obtain the

correlator of fields from lower levels of excitation. Using Ward identities one can express any

correlation function of descendants as a linear differential operator acting on the correlator
of primary field.

Moreover, thanks to the basic dynamical assumption of CFT , the n-point correla-

tors can be reduced to 3-point correlation functions. The global conformal transformations

SL(2,C) determine the z;, z; dependence of the 3-point functions [30]:

(0] ¢3(23, Z3) P2 (22, Z2)1 (21, 21) |0) = Can [ [ (2p — 2)~272(2p — Zg) e (1.18)
p>q

where Azo = Ag+As—Aq, ect. The structure constants C3o1 are 3-point correlation functions

of primary fields in the standard locations 0, 1, co:
C21 = (0] ¢3(00, 00)b2(1,1)61(0,0) [0) = (va, @ Fa,| d2(1,1) [va, ® 7, ) -

Notice that thanks to the correspondence between fields and states - the corre-
lation function can be written as a matrix element between two primary states.

In general one can say that when the structure constants C3o; in a given theory are
known then due to conformal symmetry it is possible to calculate any correlation function in
this theory. In practice however it is very non-trivial problem to determine the correlation
functions even in the case of four primary fields.

The global conformal transformations enable to fix three locations of the fields in a cor-
relator [30]:

(0] Pa(24, 24)p3(23, 23) P2 (22, 52)¢1(21, Z1) \0>7 )
= Tz — 2) @208 (5 — 2)=BFBADHS (0] gy (00, 00)ds(1, 1)a (2, 2)61 (0, 0) [0)

1>7
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where A = Z?Zl A, A= Z?Zl A; and z, Z are the projective invariants

221243  _ 221243 _ _
= , Z=—", where 2 = 2z — 25, Zij = Zi — Zj. (1.19)
231242 231242

Such a 4-point function reduces to the structure constants and functions completely deter-

mined by the symmetry, which are called 4-point conformal blocks:
2
(0] 64(00,00)5(1, 1)ea(2, )61 (0,0)[0) = 3 CuapCoan | Fua, [31 82] ()] -
P

In order to present exact definition of 4-point conformal block and Zamolodchikov’s recursive
methods of determining these objects we have to analyze properties of 3-point correlation

functions in more detail.

1.2 The 3-point block

1.2.1 Ward identities for the 3-point correlation function

We shall apply the contour deformation procedure discussed in the previous section to the

3-point correlation function of descendant fields. For m > 1 we have:

(&3,&3| pa(L_méa, &2]2, 2) €1, &1)
- f Iy 217 (€, Ealoo, 00) T(w) pa(€an ol 2) 1 (61,6110, 0)) (1.20)

211

- 4 2m2 () (2"t (s, sloo, ) Tw)oalEa, Eol=,2) 21 (61,6410,0))
fmz () (2 { (Bl 00) (62, ol 2) T (61, 110, 0))

Using definition (|1.16) we can write:

T(w)p(£,€)0,0) = > w" 2p(L_,¢,£]0,0).

neZ

Inserting this OPE into integrals above one gets the Ward identity:

(&3, &5] p2(Lomba, &l2,2) |&1,&) = Z (") 2 (L€, €3] 02(62, &2l 2, 2) |1, &)
n=0
+ (‘Umz (M) 2T (8, &3] 02 (€2, €212, 2) | Ln1&1, &)
n=0

In the same way one can derive the other Ward identities for 3-point correlation functions:

m+1

(&5, 8] 2(Lmba, G|z, 2) [€1,&1) = Z (") (—Z)”((Ln—m§3,§3\ 026,82, 2) |€1,&1)

n=0
— (&,&| p2(&, 802, 2) |Lm—n&1, &)  m> -1,
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and

(L_n&3,8310n, 5,60, 802,2)[€1,61) = (&,&on, A, (8, 8l2,2)| Lu&1,&1)

l(n)
£ 3 () Bles s nte Bl D606
m=—1

+1

where [(n) = n for n+1 > 0, and I(n) = oo for n + 1 < 0. Additionally, since the L_;

operator is the generator of translations we have:
(&3, 83| pa(L-1&2,&002,2) |&1, &) = 0 (&3, &3] wa(&o, &ol2, 2) |&1, &)

Using these relations it is possible to take off a creation operator (£_,) from one field
and change it to some combination of anihilation operators (£,,) and Lo,£_1 acting on the
other fields. With the help of commutation relations or , step by step one can get
rid of all the left Virasoro creation operators.

The analogous Ward identities containing right Virasoro generators can be derived as well.
Since L_,,, L_,, commute , one can take off left and right operators independently. Thus
the Ward identities allow to reduce the 3-point function of descendant fields to the structure
constant and the functions determined by the symmetry. The latter functions factorize into

holomorphic and antiholomorphic part.

1.2.2 Definition of the 3-point block
We shell define the chiral trilinear map on Verma modules:

0(&3,€2,&11|2) : VA, X VA, X VA, — C| (1.21)
such that 3-point function could be written in terms of it:

(&3,8310n, 5,(62, 6|2, 2)|€1,61) = 0(&3,&2,&1]2) 0(E3, &2, &1]2).

From the Ward identities for 3-point correlation function we can derive conditions that

the form ([1.21) has to obey [34]:

0(&3, L_1&2,&1|2) = 0.0(&3,62,&1]2), (1.22)
n+1

0(&3, Ln&2,61|2) = Z (™:H (—Z)m(Q(menff:%,fQ,ﬁﬂz) (1.23)
m=0

- Q(§3,§2,Ln_m§1‘2)), n > _17

06, Lonéa.&l2) = Y ("23™) 2™ o(Lnimés. &2.612) (1.24)

(=D (M) T (Es, oy Lin1&al2),  mo> 1,
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o(L-n&s,&2,6112) = 0(&s, &2, Ln&al2) (1.25)
I(n)
+ mzz_l < :lill ) 2" o(&3, Lim&a, &1]2),

where [(m) =m for m+1 > 0, and [(m) = oo for m+ 1 < 0.
The form (&3, &2,&1|2) is almost completely determined by the constraints above. In
particular, for Lg-eingenstates, Lo & = A;(&)&, i = 1,2, 3, the z dependence is fixed:

Q(§3,€27§1’Z) = ZA3(£3)7A2(£2)7A1(£1) Q(€37§27€1‘1)' (126)

For any descendants states & one can use formulae (1.22))-(1.25]) to express (s, &2,£1]2) in
terms of one constant o(vs, v, v1|1), where v3, 19, 11 are primary states in modules Va,, Va,, VA,

respectively.
The 3-point block is defined as normalized 3-form p(&s,&2,&1|2):

0(&3, 82, &12) = p(&3, &2, &1]2)0(vs, 12, 11[1). (1.27)
The normalization condition simply means:
p(vs,ve,v1|l) = 1.
The 3-point correlation function can thus be written in terms of the 3-point blocks:

(&3,8310n, 5,62, ]2,2)| €1, 61) = p(&3,&2,&112) p(Es, &2, £1|Z) Csan (1.28)

where the structure constant:
C301 = 0(v3,1v2,v1|1) 0(73, Do, 11 |1).

1.2.3 Chiral vertex operator

The 3-point block is a chiral object in terms of which the correlation function of three fields
can be expressed. Let us define now a chiral object that corresponds to individual field.

For any state {3 € Va, we define the chiral vertex operatorﬂ
V(’S2|Z) D VA, — VA
through its matrix elements:

(€31 V(&22) [61) = p(&3, 82, &12).

The relation between a field and the vertex operators has the form:

Pry.A, (62, G2l2,2) = @ Cs21V (&2]2) @ V(&]2).
Az,Aq

2The basic facts on the vertex operators can be found in [35], [36], [37] [38]
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In what follows we will focus on 3-point correlation functions with two primary fields and
one descendant located either at zero or at infinity. Thus it is sufficient to consider vertex

operator corresponding to highest weight state V' (12]z), for which commutation relations with

Virasoro generators are given by (cf. ((1.4)), (1.25])):
L, V(a|z)] = 2™ (20,4 (m+1)A2) V(1lz). (1.29)

The relations above determine completely the form of the 3-point block with one descendant
state from level f = |M| = |mi + ...+ my|:

A3+|M‘7A27A1 Ao

p(Lorvs,va,n|2) = (Loarvs] V(val2) 1) = 2 s |2

where
j—1
YA {ﬁi}M déf (A*Al +m1A2) (A*Al +m2A2+m1)«~~ <AA1+m]A2+ ml> . (130)
=1
Similarly, the commutation relations ((1.29) allow to find the 3-point block with descendant

state |L_pv1):
_ zAg—Az—Al—\MLyAI |:A2

p(vs,vo, L_pin]2) AJM’

what gives
p(v3,vo, L_pui|1) = p(L_pvy, v2, v3]1).

As a function of each conformal weight the 3-point block p(L_psv3,1v9,11|1) is thus a poly-
nomial of maximal degree equal to the number of creation operators j.

Let us stress one more important property of the 3-point block i.e. the factorization.
From the commutation relation one can see that shifting each creation operator L_,,
from left side of the vertex to the right gives one multiplicative factor. This factor does not
depend on the action of the other operators on the state v3, it depends just on the level
of descendant state. Therefore we can stop process of removing creation operators from
descendant state in any moment {3 € V5, and as a result we will obtain the same polynomial

as if the initial state on right was primary one with shifted weight Ag + n:

o(L_né&3,ve,v1|2) = p(L—mVagin, V2, v1]2) 0(&3,v2,11]1). (1.31)

1.2.4 Fusion rules and fusion polynomials

The null vector x,s appears in Verma module Va, , for degenerate weight A,s given by a
location of a zero of Kac determinant . Such a vector is orthogonal to any state, in
particular it has zero norm. The field which corresponds to the null state is called the zero
field. Any correlation function which includes this field vanishes.

Let us consider the 3-point function with a zero field o(xs, |2, Z). Since the zero field is
a descendant of degenerate primary field ¢(v,s, 7|z, Z), the 3-point function can be expressed

by the following 3-point blocks:

(SO(XT87§3|007 OO) ¢(V27 52‘17 1)(25(1/17 51’07 O)) = p(§7‘87 V2, VIH)P(E& V2, Dl‘l) C(T‘S)217
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where the structure constant

C(rs)Ql = <¢(V7"s> 173|OO, OO) d)(y2> 772|17 1)¢(V17 Dl|07 O) >

Vanishing of the correlator with zero field implies that for a given set of weights either the
3-point block or the structure constant has to be zero.

The Null Vector Decoupling Theorem [39] states that the 3-point block with degenerate
field has zero only when the weights

1 1\?> o
a=-3(-5) +%

satisfy the fusion rule:
1
ag oy = (1—r+2k)ﬂ—(1—s+2l)5, (1.32)

with integers from the set 0 < k<r—1,0<[<s—1.

The theorem above can be justified with the help of Feigin-Fuchs construction [39], [29].
It shows that the structure constants C{,)2; in a free scalar theory with a background charge
Q@ = (b+ 1) are indeed non-zero each time the fusion rules are fulfilled. Within
this approach primary fields are represented by exponential operators ¢,(z) = e209(2) with
conformal weights A, = a(Q — a). The n-point correlators of the exponential operators gain

2X(

the factor e2M@1+--an) ynder the transformation (z) — ¢(z) + X. Variation of the action in

the free scalar theory with a background charge upon the shift of ¢(z) is S = AQ. This

implies the constraint on the correlation function called the charge conservation condition:

n
Z 2a; = Q
=1

One can modify a correlation function by changing its total charge without changing its
conformal properties. It can be done by inserting into the correlator the so called screening

operators with zero conformal weight:
_ 2bp(2) — 20(2)
Qp 7{ dze , Q% j{ dzeb¥\*/,
Consider the 3-point function with degenerate field ¢,, = €2?s#() and screening operators:
Cirayt = <ezars<p(z)e2azso(z)estﬂ(z)Q’bC Ql%> ’ kleN. (1.33)

The correlator does not vanish if the charge conservation rule is satisfied. This condition is in
agreement with the fusion rule 1' where a,s = —gr — 2%3, a; = % and b = i3. Since

the block is a model independent function, it should vanish each time the structure constant

(1.33]) is non zero.

The Null Vector Decoupling Theorem leads to the definition of the fusion polynomial:

pre [ﬁﬂ _ ﬁ 81:[1 (az +ay +2p5 - q6‘1> <a2 —ay +2p6 - qﬁ‘l) (1.34)
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where p=r—-1—-2k, ¢g=5s—-1-2[. PI* [ﬁﬂ is a polynomial of degree rs in the variable
Ao — Ay and of degree [%5] in Az + A;. Coefficient of highest power of As — Aj is equal 1.
The function p(&s,v2,v1|1) has the same properties ((1.30) thus the 3-point block with null

vector is equal to fusion polynomial:

p(Xrs; v2,11[1) = P2° [ﬁf] : (1.35)

1.3 The 4-point block

1.3.1 Definition

The 4-point functions reduce to structure constants and 4-point conformal blocks - chiral
objects completely determined by the Ward identities. We will define the 4-point conformal

blocks in terms of the 3-point blocks introduced in the last section.
Let us consider the 4-point correlation function with identity operator inserted between
two fields:

(0] @4 (00, 00)¢3(1,1)¢2(z, 2)¢1(0,0) [0) = (v4 @ Da| $3(1,1) 1 P2(z, 2) [v1 @ 1) =

MN  _ MN
S mwenles a0 nu) [Bia, | [Bls,] T (@ 7,5002(22) 1 @ )
P n=|M|=|N|

where the form of 1 follows from definition of Gram matrix (|1.10]):
MN
1= Z Z |vp,0) [BZAP} (vp.n|

and p numbers conformal weights in the spectrum of primary fields. Expressing 3-point
correlation functions by 3-point blocks ((1.28) one gets:

MN

(va @ 4] $3(1, 1)ga(2, 2) 11 @ 1) = Z Z Cuazp Cpo1 p(va, vz, vp,m|1) [BZAJ p(Vp,N s V2, 11]2)
P n=|M|=|N|

_ MN

X p(V4, 73, 7, i1 |1) [BZAJ p(Pp,x> V2, V1|2)

ZCZLS;D Cp21 fc,Ap {22 ﬁf] (Z)
p

The 4-point conformal block is defined as the following series:

ﬂAﬁﬁ@w=fﬂﬂ(HZV%ﬁﬁﬁ> (1.56)

neN

with the coefficients:

MN
Az A
Fin X8 = Y plwvsvpull) [Bia,| plpavznll) (1.37)
n=|M|=|N]|
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There are two important assumptions concerning analytical properties of the conformal block.
First, it is believed that the radius of convergence of the series in z is equal 1. The exact proof
does not exist, but all known examples of blocks calculated in some special cases confirm this
hypothesis. The second assumption, also supported by some explicit formulae for analytical
continuations, is that the only singularities of block as a function of z are the branching
points at 0,1, co.

This means that conformal block is a single-valued analytical function on the universal
covering of the sphere with 3 punctures at 0,1, 00. Let us remind the definition of elliptic
nome:

K(1-=2)
K(z) ~

ITT .

q(z) = e, T(2) =1

where K (z) is complete elliptic integral of the first kind. The inverse of elliptic nome

is a universal covering of 3-punctured sphere by the Poincare disc D. Thus the conformal
block is a single-valued analytic function of q. The elliptic nome will naturally appear in the
context of the so called elliptic block, which as power series in ¢ is supposed to converge for
lq| < 1.

The conformal block is also an analytical function of four external weights A;, internal
weight A and central charge c. Its coefficients depend on external weights entirely through
the 3-point blocks which are polynomials in all weights . Due to inverse Gram matrix
contribution, as functions of the intermediate weight A and the central charge ¢ the 4-point
blocks’ coeflicients are rational functions.

Even though the block is completely determined by the conformal symmetry, its exact
form is in general not known. There exist a set of the so called minimal models for which
the block was computed. These models are parameterized by ¢ = 1 — 0 6

n+2)(n+3)
discreet and finite spectrum consisting of degenerate primary fields exclusively [3].

and have

In general, one could try to compute the block from the definition, but the computation of
the inverse Gram matrix is problematical. Thus a method of an approximate determination
of conformal block is needed. The problem was solved by Zamolodchkov [14] who presented
at first a recursion relation for block’s coefficients of the expansion in z . His next two
works [15], [16] were devoted to the second, more effective method based on recursion relation

for coefficients of the block expanded in terms of elliptic nome gq.

1.3.2 Residua

In derivation of the recursion relations for the 4-point conformal block the properties of the
3-point blocks and inverse Gram matrix play crucial role. From the third property of Gram

matrix and Mittag-Leffler theorem it follows that blocks’ coefficients can be expressed as a



1.3 The 4-point block 27

sum over simple poles in A and a term non-singular in A :

33
n |[As A2:| _ 1" |:A3 A2:| Sers|fa b 138
C’A |:A4 Al C’A A4 Al + 1<rs<n A - A’I‘S(C) ’ ( . )

The same is true for the central charge dependence:
. f33]
Az A Az A TS | Aq A1
N IR B Y eid) (1.39)
1<rs<n s

The residues in both cases A, (c) and ¢,5(A) are related ((1.12)),(1.13)):

= 0crs(A)
n Az A s n Az A
A,’I‘S |:AZ Ai] == —aT RCTS(A),TS |:AZ A?:| 5 (140)
ders(A) 4 crs(A) —1
7 VXV P )

The structure of the residues is essential for the recurrence relations for the blocks’ coef-
ficients. We shall present now the basic steps of calculation of the residuum at A,.;.

First let us notice that a pole in degenerate weight A, is connected with the presence
of a null vector y,s € VZSTS generating the submodule VA, 4+rs C Va,,. Hence, among the
states from VX (n > rs), there are null vector descendants belonging to V{"'7 .. This fact
motivates the specific choice of the basis for states at level n > rs in Verma module with
arbitrary weight A.

Let X% be the coefficients of the null vector x,s in the basis L_psva,.,:

XTS = Z X%L_MZ/AT‘S'
M

Consider the states at level n > rs which can be written in terms of x* coefficients::

L nxps €VR,  where  xm=Y xiL-mva, [N|=n—rs,
M

so that the null vector appears in the limit: x,s = lima—A,., XTAS- The set of these states can
be always extended to a full basis in V}.
Working in that basis one gets the following result for the residue:

RE . [A147] = Jim (A= An()Fia [3) 7]

—Ars

n—rs M,N
= Anl) Y P Lol ) [BIA ] AN v 1),
n=|M|=|N]|
with
(xesIxrs)

-1
Al = (A—A()) |
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The factorization property of 3-point block (1.31]) gives:

P(L-NXrs,v2,v1|1) = p(L_pVA, 1rs, V2, V1|1) p(Xrs; V2, v1[1).

One can notice that the block p(L_pva,, +rs, V2, v1|1), analogical one p(v4, v3, L_NVA, 4+rs|1)
and inverse Gram matrix corresponding to weight A,s + rs together give the 4-point block

coefficient:

M,N
- : _ Az A
Z P(L-MVA, 4rs, V2, V1|1) {BZA:iMS] PV V3, Lonva,otrsll) = FonT s [Aj Aﬂ
n=|M|=|N|

The remaining two 3-point blocks, with the singular vector y,s as one of the arguments,
are given by the fusion polynomials ([1.34)), (1.35)). Thus the final result for residuum is the

following:

Az A A A - Az A
Re[R82] = Ao PR e lae] Foare, [A0 A2 (1.41)
The exact form of the coefficient A,s(c) was proposed in [14] and derived afterwards in [40]
by Al. Zamolodchikov:

T s —1
Anfe) = & (8=1) " mm) £ 0.0,

g

m=1—rn=1-s

The formula for residuum (1.41)) inserted into equation ([1.38)) gives the recursion relation

for block’s coefficients:

A A
ATS (C) PCTS [Az] PCTS |:A3:| n—rs |:A3 AQ

Az A Az A
e [AZ Aﬂ = hla [AZ Aﬂ + Y A AL T b AJ. (1.42)

1<rs<n

One can sum up all the block’s coefficients to obtain the relation for the 4-point block (1.36)):

Arg(e) P2* R3] P[22
A —Ag(c)

| Featrs| 2282 (2)

(1.43)
Analogical relations hold for sum over the poles in ¢ (1.39)) with residua given by ([1.40)) and
(T.47).

Foa|M87] (2) = hoa[R182] (2) +
1<rs<n

1.3.3 Term regular in c

In order to complete the recursion relations for block’s coefficients it is necessary to derive
an exact form of the regular terms in , . Since these functions do not have poles
in intermediate weight (or central charge) they can be determined from the behavior of the
4-point blocks for large A or ¢ respectively.

In the case of c-dependence, nonsingular term is simply a limit of the block for ¢ — oc.

N
. The Kac

)

The block’s coefficients depend on ¢ only through inverse Gram matrix [B? A}
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determinant is a polynomial of the order dimV! " in c. A minor of the Gram matrix can

be a polynomial in ¢ of the order not greater than the order of Kac determinant. Hence the
elements of inverse Gram matrix are given by non positive power of ¢. In fact there is only
one matrix element that does not vanish in limit the ¢ — oo.

From the Virasoro algebra it follows that the central charge appears in Gram matrix
due to commutators of the type [L,,L_,| for n # 1. Hence the diagonal elements are
polynomials of maximal degree in c¢. For n = 1 the diagonal element does not depend on c,
the same is true for all elements from the row and column that include this element. Thus
the only element in inverse Gram matrix which does not depend on ¢ and hence does not

vanish in the limit ¢ — oo is the diagonal one:

1 1
(al LYL2y Jva) — nl(24),

11
lim [BZa| =

C—00

where (a), = % is the Pochhammer symbol.

The 3-point block in that case is given by (|1.30) with all m; = 1:
P (Lﬁll/, V2, I/1|1) = (A + Ay — Al)n

The regular term in block’s coefficient expansion ((1.39)), given by the ¢ — oo limit of (1.37)),

has thus the following form:

fn [Bs 8] _ 1 (A+A3—Ay), (A4 Ay —Ay)
A|:A4 A1:| - ﬁ (2A)n

n

Since all the functions defining coefficients of the 4-point block depend on the intermediate
weight, the derivation of the term regular in A is more complicated. The large A behavior
of the 4-point block was worked out by Al. Zamolodchikov [14} 15 [16]. We shall present the

basic steps of this derivation in the next section.

1.4 Elliptic recurrence for 4-point block

The essential observation for deriving the large A asymptotic of 4-point block made by
Al. Zamolodchikov [14] 15| [16] is the following: to write down the block’s asymptotic it is
necessary to study the classical limit of the block. The first two terms of the expansion of
classical block in terms of large classical intermediate weight  fully determine the dependence
on external weights and central charge of the first two terms in the % expansion of conformal
quantum block. It was also stressed that the classical limit of the block can be investigated

by analyzing the Liouville theory.

1.4.1 Classical block

The main assumption concerning classical limit of quantum 4-point conformal block reads

that the limit exist. By analyzing the asymptotical behavior of correlation functions in the
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Liouville theory it was possible to find heuristic arguments indicating that the classical limit
of conformal block has a form of exponential function of the classical block [16]. We will
present here the basic points of reasoning leading to the exact definition of the classical
block.

First, let us remind the action in the Liouville theory [34]:
1
SLFT = 2/ <|8¢‘2 +47T2b2M262b¢> dQZ,
T

where the scale parameter p is called the cosmological constant and b is the dimensionless
coupling constant. This definition assumes a trivial background metric g, = dqp. The
Liouville theory on a sphere can be given in terms of the flat action above, but the additional

special boundary condition has to be satisfied by the Liouville field :
d(2,2) = —Qlog(z2) + O(1) at |z] — oo.

This constraint is equivalent to taking away all the curvature to the infinity. The background

charge

1
Q=b+;

determines the central charge of the theory
c=1+6Q% (1.44)
Modes of the energy-momentum tensor
T(2) = —(0¢)* + Q%9 T(z) = —(09)* + Q%%
satisfy the Virasoro algebra with the cental charge given by .

Spectrum of the Liouville theory consists of an infinite family of Verma modules [41]

® 5 Q
H—/ daVa®Va, S:§+ZR+
S

The primary fields are represented as exponents V, = e?*® with conformal dimensions A, =
A, = a(Q — a).
Within the path-integral approach the n-point correlation function of the exponential

fields is defined as the functional integral:

Vi(zn) ... Vi(21)) = /fz)¢ Va, (zn) - .. Va, (21) e S2FTld], (1.45)

Depending on the value of conformal weight there are two types of operators: “light” fields

with @ ~ b and fields with “heavy” weights:

2

a=9(1-) , ba— 132 | PA-§=12
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where ¢ is called classical weight. In the classical limit i.e. b — 0,2mub?> — m = const, only
the presence of the heavy fields in the correlator has influence on the classical solution of the
field equations.

In the case of 4-point correlation function of “heavy” fields the classical limit
1
(Vi Vs Vay Vi, ) ~ o 52 S1l04,03,62,61]

is determined by the action S, [d4, d3, d2,d1] given by

1

Sl = 5- / (196 + m?e*) iz, (1.46)

calculated on the classical configuration ¢ satisfying the Liouville equation

1N
85g0—m2e2¢zz 1 Lo(z — z).
1

On the other hand, before taking the classical limit, we can express 4-point function in
terms of 4-point blocks and structure constants:

da 2
(VasVagVay Vay) = /27_‘_0430, a2l )an [ﬁi 2?} (Z)‘ . (1.47)

%+ZR+
The asymptotic behavior of structure constants also follows from (|1.45)):

Cuop ~ e—b%5c1[5,52,51]
with S,[0, d2, d1] as the 3-point classical Liouville action.
Now compare the classical limit of 4-point function projected on one conformal family
Ay
1
(VauVas |3, Vg Vay) ~ 7 St dotnmniel

with the limit of ([1.47)) for the same weight. The Q — oo asymptotic of the quantum block
is thus given by:

2 ¢ [03 62
Firsgealaral|(z) ~ o SEH G (1.48)

where fs [53 62] (z) is the classical block [19], [16] satisfying the relation:
S8, 83, 82, 8110] = Sal0,d,0] + Suld, 02, 01] — £33 2] (2) - fi [ 2 %] (2).

1.4.2 expansion of classical block

1
6
It would be extremely hard problem to calculate the classical block in general. Fortunately,
as it will be discussed in the next subsection, in order to find the recursive relation for block’s
coefficient only the first two terms of % expansion of the classical block are needed.
The solution of this problem was presented by Zamolodchikov in the work [16]. It is based
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on a Fuchsian equation in which the classical block is present as an accessory parameter.
Knowing a condition for monodromy properties of the Fuchsian equation’s solutions one can
find appropriate value of the accessory parameter i.e. to calculate the classical block. We
will remind below all the basic steps of this calculation.

Consider 5-point correlation function of primary fields with one degenerate field Vs = V.

(ViVaVaVaVi) = (Vi (00) Va (L) Vs (2,2) Va (2,2) Vi (0,0) ) (1.49)

In the degenerate family [V]_» there is a zero field of the form:
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On the one hand the correlation function which includes the zero field has to vanish. On the
other hand one can use the fact that zero field is a descendant. The contour deformation
calculations applied to the definition of descendant field together with Ward identities
lead to the differential equation for the correlator :

Ay—Dg—Dy—A A A A
2 2 4 3 2 1 3 9 Ay
-1

2(z=1)(z —x) Ox

In the classical limit operator V_, is a light field and it does not contribute to classical
2
dynamics. Thus for a given intermediate conformal family A, the projected 5-point function

behave as:

83 62} (33)

(Vi (00) Vs (1,1) Vs (2,2) |, Va (,2) Vi (0,0) ) ~ t5(2) e ool (L.51)

where fs [gi gﬂ (x) is the classical conformal block (|1.48). Substituting this limit into differ-

ential equation ((1.50)) one gets the Fuchsian equation [16]:

deJ(Z) 04 — 03 — 09 — 07 (571 Jo 53 .
dz? + < z(z — 1) + 22 + (Z —_ $)2 + (Z — 1)2> ¢( ) (152)
xz(x —1)C(x) B
2(z—x)(z — 1)¢(2) 0,

with the accessory parameter C(x) :

c) = 2 pfRE) . (159

The functions on either side of (1.51]) should have the same monodromy properties along
the contour encircling the points 0 and z. First, let us notice that the monodromy proper-
ties of the 5-point correlator ([1.51)) along a curve encircling both 0 and x are the same as
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the monodromy properties of the 4-point function <V4 () V3 (1,1)V_s (2,2) V4 (0,0) > for a
2
curve encircling 0. The z dependence of this correlator for z — 0 can be read off from the

OPE of degenerate field with primary operator V,:

(22)F VY, (0,0)

Voi (5 2)Val0,0) = G, -t
* C(“*v—g,a)(zz)g(l_/\) Vo (0,0) + descendants,
The families a+ = a + —g appearing in the OPE are determined by the fusion rules 1}
where g = U=
R

Hence, in the space of solutions of ([1.52)) there exist a basis ¥4 (z) such that functions

analytically continued in z along the path encircling the points 0 and z satisfy the condition:
Pi (e™2) = —eF™ g (2). (1.54)

This corresponds to the monodromy matrix with trace equal —2cos(mwA) which is invariant
with respect to the choice of the basis of solutions.

The idea which allow to determine the classical block is the following: adjust C in such a
way that the equation admits solutions with the monodromy around 0 and x given by
(1.54).

The technical details of the calculation leading to the result for the first two terms of %

expansion of classical block are given in Appendix [A] The classical block has the following

form (A-10):

fs [gi gﬂ () = inT (5 - i) + % <i — 61— 8y — 03 — 54) In K* () (1.55)

v (i_(sg_@) ln(l—x)—i—(i—(ﬁ— 52> ln(x)—i—(?((ls).

1.4.3 Large A asymptotic of conformal block from the classical block

In this subsection we will present Zamolodchikov’s reasoning leading to statement that the
first two terms of the % expansion of classical block fully determine the dependence on external
weights and central charge of the first two terms in the % expansion of conformal quantum
block.
Let us denote:
Ga[3: 2] () = m7a[3227] (2).
Since the conformal block can be written as a series in z, the function Ga also admit

an expansion of the form:

6a[212:] () = (B-Be—B)mnz+Y G,
=0

where G,,, as the blocks coefficients (|1.37)), are rational functions of A, ¢, A;:
Pn(Aa A’ia C)

Cn = TQuAo)
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The functions P, (A, A, c¢), Qn(A,c) are polynomials in their arguments. The assumption
concerning existence of the classical block as the classical limit of conformal block implies
that the maximal homogeneous power of P,(A,A;, c¢) is greater by 1 than the maximal
homogeneous power of Q,(A,c).

The % expansion of G,, can be easily computed if one write the first terms of polynomials

explicitly:
4
A, ANntL L ANn BiA,; n D,
o PaAALS) Fate (S aa Gt D) +
" Qn(Ayc) anANe + ANn=1 (b c+dy,) +
1 1 1 /1 1
= |[4,A B!A; + Cnc+ D, — — = — (b I R I
+ ;n + Che+ >+ Ln a%<A(bC+d)—|—A2 >+ }
Bi «  (Cutn—Aub,)  Dn  Andy 1

The coefficient a,, is non-zero due to the properties of Kac determinant (1.11)) and inverse
Gram matrix. We want to compare this formula with % expansion of classical block.

Let us write the classical block also as a power series in z:
(o)
P,(A, A )
55 6 6500 . . n(A,Aq,¢) 4 530
AlEter=0-n-mmee Do e i TR0 < ]

Next define the polynomials of maximal homogeneous degree:

4
PéV"—H(A, Ajc) = AN (AnA + Z B;AZ + CnC>
=1

4 4
+ AN XTAA + D Vit Zuc? | + AN ( .

ij=1 i=1

and
QéV”(A, c) = an AN 4+ b, AN e 4o AN 22
Notice that PN¥»*! and QN do not include the coefficients D,, and d,, from (1.56)) since the
latter are proportional to AN or AN»—1 respectively.
The classical limit of GG, is determined by the polynomials above:

i 2 DB R0 ) o (PNt Y(A Ay e) + PV (A A e) +..0)
RO QnAe) R0 QA+ QT (A + )

i 12 (2 P T8, 63, b%¢) + PN (6, 6, b%¢) + ... )
= 1m
0T QN (5, 20) + QYT (5, 1) + )

—_

Np—1 2
= (PN HL(8, 6;,b%¢) + b2 PN (5,65, 0%¢) +...) <1 _ppQa (00%0) +.. >
o Qn" ( ,b2) Qn" (8, b%)

P,]LV"+1((S, (Si, bQC)
Qn"(0,0%c)
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Thus coefficients of classical block take the form:

4
A W) B! 6§ +6C), N1
fn |:53 52] _ PT{,V”+1(57 5i7b20) o < * z; n% ¥ > * (
SLao] T N b)) andNn 4 6bpdNn T 4 360, 6Nn 2 4L

where b%c = b*(1 + 6Q%) — 6 while b — 0. Expanding this function in powers of 3 in the
same way as G, in powers of % in ) one gets:

, i 6(Cpan — Anbn 1
f?[gjgf}:—5+z 6+ n )+0(5> .

an

Comparing expression above with (1.56)) we can see that the first two terms in the expan-
sion of classical block determine the coeﬂi(nents proportional to A, A; and ¢ in + X expansion
of the function G,,.

Using formula for classical block we can finally identify the function G as:

B e (R P

(B0 80) =9+ (5~ A 82) i) 45+ 0 (5).

where f(z) corresponds to parameters D,,, d,, from and cannot be determined from the
classical block. On the other hand, this function is independent from A; and ¢ and thus it
can be derived from analytical expression for block calculated in some specific model. The
model which was considered by Zamolodchikov is the so-called Ashkin-Teller model, the ¢ = 1
scalar free theory extended by the Ramond sector [I5], [I7]. The conformal block calculated

for external weights Ag = 11—6 has the following form:

Fa [ﬁﬁ ﬁg} (2) = (169)% [ (1 = )] 7% 63 (q), (1.58)

We will show how to compute this block in the chapter Notice, that the asymptotic of
the explicit block is in agreement with (1.57)).

1.4.4 Elliptic block

The aim of the last two subsections was to derive large A asymptotic of conformal block so
that the regular term in recursion relation could be determined. From the large A
asymptotic we can read off the A; and ¢ dependence of the term non-singular in A.
Excluding from the conformal block the multiplicative factor which takes over all the A; and

¢ dependence of the non-singular term, we define the elliptic block:

Fa [ﬁi ﬁﬂ (2) = (169)A7 7 250 178 (1 — z) % ~Aemh (1.59)

(A1+A2+A3+Ay) Az A
Ha 8247 (@)

2
X O
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It has the same analytic structure as the conformal block

Az Ag
HalR 82 @ =90+ Y hm"A[? ﬁi@, (1.60)

m,n

but the regular in A term g(q) does not depend on external weights A; and central charge ¢

any more. It is related to f(z) in (1.57):
_1
o/ = (169)21 [2(1— 2)] 721 05 (q) g(q).

Hence ¢g(q) can be identified with a help of the explicit formula for the block calculated in
Ashkin-Teller model with ¢ =1 . By comparison with definition one can notice
that the elliptic block in this case is simply equal to regular term Ha [ﬁg ﬁg} (¢) = 1, what
gives g(q) = 1.

The residua of elliptic block can be easily derived by inserting the definition of the
elliptic block into relation for the conformal block :

rs[As] prs[A
o [ﬁj ﬁﬂ W 14 Z Ars(c) jc_ {gi(]; c {Aﬂ Hon,oirs [ﬁi ﬁﬂ (q).

Finally, let us write elliptic block as a power series in the nome:

o0

Hoa 282 ) = D060 Hns [2147]

n=0
The elliptic block’s coefficients satisfy the elliptic recursion relation:

A A
Ars (C) P [AZ] Pe? [Aﬂ n—rs AR WAL
A—A,. Cfratrs [Be

N [ﬁj ﬁﬂ =g + ) (1.61)

where g, = 0p,0 due to nonsingular term g(q) = Y > (16¢)"gn = 1.

This recursion relation in practice is more useful than the z-recurrence (|1.42)). The inverse
of elliptic nome z(q) is a universal covering of 3-punctured sphere by the Poincare disc D. If
the g-series defining elliptic block converges for |¢| < 1 it converges on the whole covering
and thus it gives there a uniform approximation.

The elliptic recurrence allows for approximate, analytic determination of the general
4-point conformal block. It was applied to numerical consistency check of Liouville theory
with 3-point functions proposed by by Otto and Dorn [I§] and by A. and Al. Zamolodchikov
[19]. Tt was also used in study of the ¢ — 1 limit of minimal models [20] or in obtaining new

results in the classical geometry of hyperbolic surfaces [21], 22].



Chapter 2

Conformal blocks in NS sector of
N =1 SCFT

2.1 Definitions

2.1.1 N =1 superconformal symmetry

We shall analyze now two dimensional conformal field theories with N = 1 supersymmetry
(SCFT). Our aim is to define the 4-point superconformal blocks and to find their recursive
representations. It can be done by a proper extension of the Zamolodchikov’s reasonings
reminded in the previous chapter.

First we will suitably generalize the main assumptions and definitions concerning CFT.
The basic dynamical assumption i.e. the operator product expansion remains the same (|1.1)
and reads:

In an arbitrary correlation function the product of any two local operators can be expressed

as a series of local operators

pi(22, 22)j(21, 21) ZC — 21,22 — Z1)pr(21, 21), (2.1)

where the coefficients Ci;j(22 — 21,22 — 1) are c-number functions.
Additionally, we assume that in a general SCFT model:

There exist an holomorphic field S(z) and an antiholomorphic counterpart S(z), which
together with fields T'(z), T (%) generate superconformal symmetry. S(z),S(2) have con-
formal weights (A, A) equal to (%, 0) and (0, %), respectively.

The local Ward identities for the holomorphic (left) generators have the form:

T(2)T(0) = 224 + 270 )—l—%@T(O)—i—reg.
T(2)S(0) = iS(O) + %65(0) + reg. (2.2)
S(2)S(0) = ﬁ+ 27(0) + reg.

33
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The local Ward identities for the antiholomorphic (right) generators are given by analogous

formulae. Additionally:

T(2)T(0) = reg., T(2)S(0) = reg., 5(2)S(0) = reg.
Since the conformal weight of fermionic operators S(z) and S(Z) is half-integer, the correlation
functions containing each of them can be double-valued. Thus the space of fields splits into
two parts: the Neveu-Schwarz subspace of fields ¢ng(zi, Z;) local with respect to S(z) and
the Ramond subspace of fields R(z;, z;) "half-local’ with respect to S(z). The ’half-locality’ of

Ramond fields means that any correlation function
<S(Z)R(Zi, Zi) .. >

changes the sing upon analytic continuation in z around the point z = z;.
The locality properties of NS fields and Ramond fields imply that their OPEs with S(z)

can be written in terms of integer or half-integer powers of z respectively:

S(2)ens(0,0) = S 2728 0ns(0,0), (2.3)
k€Z+%

S(z)R(0,0) = > 2™ 25, R(0,0). (2.4)
meZ

It follows from the local Ward identities ([2.2]) that the operators
dz
0 27TZ
dz
0 271,

dz
2mi
dz

211

S_ppns(0,0) = f 2 F25(2)ons(0,0),  S_pons(0,0) = 772 8(2)pns(0,0),
0

S_mR(0,0) = f 2 M38(2)R(0,0),  S_R(0,0) = z=m+35(2)R(0,0),
0

together with the Virasoro generators (|1.7)):

1 - 1 _
Ln = % OdZ Zn+1T(Z), Ln = % Odg 2n+1T(2)

form two copies of the Neveu-Schwarz-Ramond algebra:

[Lin,Ly] = (m —n)Lyin+ %m (m2 — 1) Omtn,

Ly Sy = 5 2 G i, (2.5)
(S8 = it (P~ 7) b

[Ln,Ln) = 0, [Ln, S, =0, {Sp, 5.} =0,

where p, ¢ are integer or half-integer when S, S, act on NS field or Ramond field, respectively.

In the current chapter we will discuss only Neveu-Schwarz fields, thus for clarity we will
skip the fields’ indices N.S. The analysis of the Ramond sector of SCFT will be presented in
the next chapter.
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2.1.2 Primary fields in the NS sector

As in the CFT case, we assume that the algebra of local fields contain primary fields which
under conformal transformation change in a particularly simple way (|1.3). Additionally, we
assume that there exist superprimary fields ¢ x defined as such primary fields that satisfy

Lnpaa(0,0) = Spopaa(0,0) =0, n, k>0, (2.6)
L0¢A,A(O’O) = A¢A,A(O7O)

and similarly for the “right” generators L,, and Sj.
There are three other primary fields related to the superprimary field:

T/’A,A = [571/2, SDA,A] ) TZJA,A = [571/2, SDA,A] ) <Z5A,A = {5—1/27 [571/27 ¢A,A]} (2-7)
The values of primary fields’ conformal weights follows from the algebra ([2.5)):
1 - - — 1 ~ 1 - 1
vasi (8+54)i  dasc (MA+3)i dass (A+5h+g).

The local Ward identities for all four types of primary fields containing generator 7'(z)

are given by (|1.4)) with appropriate conformal weights. The local Ward identities containing
generator S(z) follow from (2.3)), (2.5) and read:

1

S(E)g(w, @) = ——1a(w, @) +reg. (2.8)
S(EIw) = o o)+ duoaw,0) + reg
S(2)(w,w) = . _1 ” da(w, @) + reg. (2.9)
S(z)d;(w, w) = (ziAw)2 Y(w,w) + ﬁ@wlﬁA(w, W) + reg.

2.1.3 NS supermodule

The highest weight state with respect to the NS algebra ([2.5)) is defined by the following

conditions:
1
Ly, [va) = Sk lva) =0, Lo lva) = Alva), m €N, kEN—g. (2.10)

We will denote

[xv) = S_% lva) . (2.11)
It is not the highest weight state with respect to NS algebra, but it is still the highest weight
state with respect to the Virasoro algebra ([1.8)):

1
Ly, |*va) =0, Lo |*va) = <A+2> EIZNE m € N.
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The descendant states are the states created by an action of generators L_,, and S_j on

the highest weight state |va). They form the vector space Vg A With the basis:

|VA,KM> = S,K L,M ’I/A> = S—ki ce S_le,mj .. .L,ml ‘I/A> . (2.12)

K = {ki,ko,...,ki} C N— % and M = {my,ma,...,m;} C N are arbitrary ordered sets of
indices k; < ... < ka < ki, mj <... <mg < myq, such that |K|+ M| =k +...+k+mi+
...+mj = f. Each VgA is an eigenspace of Ly with the eigenvalue A + f.

The direct sum of the spaces Vé A composes superconformal NS module of the highest

weight A and central charge c:
Vea = P V4. Va=Cua.
feiNU{0}

The parity operator is defined as follows:
(~1)F = (1)),

Any state £a € VgA as an eigenstate of Lo has definite parity: (—1)2/. Thus the NS module

has a natural Zy grading:

— yt - + m - _ k
VC,A - VC,A ® VC,A ’ VC,A - @ A VC,A - @ VC,A :
meNU{0} keN-1

The scalar product is defined as a symmetric bilinear form (.,.)ca on NS module Va .
such that
(wa,vaAY =1, Li=1L_ S/ =54

The supersymmetric equivalent of Gram matrix is the matrix calculated in basis (2.12)):

[ CT,LA] KM,LN — <VA,KMa VA,LN>C,A-
The Kac determinant has the form [32]:

det By = C J] (A—A)NsU=%) (2.13)
1<rs<L2f

where C depends only on the level f, the sum r + s must be even and

rs—1 r2—1 s2—-11
Ars(e) = ———+—5 0+ — (2.14)

b= S (VITervisd),  e-le

As a function of central charge ¢ the Kac determinant has zero at

c = ¢s(A) =

3 () - L) (2.15)
(D)

N W
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where 1 <rs <2n,1<r, r+s¢€ 2N, and

F(A) = rzl_ . (4A+rs— 14 /16A2 + 8(rs — 1)A+(T—s)2).

The multiplicity of each zero is given by Pyg(f) = dim ch’ A- It can be read from the formula:

(%) 0o _1
1+4¢" 2
f —
> Prs(f)d’ = ] g
f=0 n=1

The Gram matrix B C]j A is nonsingular if and only if the supermodule V. A does not contain
singular vectors of degree %, 1,..., f. Let us remind that singular vector is a descendant state
which is at the same time the highest weight state. The singular vectors appear in degenerate
NS modules Ve, at the level 5 Loxrs = (Ars + 5 ) Xrs-

All the main properties of BC{ A matrix and Kac determinant are similar to the non-
supersymmetric case. In particular, the inverse Gram matrix as a function of weight A (or

central charge ¢) has simple poles at degenerate weights A,¢ (or ¢,s, respectively).

2.1.4 The space of states

We will assume that there exist a unique NS vacuum state |0) i.e. the highest weight state in-
variant with respect to the global superconformal transformations generated by L1, Lo, S, 1

2
and their right counterparts.

Consider the state created by the superprimary field acting on the vacuum:
lim 65 5(22)[0) = |A,A).
2z,2—0

One can show, by similar reasoning as in the bosonic case 1D that ‘A, A> can be nor-
malized to one. From the definition of superprimary field (2.6)) it is clear that this state is a
highest weight state with respect to the left and to the right NS algebras, so that

‘A,A> = |I/A X ﬂA) .

The states created by the action of the NS generators on ’A, A> form the tensor product of
NS supermodules V. A and 17570. We assume the following:

The space of states in the NS sector of superconformal field theory is a sum of the tensor
products of the left and the right NS supermodules over the spectrum of NS superprimary
fields:

Hns = @ VAa,e® 1_/570.
(AA)

2.1.5 Field operators

In the SCFT case the assumption concerning the CFT states-fields correspondence is gener-

alized in the following way:
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In the NS sector of SCEFT there is one to one correspondence between the states from the
space of states Hys and the NS field operators from the space of local operators.

Each superprimary field corresponds to a highest weight state with respect to left and
right NS algebra:

lim 65 x(2,2)[0) = |va ® V5)

The action of the NS generators on the states £a ® £x € VAae® 175,8 extends by the corre-
spondence to the action on the fields. The descendant fields are defined by the relations:

_ _ d _
E—MQOA,A(gaﬂZ’Z) = QQA,A(L—mE,ﬂZ;Z) = %%(w7z)limT(w)@A,A(§7§|Zaz)a me Na
(2.16)
_ _ d 1 =
Soieas(@fa) = 0asSatflan) = §omw- i Swles a8, keN- L

so that
Jim op A(&,€]2,2)[0) = [a®Ea)-

The parity of a field SOA7A(§75|Z7§) is given by the product of chiral parities of the corre-
sponding states ¢ € ViA,g € VZA: (—1)2/+27,

The superprimary field together with the descendant fields constitute a superconformal
family. Any NS field belongs to some superconformal family with conformal weights from the
spectrum of superprimary fields. In particular, the fields T'(z), T(z), S(z), S(2) belong to the
superconformal family with identity operator as a superprimary field.

The three types of primary fields introduced before are the ”lowest” descendants of
the superprimary field. They correspond to the highest weight states with respect to the left

and right Virasoro algebras (2.11)):

A,A(Z’z) = @A,A(*%D‘Zﬂg)v
@Z_’A,A(% z) = cpAA(V, *U|z, Z), (2.17)
(Z)A,A(Z?Z) = SOA,A(*V) *17|Z>2)'

2.1.6 Ward identities for correlation functions

First, let us impose the positive parity condition for correlation functions in the following
form:

The correlation function can be non zero only if the total parity of all fields in the correlator
18 positive.

Consider now the n-point correlator of descendant fields defined by integrals of the form
(2.16)). Using the contour deformation method described in the first chapter, one can derive
the Ward identities for correlation functions. The superconformal Ward identities allow to

write any correlator of descendants in terms of functions of superprimary fields and primary

fields (2.7).
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In the case of a 3-point function of descendant fields the Ward identities containing
Virasoro generators L,, have the same form as in the bosonic case (1.20). The relations

containing generators Sy are given by:

(&3, 83| pa(S_péa, &2]2, 2) €1, &) = Z (kng+n) 2" (Sknés, &3| p2(&2, &l2,2) |1, &)

n=0

te (—1)kt2 Z (k;§+n> P (&3,&| pa(62,82]2, %) Sn_%§1,§_1>, k> %,

n=0
k+1 )
(&3, &3 p2(Skéa, &2]2,2) [€1,&1) = Z <k22> (—Z)”<<Sn—k§37§:3‘ ©2(&2,&2, 2) [€1,&)
n=0

— € <€37£3‘ @2(62352|Z)2) |Sk‘—n§13§1>)a k Z %)
(S_r€s,83| wa(€2,82,2) [€1,61) = €(&3,83 0, 4,2 E2l2,2)| Ské1, &1) (2.18)

I(k—3)
F Y () A b e s Sl 66
m=—1
Here ¢ denotes parity of the field @a(&2,&2|2,2), I(n) = n for n+1 > 0, and I(n) = oo for
n + 1 < 0. Analogous identities hold for the antiholomorphic current S(Z).

Let us notice that above relations, in contrast to the Ward identities in non supersym-
metric CFT, do not allow to reduce a 3-point correlation function to one structure constant.
There are two independent structure constants, appearing in two different cases. The first
case occurs when the total number of operators Sy acting on the fields is even. Then the

correlator is proportional to structure constant Csaq:

C321 = <O| ¢3(OO’ OO)¢2(17 1)¢1(07 0) |O> = <VA3 ® 1753’ ¢2(1a 1) ‘VAl ® 1751> : (219)

Otherwise, if the total number of operators Sy is odd, the function will reduce to a correlator
1 acting on one of the fields (see the last identity in ) In order to

ensure positive parity of the initial correlator, the number of operators S has to be odd as

with one operator S_

well. Thus in this case the initial function will be proportional to the structure 6’321 defined

in terms of the primary field ¢(z, z) = go(S_%y, 5‘_%9|z, Z):

Cso1 = (0] ¢3(00,00)¢2(1,1)¢1(0,0) [0) = (va, ® 75, | d2(1,1) |va, ® 75,). (2:20)

The fact that in SCF'T there exist two independent structure constants can be seen also from
the local Ward identities (2.8)), (2.9). Take one of the primary fields. The action of S(z)
on this field is given in terms of a different primary field. The double action of S(z) on the

primary field can be expressed in terms of the same primary field.
In the case of an arbitrary 4-point function, the Ward identities allow to write the corre-
lator in terms of eight independent correlators of primary fields:

(va, @ x| ¢3(2,2)$2(1,1) [va, ® 75, ), (va, @ va, | ¥3(z, 2)1ha(1,1) [va, ® 74, ),
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(va, ® Ua,| d3(2,2)p2(1,1) [va, ® 74,), (va, @ 7, | 03(2, 2)02(1,1) [va, @ 74, ),  (2:21)
<VA4®554|¢’3(23 _)52(131)|VA1®1751>7 <VA4®1754’¢3(272)1/_)2 ’ |VA1®VA1>7
(va, ® 17A4| 53(2, 5)52(1, 1) |VA1 Q@ VA, ), (va, ® g, ’ U3(z, 2)Ya(1, |VA1 QA ) -

The global superconformal transformations (generated by Lo, S,1,L+1) allow to choose
2

two fields as superprimary ones and to fix the locations of the fields in the standard way

(0,0), (1,1), (00, 00) with (2, 2) given by (L19).

2.2 The 3-point block

2.2.1 Definition of the 3-point block

Let us define on NS modules a chiral trilinear map:

Q(£3,£2,€1|Z) : VAg X VAQ X VAl — C.

In order to ensure that an arbitrary 3-point function could be written in terms of it:

<§3753 ‘@Ag,ﬁg(ééug?‘zwg)’flvgl> = 0(53,{2,51‘2)0(53,52,51’2), (222)
we impose the the following conditions:

k+3

Sl = X (M) (o (eSmit a6l (2.23)
m=0

— (12NN (s, 69, Sp—méalz)) . k> -4,

0(6s, S_kba, Galz) = ( k_gjm )ZmQ<Sk+m§37§Za§1‘z) (2.24)

m=0
_ (_1)2(N(§1)+N(53))+k+% i ( k—34m ) —k— m+2g(§37§2’ - 1£1| ), k>l
m=0
Q(S*k§37§27§1‘z) = ( )2(N(€1)+N £a))+1 (63752781651‘ ) (225)
i 2_1 < m—i-ll )Zkémg<f375’m+§§2’€1‘z)

and corresponding relations with Virasoro generators of the form ([1.22)-([1.25)), which we will

repeat for completeness:

0(&3, L1&2,&1l2) = 0:0(&3,&2,&112), (2.26)
n+1

o6 Luko,1l2) = D (") (=)™ (e(m-nts, €2,6112) (2:27)
m=0

- Q(£3)€27Ln—m§1‘z)>7 n > _17
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o0

o(&s, Lnéa,1l2) = D ("25™) 2" 0(Lnmés, 2, €1]2) (2.28)

m=0

)" ("2 2 (65, b9, Lin—1&1]2),  no> 1,

Mg

m:0

Q(L7n§37£27£1|z) = Q(§37§27Ln£1|z) (229)
l(n)
+ Z (::.:11 > " 0(€3, Link2, &1]2)-

m=—1

In the formulae (2.23)-(2.25)) the symbol N(§;) denotes a level of excitation of the state &;.
The 3-form o(&3,&2,£1]2) is determined by the conditions above up to two independent

constants:

o(vs, v2,11|1), (2.30)

o(v3, x1,v1|1) = o(¥v3, 9, 11|1) = o(v3, V2, *11|1).

More precisely, if the total parity of all the states &; is positive, then the 3-form is proportional
to o(vs, v2,v1]1). Otherwise, the 3-form is proportional to the second constant o(vs, %19, 11|1).
The 3-point block p(&s,&2,&1|2) is defined as a normalized 3-form, i.e. a function propor-

tional to one of the constants:

) b 1
o6 0, 1]%) = ples,earer]s) x 4 2D (2.31)

o(vs, *v2, v1|1)

The upper line corresponds to the case of positive total parity of all states &;, while the lower
line corresponds to the case of negative total parity. The normalization condition for the

block gives:

p(vs,vo,v1|l) = p(vs,*19,11|1) = 1.

The z dependence of the block is determined by the Ward identities containing Virasoro
generators and has the same form as the 3-point block in CFT (|1.26)):

p(€s, 62, 61]2) = 2Pl Rl@)=MlE) p(gy & ),
where
p(&ia 527 51) = p(§3a 527 51‘1)
Any 3-point correlation function can be written in terms of the 3-point blocks and structure
constants. Inserting equation (2.31)) into (2.22)) one gets the following formula:
(& 55 loa, &, (€2 52|Z 2|6 €1> _ ZA3(53)—A2(€2)—A1(51)553(5_3)—52(52)—51(5_1)
b 2, 2 b ) )
Cs21

X p(€3, &0, &1(1)p(E3,62,&1[1) x § - (2.32)

C321
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The structure constants are specific combinations of the constants (2.30)):

Cs21 = <VA3®1753‘¢2(1>1)‘VA1®Ijﬁl>:Q(V37V27V1|1)Q(77371727771|1)7 (233)
Caio1 = (va, ®0g,]¢2(1,1) |va, ® 3, = 0(vs, *va, 11|1) 0(i73, %79, 1|1) .

Other combinations of constants (2.30)) do not occur because of the positive parity condition

imposed on the correlation functions.

2.2.2 Chiral vertex operator

Let us define a generalized chiral vertex operator. For a given state & it is a linear map

V(&l2) : Va, = Vasg,

such that its matrix element between arbitrary states &3 € Va,,§1 € Va, is given by the
3-point block:

(&3 |V(&l2)€1) = p(&3,&2,81]2).

The chiral vertex does not have definite parity and can be decomposed into even (parity

preserving) and odd (parity reversing) part:

V(&lz) = Vo (&elz) + Voi(&lz).

We would like to find the relations between primary fields (2.17) and chiral vertex oper-
ators. The Ward identities for 3-point function imply decomposition of the correlator onto
3-point blocks and structure constants (2.32). When the second field is a primary one, the

decomposition takes the form:

_ o _ L Csa1
<€37§3’¢A2752(7V27,V2|Z)Z)’61751> :p(£37,7/27£1|z)p(§37,V2)fl‘z) X ~ )

C321

where the upper (lower) line corresponds to the case of positive (negative) total parity of
all states. The notation _v; stands for v; or *v;. Knowing that 3-point blocks are matrix

elements of chiral vertex operator it is straightforward to find the relations:

0(22) = D (szlvwm(mz) © Voo (5]2) — Com Vo (a]2) © vodd<u2|z>> , (2:34)
Ag,Aq

Po(z,2) = <0321V0dd xUg|2) @ VoV (ig|z) — égglveven(*ug|z) & VOdd(172|5)),
Az, A1

TEQ(Z, zZ) = <0321Veve" (v2]2) ® Vo4 (x9]2) + 6321V0dd(V2’Z) & Veven(*l/2|z)>,
Ag,Aq

b2(2,2) = <0321V°dd s15|2) @ VoU (x| 2) + Cag1 V" (x11]2) ® Veve“(*172|z)>.
Az, A
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The sign in front of each term is determined by the law of composition of tensor products of

homogeneous elements:
(A® A)(B® B) = (—1)%e@)deeB) gBp o AB .

The commutation relations of V(v|z),V(xv|z) with superconformal generators can be
read off from the Ward identities for chiral 3-form ([2.25)), (2.26]) and (2.29):

L, V(2lz)] = 2™ (20, 4+ (m+ 1)A2) V(1s|2),
Lo, V(x12]2)] = 2" (20: 4+ (m+1) (Ax + 1)) V(xa|2), (2.35)
Sk, Vor(us|2)] = 2572 Vou (sp)2),
{SEVoU(mlz)} = 22 Vo (), (2.36)
S, Vo (ki|2)] = 2572 (20, + A2k + 1)) Vo' (1m2),
(Sk, Vol(iin|2)} = 272 (20, + Ao(2k + 1)) Vo= (us)2). (2.37)

2.2.3 Properties of the 3-point block

We are interested in the properties of the 3-point block for which one of the external states is
a descendant state. These objects will appear in the decomposition of the 4-point correlation
functions (2.21)) into chiral blocks and structure constants.

The matrix elements of a chiral vertex operators between one descendant and one highest
weight state can be calculated with the help of the commutators ([2.35]) - (2.37)):

A A
M [31] 08 (31,
SAsH K|+ M|=A2 =2y (2.38)

Aot
M50,

p(vs ka, vo, 1 ]2) =

nAeHrIM\ |:A1 K

ZA3+|K|+\M|*A2*A17% (2.39)

41
7723+|M\ |: :| YAz [ 12j|M,
p(V3,KM,*V2,V1|Z) =

2] e 8],

with the upper lines corresponding to |K| € N, the lower lines to |[K| € N— 1 and

(o]
Nas+|M| |A

Jj—1

’YA|:§?:|M d;f (A*A1+m1A2)(A7A1 +m2A2+m1)<AA1 +mjA2+Zml>,
=1

p—1
e [gﬂK CE (A = A+ 2k A0) (A — Ay + 2k3Ag + 1 + 2) . .. (A — Ay + 2k, Ay + Zkl> ,
=1

=1 =1

3 p—1
neA {ﬁﬂ[( def (A — Ay + 2ko Ao + kl) (A — Ay + 2kyAs + Z kl) .. (A — A+ 2kp/A2 + Z kl) .
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Denote the number of operators S acting on the state 3 by i. Then p is the largest odd

integer not grater than i, and p’ is the largest even integer not grater than 7. Notice that

the function vya ﬁﬂ ur obtained from the action of Virasoro generators is the same as in the
;1 30)

bosonic case . Thus as a function of conformal weights A, A; the 3-point block is a

polynomial of maximal degree j + p or j + p’, depending on the case (2.38)),(2.39).
Applying the commutation rules (2.35)) - (2.37) to the matrix elements of chiral vertex

operators p(v3,va, V1 k) one can derive the relations:

p(vs,vo,vikm) = p(V1,KM,V2,V3),
(2.40)
p(vs, xvo,vi k) = p(Vi KM, *¥V2,13),
for |[K| € NU {0}, and
p(vs,vo,vi kM) = p(vi kM, V2, 13),
(2.41)
p(vs, *v2,vi kM) = — p(Vi,KM,*V2,V3),

for |[K| € N — 1.
Another important feature of the 3-point block is the factorization property. It follows
from the commutation relations 1} - 1) that for an arbitrary state &3 € V£3 one has:

0(S_kL_pr&s,vp,1|2) = ZPotfHIEIFIMI=Az=Ar

0(&3,v2,11]1),
p(SfKLfMVAg-H% Vg, Vl) X
0(&3, *¥v2,111),

0(S—kL_p &3, %1, 11|2) = ARt HIKIHIMI= A2 = A1 =5 5 (2.42)

Q(§3) *V9, V1|]-)a
P(S—kL_nvagyf,*12,v1) X
0(&3,v2,111),

where upper lines correspond to |K| € N'U {0}, and the lower lines to |[K| € N — 3. The

explicit dependence of constants o(&3, v, v1|1) will be helpful in analyzing the fusion rules.

2.2.4 Fusion rules and fusion polynomials

Fusion rules specify when the 3-point structure constants with one degenerate field ¢,.s can be
non-zero. Each time the values of conformal weights Ay, As fulfill a fusion rule, the 3-point
block p(xrs,_v2,v1) vanishes. This mechanism ensures that 3-point correlation function with
zero field is always zero: for a given set of weights either the structure constant or the 3-point
block has to vanish.

In the case of superconformal theory there are two kinds of structure constants C',.5)21, C(rs)21-

To write down fusion rules for them, one can use the Feigin-Fuchs construction [5]. In this
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special formulation of a free superscalar theory the screening charges are given by:

Q= Pav(@HO, Q)= fdu(a)el,

where 1(z) is the free fermionic current. The screening charges in the right sector are con-
structed in the same way in terms of antiholomorphic ferminionic current 1/(Z). The screening
charges, once inserted into a correlation function, modify its total charge and parity, leaving
other properties unchanged. Because positive total parity of the structure constants has to
be preserved, only even number of screening charges can be added into the correlators. Thus
there are two possible choices: one can add either even number of left screening charges or
odd number of left and odd number of right screening charges.

In free superscalar theory there is additional condition concerning parity. Not only total
parity of the correlation function should be positive, the left and the right chiral parities
have to be positive as well. Thus the structure constant C(;4)2; composed from superprimary
fields, which are even in both holomorphic and antiholomorphic sector, is represented by

correlator with even number of left screening charges:

Clarsd),(a2,0),(a1,0) = <¢rs¢>2¢1 Qs Ql%> , k12N, §=—1s(5+0);

It does not vanish if and only if charge conservation condition is satisfied. For even number
of screening charges this condition (with b = i(3) is equivalent to the even fusion rule:
1

agta; = (1—r+2k)ﬁ—(1—s+2l)ﬁ,

k+1e2NuU{0}, (2.43)
2 2
which has to be fulfilled by weights A; = —% <ﬂ — %) + %. The parameters k, [ are integers
intherange 0 <k <r—-1,0<I<s—1.
The constant 5(,,5)21 including one field ¢, which has negative both left and right chiral
parities, is represented by the correlator with an odd number of insertions of left screening

charges:

Clars,8),(a2,0),(a1,0) = <¢rs¢;2¢1 QF Q% Qb> , k+le2N+1, 0= T\I/E(% —b).

Charge conservation implies that this structure constant does not vanish if and only if the

odd fusion rule:
1
g+ ag 2(1—T+2k)ﬁ—(1—8+21)5, k+1e2N—-1, (2.44)

is satisfied.
Discussed conditions for structure constants together with the definition of the 3-form as
chiral part of correlation function:
C(rs)Ql = Q(VT55V27V1|]-) 9(773777255”1)’

5(rs)21 = Q(VTsa*V27V1|1)9(7737*1727171|1)-

lead to the following conclusions:
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1. o(vps,v2,v1|1) # 0 if and only if even fusion rule is satisfied,
2. o(vys, xv9,11|1) # 0 if and only if odd fusion rule is satisfied.
Consider now the 3-point function with a zero field corresponding to the null vector x,:
(Xrs: 3 |0ng A, (12, 12| 2, 2) w1, ) = 0(Xrss_v2, v1]1)0(E3, 7, 1 [1).
Vanishing of this function implies that the 3-form depending of x,s has to be zero:
o(xrs, _v2,1|1) = 0,

From factorization property (2.42]), which in this case takes the form:

0(Vrs, V2, 11|1), for T €N,
Q(XT87V27V1‘1) = p(XT’S7V27V1) X

0(Vyps, *v9, 11|1), for 5 eN-— %,

Q(VTS7*V27I/1‘1), for % EN?
Q(XTS7*V2aV1|1) = p(XTS)*VQ)V].) X

0(Vrs, V2, v1|1), for GN—%,

one can see that the 3-point block has to vanish

p(X’I”S:,”Qa Vl) = 0

each time the appropriate fusion rule is fulfilled and the corresponding constant is non-zero.
Let us now define the fusion polynomials. The first one is a function which vanishes if

one of even fusion rules is satisfied:

r—1 s—1 _ —
[[ I (oo (oo} o
1

=1-rqg=1-s

P7S Ag
C A]

where p, g are related to previously used variables: p=7r—1—-2k, g=s—1-2[; k+1 € 2N
and thus p+q — (r +s) € 4Z + 2. The second fusion polynomial has zero each time the odd

fusion rule holds:

r—1 s—1
rs[+A0] 042—041-1-175—(15_1) (Oé2+041+p5—Q5_1>
sl - I (2 ) e

p=1-rqg=1-s

with p+ ¢ — (r + s) € 4Z (corresponding to k +1 € 2N —1).
One can check that PI° [ﬁﬂ is a polynomial of degree [%] in the variable Ay — Ay

and of degree [%] in Ag + Ay. P [*ﬁﬂ is a polynomial of degree [%] in the variable

Ay — Ay and of degree [%] in Ao+ A1. The coefficients of highest powers of As — A7 in both

polynomials are equal 1. All these properties uniquely determine the polynomials P!®. They
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are also common for the 3-point blocks (2.38)), (2.39) with appropriate choice of arguments

p (Xrs, v2,v1). Thus we have the following equalities:

P |3 for 78 € N,
p(XTSaV2,V1) = _ A
PeRy] forpeN-1
(2.47)
P *ﬁﬂ for 22 € N,
P (Xrs, ¥v2,v1) = =
prs Aﬂ for % e N— 1,

which will be helpful in deriving recursive methods of determining of 4-point superconformal
blocks.
2.3 4-point NS superconformal blocks

2.3.1 Definition

Let us consider a correlation function of four superprimary fields:

(0] pa(00,00)¢3(1,1)p2(2, 2)91(0,0) [0) = (v4 ® va| $3(1,1) 1 $2(2, 2) |11 ® 1)

KM,LN
=3 Y e nles(L)vpun @ g [Bla,
P =K +M|=|L+|N]
_; EMLN o ) )
X {BC,AJ (Up,LN ® Vp,LN’¢2(Z7 Z) [y @ 1)

Using relation (2.32)) following from Ward identities, we can write the 3-point functions in
terms of 3-point blocks with one descendant state from level f. Notice that the sum over

f decompose into two parts: a sum over even states (f € N) and a sum over odd states
(feEN—3).
(va @ ] @3(1, 1) 2 (2, 2) |1 ® 1)

= 2204317 Cp21 p(V47V37Vp7KM) [BZ:A;D
p feN

KM,LN
} p(Vp,LN, V2, 1]2)

X p(P4, 73, U g ir) [Bf,gp

KM,LN o
] p(”p,f,Na”Qayl‘z)

KM,LN
| plan e mal2)

+ Z Z Cuzp Cpo1 p(va, V3, vp i) [Bg,Ap
P feN—1

o o qRMIN

Xp(V4)V37Vp7I_{M) [BC,AP] p(]/ijN,VQ,I/ﬂZ)

2

= ZC43P Cp21 ’}—Cl»Ap [ﬁi ﬁﬂ (Z)‘Z _ 6’43p Cp21
p

1
3 [Aas A
CQ,Ap [Ai Aﬂ (2)
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The example above illustrates how the 4-point superconformal blocks should be defined.

There are four types of NS superconformal blocks corresponding to correlation functions of
different primary fields (2.17)), (2.21)). For each type there is one even block:

Ala]e - o (0 T e[,

meN
and one odd block:

1
3 |_A3_Aqg _ A— Ag—Aq kEpk |_Asz_As
FAlaae = - PO I v

1
keN-1

1 .
where _A; stands for A; or *A;, and 22 *82-A1 — ;A-R2=A1—3  The coefficients are defined

by 3-point blocks and inverse Gram matrix:

KM,LN
] p(va,LN,_V2,v1),  (2.48)

Az A
FC{A {7A37Aﬂ = Z P(V4’,V37VA7KM) [BiA
| K[+|M|=|L|+|N|=f

For example:

1 |As xAo _ A—Ag—A;—1 Z mpm | Az *Ao
Fa [A4 Al} () = = S e e Ay Ay )
meN

Az A Ay Az A KM,LN A As A
g?A [AZ *Aﬂ = ,0004 13 0(”47V3>VA,KM) [BCTZ] Poo 12 01(VA,LN>*V27V1)'
The formulae (2.40)), (2.41]) imply simple relations:
1 [Ag xA o —Ag—A—L4ALA 1 [*As A
FARI R ) = amdermiraea m [ R b)),
1 1
3 [As A _ —No—A1—L14+As+A3 3 [*A2 A
FRRR) @) = —amtertiiraes R ),

reducing the number of blocks to 6 independent functions.

Since the 3-point blocks are matrix elements of the chiral vertex operators, one can say
that the even (odd) blocks are defined in terms of matrix elements of even (odd) parts of
the vertex operators V(_v3),V(_v2). Using the formula expressing primary fields in terms
of vertex operators one can easily write the decomposition of any 4-point function of

primaries (for simplicity we write the expressions in the diagonal case A; = A;):
(va ® D] ¢3(1,1)2(2,2) 1 @ 1) =

S (CuCoan |73, [81722] )]+ CusyCr 2
p

788 )

(va ® 74| 3(1, 1) 2 (2,2) 1 @ 1) =

S (CuspCymn |74, ["A252] ()] + G 2
p

7 [8] e

).
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(va @ D4| d3(1,1)2(2,2) [ @ 1) =

S (CusnComn |74, [22°22] 2] - 2
p

)

1
2 As xA
7] @

Cu3pCp21

(Vg @ | P3(1, 1)apa(2, 2) 1 @ 1) =

> <é43pépzlfip [*ﬁi *ﬁﬂ (Z)fi,, [ﬁi ﬁﬂ (2)
p
+ C43p0p21.7:§p [*ﬁi *ﬁﬂ (Z)]:ip [ﬁz ﬁﬂ (Z)> )

(Vg ® Dy 153(1, 1)&2(2, Z) @) =
> (o, [&2 8] 7, [ 272
p

~ ~ 1
+ C43pCp21f£p [ﬁi ﬁ?:| (Z)fip [*ﬁi *221} (2)) 9

<V4 X 54‘ w3(17 1)7752(27 2) ‘Vl ® Dl) =
Z( CuzpCpn1 FA, [*ﬁi ﬁﬂ (2)7%, [ﬁi *ﬁﬂ (2)
p

~ 1
+ GG [% 2] (7, [38] ).

(va @ Ua] h3(1,1)2(2,2) 1 @ 1) =

Z ( Cazp pzlfA [ﬁi *ﬁﬂ (Z)JTA%,D [*ﬁi ﬁﬂ (2)
P

~ 1
+ Cay Con FR, [ 32787 ] ()74, |20 &7 (z)) .

2.3.2 Recurrence relations for the NS blocks

Practically, it is not possible to calculate the 4-point blocks’ coefficients from the definition.
But, as in the non-supersymmetric case, due to properties of the 3-point blocks and inverse
Gram matrix, one can derive the recurrence relations for the coefficients. As we demonstrated,
the 3-point blocks are polynomial functions of the weights A, A; , and the inverse
Gram matrix is a rational function of intermediate weight A and central charge c¢. More
precisely, the inverse Gram matrix has poles of first order at degenerate weights A,
(or at degenerate c,s ). Therefore the blocks’ coefficients can be expressed as a sum over

simple poles and a regular term:

Az _A
S

A-A (2.49)

fo|_As _As| _ 1 f |_Az_Ao

Foal Ay Ay | = heala, A |+ Z
1<rs<2f
r+s€2N
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or as a sum over the poles in ¢ :

.33

Ff |}A3,A2] _ ff |}A3,A2] + 78 il , 2.50

GA | Ag A Al A A 1<Ts;ﬁ o C—Crs(A) (250)
r+s€2N

where ¢,5(A) is given by (2.15)). The residues in both cases are related by:

Fooas A] 0 Ocs(A) As A
A,rs[ As Aﬂ = TTOA RCTS(A),TS[ As Aﬂv (2.51)
ders(A) 8crs(A) — 12
oA (P -1)BL(A) — (s* - 1)

We expect that each residuum is proportional to other block’s coefficient. In order to
check our guess it is convenient to choose a specific basis in V£ (for f > %5'). We can do this
because the definition of 4-point block is independent of the choice of basis. Let X,KSM be the

coefficients of the null vector x,s in the basis S_gL_pva, .,

2 : KM
XTS = er S—KL—M VArs *
K,M

We normalize x,s in such a way that for rs € 2N the coefficient at (L_l)% VA,, 1s equal 1,
and for rs € 2N — 1 the coefficient at Sfl(L,l)% VA, is equal 1. To check that these two
coeflicients can not vanish one can comp2are powers of Ay — A7 in 3-point blocks depending
on Y,s and fusion polynomials .

Consider the states
S 1L nxB eV, (2.52)

where
A KM
Xrs = ZXTS S_kL_pmva, |I|+|N‘ :f_%v
KM
so that x,s = lima_n,., XTAS- The set of these states can be always completed to a full basis
in Vﬁ. Working in such a basis and using the properties of the Gram matrix Bg A and its

inverse one obtains

RE[ AR = im (A A(e) B[R4

HA’I‘S

oz KMLN
} p(S_LL_NXrs,_V2,V1),

= Ars(c) Z P(V47,V37S—KL—Mer) |:BC,Ars+%S
[ K|+ M|=|LI+|N|=f-7

with

ApgAN \ T
o = m (25555) 259
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The exact form of the coefficient above was proposed by A. Belavin and Al. Zamolodchikov
[42]:

At = 50 I 1T (5 <pﬂ—ﬁ>>_,1 mtn € 22, (m,n) # (0,0),(r,5).

m=1—rn=1-s

The block’s coeflicient appears in the residuum due to the factorization property of 3-point
blocks (2.42]), which in that case have the form:

p(Xrs, V2, 1),
P(S—LL_NXrs,v2,11) = p(S—LL-NVA,41z5,V2,11) X
p(Xrs, ¥v2, V1),

p(Xrs, ¥1/2, 1),
p(SfLLfNXTsv*VQ,VI) = p(S,LL,NVArS_F%@,*VQ,Vl) X
p(Xr57V27V1)7

where upper lines correspond to f—* € NU{0}, and the lower lines to f -3 € N— % Using
the reflection properties (2.40]), (2.41) one can write analogical formulae for 3-point block
p(vy, _v3,S_KkL_nrxrs). The 3-point blocks depending of descendants of LN together

with inverse Gram matrix give the block’s coefficient:

e EMLN
E p(S—KL—MVATS—&-%a,V% V1) [BC ATSJH,S}
|K|+|M|=|LI+|N|=f-%

_ =% _Asz _Ag
- FC,ATS+% Ay Aq|

p(va,_v3, S—LL_NvA, +12)

The remaining 3-point blocks p(x;s, 12, 1) (2.47)) are given by the fusion polynomials P}* [Aﬂ

r P’® [*AQ} depending on a type of block and the case of ¥ being integer or half integer.
Thus the final result for the residue has the form:

m Az _A TS TS m— Az _A
R [ R3R2] = An0) S ) PR PR3] B 2w RS2 25)
for m € NU {0} and
k Az _A TS jAV TS ,X k—2 A3 A
RELRR] = Ao Sl da) PR PR FEAZ [ RR] 259)
for k e N — %, where A = *xA, *A = A, and due to minus sign in reflection relation 1)
Srs(A) =1, Sps(xA) = (=1)"".

The residue at ¢,s in is given by the formulae above and relation .

In order to complete the recursion relations for blocks’ coefficients , we need
an exact form of the regular terms. In the case of c-dependence, the regular terms can be
calculated from the ¢ — oo limit of the blocks’ coefficients. The coefficients depend on ¢

only through inverse Gram matrix, which elements are given by a non positive power of c.
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By means of NS algebra one can check that Gram matrix depends on central charge due to
commutators of type [Ly,, L_,] for n # 1 and [Sk, S_i] for k # % Elements of Gram matrix

which correspond to the states

lvor) = L™ |va) S ch,A if f=n,
1

i) = S_1 L% [va) € VCf’A it f=n+ 3

are independent of central charge. The minor for the diagonal element (vo1 |vo1) or (11 |v11)
is thus a polynomial in ¢ of the same order as the Kac determinant. Therefore, for ¢ — oo,

the only non vanishing element of inverse Gram matrix is:

. [Bf i| 0101 1 1 £ f
im = = i =n,
c—oo [ 708 (val LYLE [va) - nl(24),
1111 1 1 1
or lim [B } = = if =n+ =,
c—00 A <VA‘ L?Lzl ’UA> n‘(QA)n f 2
where (a), = F(F‘Z(Z;I ) is the Pochhammer symbol. In the ¢ — oo limit the 4-point blocks’

coefficients are given by the formulae above and the 3-point blocks calculated with help of

equations (2.38),(2.39):

p(LT—LlVﬂ/QaVl) = (A+A2—A1)n,
n 1
P(S_%LAV, V27V1> = <A+A2 — Ay —1—2)”,
1
p (L2yv, svp,11) = <A+A2—A1+2> ,
'O<S—%L21Vv *’/27V1> = —p (V1,*V2,S_%Lri1l/> = (A+Ay—Ay), .
Thus the terms regular in ¢ have the following form:
n As A l(A"i_A?) _A4)H(A+A2 _Al)n
Alds A T ) (2A),, )
1 1
fn+%|:A3 AQ- _ l(A+A3_A4+§)n(A+A2—A1—|—§)n
A [A1 A n! (2A)n+1 ’
£ |:*A3 Ao i(A+A3_A4+%)n (A+A2_A1+%>n (2 56)
Alda ] = (24), ) .
fn+% |:*A3 %A | _ i (A+ Az — A4)n+1 (A4 Ay — Al)n—H
A LA A n! (24),,1 ’

and so on.
Having calculated the regular terms we can finally write the close recursion relations for
the coefficients in the z-expansion of the NS 4-point superconformal blocks. Remembering

that the residuum R£ s at cpg is given by l’ and 1' 1} it is convenient to

introduce simplified notation:

i) = 5 (o). [R] = s [R]
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Then, the recursion relations take the form:
Az _A Az _A
oA [’Ai ’Aﬂ = X [’Ai ’Ai] (2.57)

A(B) il s e[ Ae] g [Aea
+ D = el PE{ Aﬂ Pﬁs{ Aﬂ LISNES [ Al Af] :

1<rs<2m, r>1

r+se2N
where m € N and
Az _A Az _A
N BV A Evire] (2.58)
S A3)Ars(A) T 8T o[ Bal g f
= e ke L b
T8

1<rs<2k, r>1
r+se2N
where k£ € N — % Let us note that for each type of the 4-point block one gets independent

recursion formulae mixing coefficients of the even and the odd blocks of the same type.

2.4 Elliptic recurrence for NS 4-point blocks

In the last subsection we have presented a derivation of closed recursion relations for the
coefficients in the z-expansion of the NS 4-point superconformal blocks. These formulae are
based on the fact that blocks’ coefficients can be expressed as a sum over the simple poles
in central charge c with regular term which is given by the ¢ — oo limit of blocks’
coefficients.

One can investigate another set of recursion relations for the coefficients of 4-point blocks,
namely the elliptic recurrence. The blocks’ coefficients can be written in terms of a sum over
the simple poles in intermediate weight A , with residues given by equations ,
. To complete the recursion relations one needs to know the terms regular in A. These
functions can be determined from large A behavior of the blocks’ coefficients but, as in the
bosonic case, it will be more complicate than the calculation of the terms regular in c.

We will start from checking if one can repeat Al. Zamolodchikov’s reasoning concerning
conformal block. In the bosonic case the first two terms of the expansion of classical block in
terms of large classical intermediate weight ¢ fully determine the A; and ¢ dependence of the
first two terms in the % expansion of conformal quantum block. Analyzing supersymmetric

Liouville theory we will investigate the classical limit of the supersymmetric blocks.

2.4.1 Classical limit of the superconformal blocks

The N = 1 supersymmetric Liouville theory is defined by the action [43]:
1 1
Ssier / d?z (27T 10¢|* + 5 (10 + PO + 2ipub®Pepe’® + 27rb2,ﬁe2b¢> (2.59)

with b a dimensionless coupling constant and u the scale parameter. The background charge
Q=0b+ % determines the central charge of the theory ¢ = % + 3Q%. Let us notice that
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parameterizations of the central charge is different from the one in the non supersymmetric

Liouville theory (1.44]).

The super-primary field V, and all its descendant Virasoro primaries are represented by
exponentials:
V, = e,

Ao = [S_1j2,Va] —iagpe™

Aa = [Sfl/Qa Va] - Z‘a&ea¢7
V, = {5_1/2, [S_I/Q, Va] } a?pipet® — 2impbael@t)?
The exponent V, has conformal dimension A, = A, = a(QQ_a).

Within the path-integral approach the correlation functions are represented by functional

integrals, for example:

(Vs Vg Vi Vi) = / DGDYD e~ Srrlotlerstensd 3y ier? — dimpbagele2)?) o,
(2.60)
In order to analyze the classical limit (b — 0, 2rub? — m = const) of this correlator one can
integrate fermions out. The integration is gaussian and the operator e*® is light, thus one

may expect that in the case of heavy weights

a:%(l—)\) , ba— 52 20PA -6 = 174’\2,
the 4-point function (2.60) has the following asymptotical behavior:

- 1
1 —555c1[04,03,02,0
(VayVas Vay Vay ) ~ e 2 11a.0.02 1]’

where S, [04, 03, 02, 01] is the bosonic Liouville action ([1.46)). On the other hand, before taking
the classical limit one can express the 4-point function (2.60|) by superconformal blocks:

2
) (2.61)

Cuan1 = (Va(00,00)Va, (1, 1)V,,(0,0)) , Caa1 = (Va(oo,00)V,,(1,1)Vq, (0,0))

~ da ~ " 2 ~
<Va4Va3Va2Va1> = /27TZ C43aca21 "7:3 [22 ﬁﬂ (Z)‘ + C43a0a21

9 +iRy

eSS

where C' and C are the Liouville structure constants :

The asymptotic behavior of the 3-point functions, as in the case of 4-point functions, can be

read from the path integral representation:

Cp1 ~ o~ 27 5e1(0:02,01]

- 1 (2.62)
Coo1 ~ Le 752 Sc1[6,62,01]

a b

where S,[d, d2,01] is the 3-point classical bosonic Liouville action.
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To find out what is the behavior of the 4-point blocks one should compare asymptotics
of functions on both sides of (2.61)) for a fixed intermediate weight A. The classical limit of
the correlator projected on the even (or odd) subspace Va ® Vjx reads:

~ 1
(VaaVag |7 Ve Vay)  ~ e 22 lldndntedilo],

(2.63)
~ 1
(VauVas 139 Vs Vi)~ e 3 Seloninenl)

where the ” A-projected” classical action is given by

Sl 83, 02, 0110] = Saldr, 03, 6] + Suld, 02, 01] = S5 |3 2| () = Fa |51 2] (2).

The classical block fs [gz gﬂ (z) is defined in terms of the Q — oo limit of the quantum

conformal block in the Virasoro ¢ = 1 4+ 6Q% CFT (1.48):

‘7:1+6Q2A[§i ﬁf]( ) ~ exp (Qz fs [gi gﬂ (Z)>

The right hand side of (2.61)) for a fixed subspace of intermediate A states gives the blocks
and structure constants. The classical limit of structure constants (2.62)) and the projected
correlators (2.63)) imply the behavior of the blocks:

1 3 02 1 1 ¢ [6362
AR @ ~ @ B0 Fiae] (o) ~ em iR

Using representations analogous to (2.61]) and the same reasoning for other 4-point correlators
of primary fields V,, Ay, Ay, Vi, one gets

1 83 o2 1 83 8o
Az)e ~ S Age el
L[4 L E CRNS T sl OO
fA|: Ay A1:| (Z) ~ @2b 4 01 , fA|: Ay A1:| (Z) ~ b762 4 61

2.4.2 Classical block

The path-integral arguments lead to the conclusion that the asymptotical behavior of all
types of 4-point superconformal blocks is given by one universal block. Moreover, this block
is the classical block defined in CFT as the classical limit of quantum 4-point conformal block
(1.48]).

In the following subsection we would like to carry out a check confirming that the function
appearing in the classical limit of superconformal blocks is indeed equal to the classical block
defined in the bosonic case. In the CF'T the classical block can be investigated with the help
of a null vector decoupling equation . In the classical limit the equation becomes a Fuch
type equation with the classical block present as an accessory parameter. In order to calculate
the classical block the following problem can be formulated: adjust the accessory parameter
in such a way that the equation has solutions with given monodromy around 0 and x. We will
show that in the supersymmetric case it is possible to find a null vector decoupling equation,

which in the classical limit turns out to be the same Fuchs type equation with identical
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monodromy properties as the one in the conformal case. This will be an additional argument
supporting the correctness of the path integral reasoning presented in the last subsection.

Let us start by introducing the zero field V4 corresponding to a null vector x3 1:
Vo(zs, 25) = (LfIS_% + 525_3) V_p (25, 25) -

Any correlation function containing the zero field vanishes, what implies that a correlator
including degenerate field V_;, (z5, Z5) satisfies some differential equation.

Consider four 5-point correlators of primary fields V; = Vg, (%, %) or A; = Ag,(2i, %)
and the zero field Vo: (ViAsVoVaVi), (VaVaVoAo Vi), (ViVaVoVaAr), (ViAsVoAaAr). Since V)
has negative parity, in order to ensure positive total parity of the correlation function, odd
number out of the remaining fields has to have negative parity as well. One can apply to
these correlators the local superconformal Ward identities . As a result, in the limit
z4 — 00, the following set of equation for 5-point functions of primary fields and degenerate
field V,, = V_y, arises:

1 1 1 2A
[ag +b? <83 + —0o+—01 + 21>] (VaV3VsVa Vi)
253 252 251 251
b? b?
= <3Z5 - > (VaVaVs Ao Vi) — (8z5 - ) (VaA3V5VoVp)
259 253
(1 1
+ b — — — ) (VaA3V5A211),
Z53 252
1 1 2A
p? [< + ) 9+ 22] (ViVaVa1aVi) (2.65)
215 252 259
o/ 1 1 b?
= 0| —+ — <V4A3V5A2V1> — 8Z5 + — <V4V3V5A2V1>,
235 251 Z15
1 1 2A
b? K + ) 9 + 23] (ViVaVa1aVi)
215 253 253
(1 1 b?
= 0 — + — ) (VahsV5Ao V1) + ( 05 + — ) (VaAsV5Vo V).
Z95 251 215

This is a system of three equations for four independent functions and it is impossible to
write a closed relation for any correlator. Fortunately, such a relation can be derived in the
classical limit. Adding the second equation to the first one and subtracting from the result

the third equation we obtain:

1 12 12 20, 27, | 2A
[6§5+b2<81+<+>32+<+>63+ 5t gt 23)]%‘/3‘/5‘/2‘/1)

251 215 252 Z15 %53 251 Zgg 253
= b — — — ) (VaVaVsAoVy) — 0% [ — — — ) (VaA3V5Val)) (2.66)
251 252 251 253

The operator V_j is a “light” field, thus the correlation function (V4V3V5V2V7) in the classical

limit has the form:

X(25) e_ﬁscl [64,63,02,61]
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The other two correlators have similar behavior because each one includes the “light” field
A_p ~ be7 and a “heavy” field A; ~ %e“id’. Now we can take the limit b — 0 of relation
(2.66)), noticing that for A1, Ay, Az, Ay of order b2:

817 82a 83:(9(17_2), A5a aZ5 :O(l)

Keeping only the leading terms we get the closed equation for the classical limit of (V,V3V5VaV7).

In the standard locations z1 = 0,23 = 1, 25 = 2z, 20 = x, it takes the form:

Ay—Ds—Dg—Ay A A A
{82 o [ z(z—1) + (z—1)2 T (z — )2 T2 (VaVaVsVo Vi)
—1

2(z—=1)(z —z) Oz
The classical limit of the 5-point correlation function (containing one “light” field) projected

on even subspace VA® Va is given by:

232@

<V4 (00) V3 (1,1) V_p (2, 2) |X" Vo (x,Z) V1 (0,0) > ~ xa(z) eﬁf‘{% 81 (2.68)

where according to path integral arguments fs [gi gi] () is the classical conformal block.

Defining an accessory parameter C(z) :

9 . 635
) = -fi5e|@ (2.69)
we get from (2.67) a Fuchsian equation:
d*xa(2) 04 —03—02—01 & 82 03
= ( -1 taRteoa s 1)2> xa(z) (2.70)
z(z — 1)C(z) B
2(z—x)(z — 1)XA(Z) =0

This is the same equation as the one obtained in the bosonic case (1.52)). Now let us check
what are the monodromy properties of the solutions ya(z) along the path encircling the
points 0 and x. Similarly as in the conformal case, the monodromy properties of the 5-point
correlator along a curve encircling both 0 and = are the same as the monodromy prop-
erties of the 4-point function of superprimary fields <V4 (00) V3 (1,1) V_p (2,2) V4 (0,0) > for
a curve encircling 0. The OPE of degenerate field with operator V, contains the information

about z-dependence of the function:

V(2. 2)Va(0.0) = Clay ) (22) T 0V Vo (0.0) + Cla _pap(22) T IV, (0,0)

1 -
v Va(0,0) + descendants,

~ N1
+C(a,—b,a)(zz) + (2Aa5)2 a

where ayx =a=*band a = %(1 — A). The conformal families present in the OPE above are
dictated by the fusion rules (2.43), (2.44). In the limit b — 0 the third term is sub-leading
with respect to the first two.
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Thus the monodromy condition for the function y(z) reads:
Xx (e22) = —eFMNT (2), (2.71)

where Xi is a basis in the space of solutions of . This constraint for Xi analytically
continued in z along the contour encircling the points 0 and x has the same form as the
corresponding monodromy condition in the bosonic case.

We have shown that the equation together with the monodromy condition
are the same as in the non supersymmetric theory. Therefore the block which is given by the

accessory parameter (2.69) has to be equal to the classical block which was calculated from
the accessory parameter ((1.53).

2.4.3 Large A asymptotic of superconformal blocks from the classical block

In non supersymmetric CFT, according to Zamolodchikov reasoning [15] reminded in the
chapter , the first two terms in the J-expansion of the classical block determine the
first two terms of large A-expansion of quantum 4-point conformal block.

The conclusion which follows from the path integral arguments is that the asymptotical
behavior of 4-point superconformal blocks is given by the same classical block. Moreover,
each type of even superconformal block in the limit & — 0 behaves in analogous way as a

conformal block:
1 83 69

Fla[32] ) ~ e AR5, (272

Thus the reasoning leading to the relation between the A-expansion of even NS blocks and
d-expansion of the classical block is the same as in the CFT case. The same arguments are

true also in the case of one type of odd superconformal block:

fc%A {23 *ﬁﬂ (z) ~ R C)
) 4 1

The other two types of odd blocks have slightly modified asymptotics:

83 83

1 d3 & 1
W)@ ~ pes O ) (o)~ e O o)

The differences in the asymptotical behavior of odd 4-point blocks are caused by the certain
property of 3-point superconformal block. Consider a 3-point block with given external state

VA, kM from non integer level f € N — %:

e p(va,v3,vA kM) is a polynomial in A of maximal order f — %,

o p(va,*v3,vA kM) is @ polynomial in A of maximal order greater by 1: f + %

From definition ([2.48)), it is thus clear that different types of odd 4-point blocks’ coefficients

(without star, with one or two stars) are proportional to polynomials with various value of
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maximal order (2f —1,2f or 2f + 1 respectively). Notice, that inverse Gram matrix is the
same in each case.

) From path integral arguments it follows that the coefficients of the block with one star
E, A [ﬁi *ﬁﬂ (z) have in numerator such a power of A which ensure existence of the classical

block as a proper classical limit of the block. Therefore:

1
e the leading power in the denominator of each coefficient of F?, {ﬁi ﬁf] (z) is greater

by 1 than it should be to give a classical block in the classical limit,

1
e the leading power in the numerator of each coefficient of F2, [*ﬁi *ﬁﬂ (2) is greater

by 1 than it should be to give a classical block in the classical limit.

Notice, that the power series defining odd blocks, unlike in the case of even blocks, do not
contain zeroth order term. Hence, one can collect common for each term factor and put it in
front of the series.

Consider first the block without stars. Since Kac determinant contains factor A connected
with degenerate weight Aj; = 0, each element of inverse Gram matrix is proportional to A~1.
Thus each block’s coefficient is proportional to A~! and one can put this factor in front of

the series. Consequently, the function defined as a logarithm of a block

Gi[ 4% () =mFE[ A4 )

in the current case admits the following power series expansion:

1 o
G5 = (A-B-A)nz-IA+Y G
=0

For the block with one star there is no need to change the maximal power of A in denominator:

1 00
GiAR] () = (A-do- A+ Y G
=0

1
The coefficients of the block F?, [*23 *22} (z) have maximal power of A in numerator
9 4 1
greater by 1 than it should be to give simply a classical block as a classical limit. One can
multiply each term of coefficients by A~!, leaving A in front of the series. It will ensure
existence of the proper classical limit (2.73]) of the block and give:

1 00
G2 [*ﬁg *ﬁﬂ (2) = (A=Dg—Ap)z+InA+ Y Grz"
=0
Now all coefficients G,,, G}, G* are rational functions of A, A;, ¢ having polynomials of
correct order in numerator and denominator. Using Zamolodchikov’s technique one can find

the relation between the % expansion of G, Gy, G}" and the % expansion of the classical
block.
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Finally, the analogous relation as in the CFT case (1.57]) can be obtained:

gz AR ) = P(a) +inT (A i) + (g — A1 = A - Ag - Ay) InK3(2)

(35— A= Ag) (1= 2)+ (57— Au = A2) () + f3(2) + O <i> , (2.74)

where

P(A)=—InA, PJ(A)=0, P..(A)=IA,

and fé(z) are functions of z specific for each type of block and independent of A; and ¢. The
exact form of these functions can be derived from analytic expressions for NS superconformal
blocks in a specific model. In the chapter we will present the method of computing NS
blocks with external weights A; = é in the ¢ = % superscalar free theory extended by the

Ramond states both in the bosonic and fermionic sector.

2.4.4 Elliptic blocks

The main difficulty concerning derivation of the recursion relation for blocks’ coefficients
expressed as a sum over the poles in A is the problem of calculation of the term
regular in A. The large A asymptotic (2.74) (and corresponding one for even blocks given
by ) show how the first two terms in % expansion of the superconformal blocks depend
on the external weights A; and central charge ¢. This information is sufficient to define
elliptic blocks in such a way that, for each type of the block, the term regular in A will be
independent of A; and ¢. To this end we will write explicitly the multiplicative factor which

takes over all the A; and ¢ dependence of the term non-singular in A:

1 c—3/2 c¢—3/2 c—3/2
FRIR] () = (16T LS (oS At (o7)

Lil Az A
HA2 [7A27Aﬂ (Q);

0 CB32 _4(A1+_ Aot As+Ag)
3

X

where ¢ = €™ is the elliptic nome. The additional in comparison with asymptotics terms are

independent of the external weights and central charge. Their forms, different for different

types of blocks, are suggested by the explicit expressions of superconformal blocks in ¢ = %

model ({51) - [@E57).
1
The elliptic blocks HZZ [,ﬁz *ﬁﬂ (¢) have the same analytic structure as the superconfor-

mal ones:

it AR @ =g+ Y

m,n

The regular in A functions g}ié(q) are related to the functions f,ll% (z) in (2.74):

L

13 ~T504(q) 1g"3
el = (16) 716 (1 — 2)"1663(q) 192 (q)-
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They do not depend on the external weights A; and central charge ¢ any more. Thus their

analytical form can be extracted with the help of ¢ = % elliptic blocks 1 , 1’ with
external weights A; = Ag = %:

1
Hi[Rd]@ = o), AR @ = A6,
1
il = a@). Rl = e,
* * 04
HA[R 0] (@) = 0a(a?) (1- 465" 20s(a) + B2),
1 * * — 04
HA[R0R0 (@) = ~6a(a))A (1 46057 &0s(a) + L) .

The regular in A parts determine the g}ié functions:

(2.76)

@) = ~0u() (1= L0 2 o)+ L)

superconformal blocks (2.49)), (2.54)),

1
The residua of elliptic blocks h,lﬁ% N

Ay AJ (q) are given by the corresponding residua of

2.55)):

e [Rdw = i)
+m§n;0 (16¢)%" Ars(c)PcZ[_ALfZS[ AJHlAé o [éi’ﬁﬂ(q) (2.77)
m,n€2N

Sro( D) (P [R] P R]
A_Amn Amn

+ ), (169

m,n>0
m,ne2N+1

Az _A
N [OF
The coefficients of elliptic blocks written as series in nome are defined as follows:

A3z _A A A
s [ =) Aﬂ (@ = D (60 Hy [ﬁAZ 7Aﬂ
f

where for even blocks f € NUO and for odd blocks f € N — % The coefficients satisfy the

elliptic recursion relations:

o[ e[8]

fo]iAs Baf A3 A
Hc,A [ Ai Ai] - g,f, T Z A — A, HATS-HS [ Az Ai] (2.78)
r,s>0 T
rsé;N
TS 7A3 TS 7A2
+ Srol B A { ]Pc [Al] g% [’Ag,AJ
A— Ay Ars+Z2 | Ay A
r,5>0

r,s€2N+1
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with nonsingular terms

gt (@)= > (169)"g™, g2 (q)= Y (169)*¢"

meN keN—1

given by (2.76).

2.5 Conclusions on the recursive representations of the NS
blocks

In the current chapter we have presented the results concerning 4-point superconformal blocks
corresponding to correlation function of NS fields [23], [24]. The 4-point blocks are defined as
z-power series with coeflicients given in terms of 3-point superconformal blocks and inverse
NS Gram matrix. Analyzing properties of these objects one can derive the recursion relations
for the block coeflicients. It is also possible to work out the elliptic recurrence representation
of the NS superconformal blocks. First, investigating classical limit of correlators in N =1
supersymmetric Liouville theory one finds out that the exponential part of the classical limit
of all 4-point superconformal blocks is given by the classical conformal block. Next, analysis
of large A asymptotic of the superconformal blocks leads to the relations between first two
terms of % expansions of the superconformal blocks and known first two terms of % expansion
of the classical block. These relations suggest a definition of NS elliptic blocks ensuring that
the (additive) term regular in A for each elliptic block is independent of external weights
A; and central charge c¢. In order to compute these terms and close the elliptic recursion
relations one thus needs to calculate explicit formula for each type of superconformal block
with arbitrary fixed external weights in some specific model. We use the ¢ = % superconformal
blocks with A; = %. As a result we obtain the elliptic recursion relations for all types of the
NS superconformal blocks.

One should note, that the definition and z-recurrence representation of 4-point blocks
related to correlator of NS superprimary fields were worked out independently by V.A. Belavin
[44]. For this type of block (i.e. block without stars) the elliptic recursion relations were
conjectured in [27] and applied to numerical consistency check of N = 1 supersymmetric
Liouville theory. Further numerical verification of N = 1 supersymmetric Liouville theory
was given in [28] where the elliptic recurrence representation of the block with one star was
proposed. The complete derivation of the elliptic recursion relations however was missing
until [24]. Our results (2.76), confirm the relations previously conjectured in [27], [28§]

and provide new recurrence representation of the blocks with two stars. One can notice that
1

the regular in A part of the odd elliptic block with two stars gZ(g) (2.76) is much more

complicated that the corresponding functions in the other cases and it would be difficult to

guess its form numerically.



Chapter 3

Conformal blocks in the Ramond
sector of N =1 SCFT

3.1 Definitions

3.1.1 NS and Ramond sectors in N=1 SCFT

In the section [2.1.1] we have presented the main assumptions concerning N = 1 SCFT. Let us
remind that the space of fields in SCFT decomposes onto two parts: Neveu-Schwarz sector
with ¢ng(zi, Z;) local with respect to S(z) and Ramond sector with R(z;, z;) defined as "half-
local’ with respect to S(z). The locality properties of the fields, together with the basic
dynamical assumption , impose some constraints on OPEs of the fields. Namely, OPE
of two Ramond fields should be expressed as a series of NS operators, while OPE of one
Ramond field and one NS field should be given in terms of Ramond operators. This means

that the NS operators ¢ and the Ramond operators R have the following block structure:

90 g (pNN 0 s R fry
0 PrR

0 | Rag

3.1
Rl 0 (3.1)

with respect to the direct sum decomposition H = Hys ® Hgr of the space of states.

In the previous chapter the matrix elements of operators ¢yy acting between NS states
were considered. In the current chapter we will analyze matrix elements of Ramond operators
between Neveu-Schwarz and Ramond states. The case of NS fields pgrr acting between
Ramond states will be briefly discussed in the end of this chapter.

We assume that in the set of Ramond fields there exist Ramond primary fields RZ A (w, w
with conformal weights A, A and parity +. It is defined by the following local Ward identities

([T):

_ A _
T(Z)Ri7ﬁ(w,w) ~ mRi,A(U)’w) +

1

+ _
o w@RAA(w,w) + reg.

'Following [6] we chose the “symmetric” convention for + components of the Ramond fields.
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A

=0\ pE _ + _ + _
T(z)RA,A(w, w) o~ mRA,A(w,w) + - w@RA,A(w,w) + reg. (3.2)
and
SERE gw.w) ~ P RT (w,w)
) (Z _ w)2 )
A AT
SR J(wa) ~ —LC BT (w,w), (3.3)
’ (z—w)z =

where (3, 3 are related to the conformal weights by
C — C _
A=——-p2, A=——p3%
24 5 24 b
3.1.2 R supermodule

We shall consider the left Ramond algebra (2.5) extended by the fermion parity operator
(~1)7:
(-D)F L) ={(-1)ft,8,} =0 , mneZ (3.4)

The highest weight state wZ with respect to the extended Ramond algebra is defined by the

following conditions:
L()’LUX = AZUX, (—1)Fsz = ’wX R meX = San = 0’ m,n € N’ (35)

where N is the set of positive integers. The state generated by Sy acting on wX has the same
conformal weight as the highest weight state and it is anihilated by L,,, S, with m,n > 0
as well. But due to the condition such a state is an eigenvector of the parity operator
(1) to eigenvalue —1.

The descendant states are defined as states created by an action of generators L_,, and

S_, on the highest weight state wX. They form the vector space W£ with the basis:

wakm = S—xL_ywl = S_p ... S_j Lom, ... Lopmw} (3.6)

where K = {ki,ko,...,k;} CNU{0} and M = {my,ma,...,m;} C N are arbitrary ordered
sets of indices

ki < ... < ko <k, ij...§m2§m1,

such that |[K|+|M| = ki+...+ki+mi+...+m; = f. Let us denote the number of operators
in the set S_g by K. The parity of the state is given by: (—l)FLwAKM = (—1)ﬂKwA7KM.
The R supermodule of the highest weight A and the central charge ¢ is defined as the

Z-graded representation of the extended Ramond algebra determined on the space

Wa =€ WA
FeNu{0}
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by the relations (2.5) and (3.5)). In order to simplify the notation we omit the subscript ¢ at
W. Each W£ is an eigenspace of Ly with the eigenvalue A 4 f. The space Wa has a natural
Zo-grading:

Wa = Wiows, wi=@ wit, wi =@ wi,
feNu{o} fenNu{o}

where Wﬁi are common eigenspaces of the operators (—1)Z and Lg. Note that the subspaces
WX, WY are 1-dimensional except the case A = 57 Where Wl ={0}.

As a scalar product we introduce a symmetric bilinear form (., .). A on Wa such that
<wA7wA> =1, <’LUA, So wA) =0, (Lm)T =L_mn, (Sn)T =5_n.

It is block-diagonal with respect to the Lo- and (—1)2-grading.
The Ramond equivalent of Gram matrix is the matrix of (.,.). A on ng calculated in
the basis (3.6):

B2

+ +
e,A <wA,KM’ wA,LN>67A'

} KM,LN

It is nonsingular if and only if the R supermodule Wa does not contain singular vectors of
degrees 0,1,2,..., f. A singular vector in Ramond sector is defined as a state y € W£ of
degree f satisfying the highest weight conditions with Lox = (A + f)x. It generates its
own R supermodule Wa ; which is a submodule of WAa.

The determinant of B c{ f is given by the formula conjectured by Friedan,Qiu, Shenker [4]

and proven by Meurman and Rocha-Caridi [45]. For level zero it reads

0 0— ¢
dethjzzl , detBC’A:A—ﬂ,
and for higher levels
i c PR2(f)
P _rs
det B/E = (A—ﬂ) [T (a-a,)=0=5), (3.7)
1<rs<L2f
where 7, s € N, the sum r + s must be odd and
1 rs—1 1-12, 1-s*1 3 1\

A = — - b? = =-+3(b+-) . (38
rs(c) 6 4 s Ut Tsp ¢=3" (+b> (38)

The multiplicity of each zero is given by Pr(f) = dim W£ and can be read off from the

relation

S

0o oo 144
S Pahed = T2
f=0 n=1 q
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3.1.3 The space of states

Let us consider a Ramond state generated by a Ramond primary field acting on the NS

vacuum introduced in ([2.1.4)):

i 50 = [03.).

Due to the local Ward identities , imposed on RZ A the state wi A Is anihilated
by the left and the right generators with positive indices. Thus it can be expressed in terms
of the highest weight states with respect to left and right extended Ramond algebras (3.4]).

The tensor product Wa ® Wx of the left and the right R supermodules is defined as a
graded tensor product of representations of Zs-graded algebras. This provides a representa-
tion of the direct sum R @ R of left and right Ramond algebras extended by the left (—1)2
and the right (—1)F® parity operators. Since the Ramond fields have definite one total parity
instead of two chiral parities, we are interested in the extension of R ® R by the common
parity operator

(-1 = (=) (-1)""

and the corresponding Zo-grading. For A, A # 57 an appropriate representation can be
obtained restricting the action of R® R and (—1)" to the invariant subspace Waar CWa®
W generated by the vectors

+ _ 1 + + = -
WA A = ﬁ<wA®wA—zwA®wA) ) (3.9)
- _ 1 + - — + ’
where w, = e;—gSng ; Wx = e;%Z S’Owg . We shall call it the ”"small representation”.

The choice of basis li in the zero level subspace Wg A 1s consistent with the definition
of the corresponding Ramond primary fields (3.2]):

= —ifeTiwT

= iBeTiiyT _
e Tw AA"

Sowy x Xa o+ Sowxx (3.10)

The descendant states in the “small representation” have the form:

_ 1
S,LL,NS,KL,]W’UJJr

A,A:E(

We assume that the space of Ramond states Hp is a sum of the “small representations” over

S,LL,NIUZ X g,Kf/,ng — (_1)?11(2‘ S,LL,NUJE X S’fK.Efj\/[wg)

the weights from the spectrum of Ramond primary fields.

3.1.4 Field operators

We assume that the correspondence between states and field operators in SCFT is true in
the Ramond sector as well: There is one to one correspondence between the states from the

space of Ramond states and the field operators from the space of Ramond fields.
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The primary fields Ri A Create from the vacuum w states. We expect that descendant

+
AA
fields generate the descendant states:

zli‘IEO RA,A(nﬂﬂZa Z)10) = S_xL_yS_L_nw

Z’A, (3.11)

where 7,7 denote the states from chiral R supermodules Wa, Wx:

+

’I’]:S_KL_M’LUX, ﬁ:S—LI/—NwA

Let us define the descendant fields as operators satisfying the following relations

T o dw m o
Lonfia a0012) = Ras(Lonilzn2) = § 55w =2 "T(w)Ra s 1]202),  m €N,
. (3.12)

o o w 1_ JE
S-iRa 5729 = Ra s(Sonilz?) = § 3w =8 S@Ra sal2), kel

together with the condition . It follows from that the parity of the descendant
is given by (#K + #L), which is the number of S_j, and S_;, operators acting on the even
primary field RZ A(Z’ Z). Due to the action of Sy, Sy, each Ramond field with a given parity
has its counterpart with the same conformal weights but the opposite parity. The primary
field sz A(z, z) with 8 = 3 = 0 is the only exception and does not have corresponding field
with negative parity .

All primary fields with their descendants Rx a(7,7|z, z) form the space of Ramond fields.

Let us note one more important feature of Ramond primary fields. We assume that

sz x(2,2) is hermitian. Then the hermicity of Ry (2, 2) follows from the definition of

SoR™ (3.12) and we have:
+ ANt 5—2A_—2A pt 11
Ry 5(z2) =222 R1 < (L,1)

Thus the off-diagonal blocks of the primary Ramond field (3.1]) are related to each other:

(R(00) Ritx (2, 2)p(0)) = 27222722 (p(00) R (£, 1) R(0)) (3.13)

zZ’z

and it is sufficient to analyze the matrix elements of the operators Ry.

3.1.5 Ward identities for 3-point correlation functions

Let us consider a correlation function

(1300, 00)S (w) R5(=, )RS (0,0)),

where R;*(z, Z) = R;(n, 7|z, Z) are two arbitrary excited Ramond fields of definite parities €, €
and p3(00, 00) = p3(&, £]oo, 00) is an arbitrary NS excited field. Due to the locality properties
of Ramond fields such a correlator is a double valued function of w. Thus in order to derive
Ward identities for 3-point correlators one cannot use the the standard contour deformation

method. Another approach based on considering a single valued function

ww — 2) <903(oo, 50)S(w) Ry(2, 2)RE (0, 0)>
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was proposed by [4] (see also [46] for more detailed analysis). Contour integrals of this
function around a location of each field can be expressed in terms of fields excitations. For

example, the integral around the second Ramond field location is given by:

j{;l:; (w — z)’"%w% <303(oo, 00)S(w)R5(z, g)Ri'(()70)>

dw 3 1_ —n+1 € =\ pe’
= j{m Zp: <§> 227P(w — z)P "2 <903(OO,OO)S(w)R2(z,z)R1 (0,0)> _
00 1 . ,
=2 () 2577 (p3(00,00)8, - 5 (2,2 R (0,0))
p=0
The deformation of the contour of integral above leads to the formula:

-

> 237 <Lp3(oo, 50)Sy—n RS (2, 2) RS (0, 0)>

D ol=

= f =t (sl 0 S (2 2) R 0,0))
w|>]z]
e f o w2 Rk (gl 00 5 (2 2S(w) R 0.0)
lw|<lz|
= 3 () P (St i AR 0.0) (3.1)
p=0
_iei@“%) (1727572300, 00) Ry (2, 2)S, RS (0,0)),
p=0

where the relation S(w)R(z,z) = € R°(z, 2)S(w) was used.

Similarly, considering an integral of the function
w'/wlw = 2) (ps(00,00)S (w) R (2, )RS (0,0))

one can derive the second Ward identity:

5 (1) o (8, ymatons o) By, 0RE (0.0) (3.15)

p

=3 () e (aloo o) S, B5 G T 0,0)) =
p=0
1 ’
+ie) (,,) (—1)° 2577 (ip3(00, 00) R (2, 2)Satp 5 (0,0))
p

Corresponding relations hold also in the anti-holomorphic sector. The Ward identities with
Virasoro generators have the same form as in ({1.20)).
Notice that there are some features of the Ward identities (3.14]),(3.15) which make them

more complicated than the corresponding relations in NS sector.
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Firstly the action of a creation operator S_j on a field is given not only by the Sp or S_1
and anihilation operators acting on the other fields, but also by the lower creation operator2s
S_j+p acting on the same field.

Secondly, any 3-point correlation function can be reduced to a combination of two out of

eight correlators of primary fields:
ct, = <¢3ooooRi11Ri00> (3.16)
Gt = <¢3ooooRi1lRioo>
<¢3ooooR2 11R:FOO>
Dy = (ts(00,00)RF (1, 1)RT(0,0) ).

With the help of formula (3.15) for n = 0 and the corresponding antiholomorphic one:

(S_y3(00,00) R5(1, )RS (0,0) )
= (@3(00,00) S0 R5(1, 1) RS (0,0) ) + e (00, 00) R (1, 1)So RS (0,0) )
3(00,00) RS(1, 1) RS (0, 0) >

= ((pa(00.00) SR (L 1)RY (0,0) ) — ie{ ps(00,00) B(L, 1)So B (0.0))

(s

wh—‘

we can find the relations expressing all structure constants in terms of two independent

constants:
63%1 = [(ﬂlﬁl + 5252) 321 — (6182 + B251) 321]
Diy = ietd (326551 + 51C351] (3.17)
Df, = —ie¥d (32055, + 6103%21]

3.2 The 3-point Ramond block

3.2.1 Ramond field vs. chiral vertex operators

We would like to define a chiral 3-form in such a way that any 3-point function with Ramond
field RE, could be written in terms of it. Since the Ramond fields correspond to states from
”small representation” Wa 3 C Wa @Wx , the relation between a correlator of Ramond
fields and the chiral form defined on Wa and NS module is not straightforward.

Let us start by defining the form which is anti-linear in the left argument and linear in

the central and the right ones:

QNR(§377727T,1) : VA:; X WAQ X WAl — C
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and satisfies the following relations:

X /1
<§> Z%_p QNR(£3asp7n7727"71|z)
p=0
) Y
= <p 2) (—Z)p QNR( p+n_,§37"727771‘ )
p=0
(=1 |€3|+|m|+12< ) )™z P o (€3, Sy |2)
> n—i—% n+l_p
Z P z 2 QNR(£378P7727T’1‘Z) (3.18)
p=0
1
= Z <5) QNR(Sp n_7£377]27771|z)

=0

( |§d|+|”1|+1z< ) 22 pQNR(§3a77275n+p771|z)

and the relations with Virasoro generators of the form —. An even or an odd
number |&3], |n1| denote even or odd parities of &3 € Va,, m € Wa,, respectively. We will
call these formulae Ward identities for the non normalized form gy .

The form is determined by these relations up to four independent constants. We define

the forms pf\z r; 1, = £ as coefficients in front of these constants:

onr(€3,m2,m|2) = pit(€s,m2,m|2)onr(vs, wy , will

(3.19)

+ o+ o+

( )onr( )
prn (3,12, 2) 0w (V3, wy , wi[1)
P (3,12, 2) 0w (v3, w3, wi[1)

7 (§3,m2, m|2) onr(vs, wy ,wy [1)

The Ward identities for gy, containing the Virasoro generators determine the z dependence

of all the coeflicients:

»A3(&3)—A2(n2)—A1(m)

pur(&sime,mlz) = pr (& m2,m)

where
p%R(é:ﬁ 2, 771) = p%R(é:ﬂv 2, 771|1)

Our aim is to express any 3-point function containing primary R, fields and satisfying
Ward identities , in terms of the 3-form defined by the formulae . In the
first step we shall find a relation between two independent structure constants C*
and eight chiral constants oxgr, Onr- The correlators C?* are matrix elements of Ramond

primary fields between states |v ® v) and wE .. The constants gyz are matrix elements of

AA
non normalized chiral vertex operators. These operators are defined in the following way:

&IV (2)m) = ona(&,wt,mlz) &), |m| equal parities
(&IVino(2)Im) = ownr(&,wE,ml|z) , |&l,Im|  theopposite parities
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Thus, in order to find the relation between C* and constants gy g, oz one should express the

+

fields RE; by non normalized chiral vertex operators. The construction of the states w A Al

the “small representation” (|3.9) suggest the following form of the Ramond fields

Rl—\’I—R = AVl\?l;ne ® VI\?I_Ke + BVI\;’I—:{o ® VN—;O + Z.B‘/N_Re ® VN_Re - Z.14‘/N_Ro ® VN_RO (320)

RIGR = AVI\#I_QC ® VN_RO - BVN_‘—RO ® VN_RC + BVN_RC ® VI\;";{O + AVN_RO ® ‘_/N—;c'

The coefficients are fixed up to A and B by Ward identities for matrix elements of the fields
R, 3.17)). The relations above imply that the structure constants are given by the following

formulae:

+.

a1)+iBQNR(V7w_7w+. 0 o

C+ = AQNR(V7w+7w+;1) é_)NR(Z/7w+7w 71) QNR(Z/7w 7w+;1)

+ B QNR(V7w+a w_; 1) @NR(V7w+a w_v 1) + A QNR(Vyw_aw_; 1) @NR(V,w_aw_; 1)
(3.21)
C™ = Aonr(y, w+,w+; D) ovr(v,w™,w™51) + B oys(v,w, w+) onr(V, w+>w_5 1)

— BQNR(V,’LU+,1U_;1)QNR(U’LU wt 1)+ Aonr(v,w™ ,w ;1)§NR(1/,w+,w+;1).

Knowing formulae one can consider arbitrary matrix elements of primary Ramond
fields. In order to compute how the 3-point correlators reduce to the structure constants
given by (3 , some properties of the forms pNR ;4,7 = + will be useful. One can derive
these properties by analyzing Ward identities for non normalized 3-form . Since the
Ward identities are complicated, the derivations are laborious even in the case of relations
concerning basic features of the 3-forms.

First, one can check that for a given S_j;v, S_ wa the 3-form pyp is proportional to two

out of four constants:

IONR (S IV, Wy 7S—wa») 0, if (2|I‘ + jj‘]) €2N+1
RSt S_wi) =0, i (2] +4]) 2N

Secondly, the formulae 1) hardly depend on the parity of the second state wgc. More

precisely, only the action of the last Sy on w% is relevant:

onr(S—rv,wi, S_jwi|1) = fi oxr(vs, wy, wi 1) + fo onr(vs, Sowy, Sowi 1) (3.22)
QNR(Sfly, Wy , S,le ’1) = fi QNR(V37w5a wq |1) + f2 QNR(V?M SOU);, SOwl ’1)7

where (2|I| + §J) € 2N. Since fi, fo are results of the action of S3, L_j, Lo, they are
functions of conformal weights or ﬂf, independent of the parity of wéﬁ or the sign of 3;. Using
the definition (3.19)) one can read off the relations:

PRk (S—mvwy, S_yul) = fi = pik(S_rv,wy, S_ywy) (3.23)

pun(S—rv,wl, S_jwl) = —ip1Bafo = —ipln (S_v,wy, S_jwi)
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and
pNR(S Iv, w—ﬁzvs le)
PNr (S—va wfﬁyS—Jw;r)
Similarly, for (2|1| +#J) € 2N + 1 one gets:

)
)

+
1

+
1

p;;ar(s—lyv w;‘, S_gw
pxg(S,[V, w;, S_gw

and

par(S—rv,wly,, S wy)
)

1
Moreover, analyzing the Ward identities (3.18)
on the parity of w{cz

o (S_rv, wfﬁz, S_jw

o (S_qv, wﬁ ,S_ywi) (3.24)
—Pnr (S-1v, wﬁy S—Jw;r)

—i phE(S_rv,wy, S—ywi) (3.25)
Prr(S—1v,wy, S*wa_)
Pﬁ;(s—ﬂ/v wZI;a S—wa_) (326)

—p;;(S_IV, w§27 S—Jwii_)

one can investigate how the 3-form depends

(3.27)

Using the definition (3.19) and relations (3.23]), (3.25)), (3.27]) one can check that all matrix

elements of the Ramond field R%R depend on the arbitrary constants only via combinations
. The 3-point functions reduce to the structure constants in the following way:

<S_15 v R (S-S 5w}, 4))

= C(+)p1(\IR)e

+ COp

(S_rv,wy, S_jwy)

(S IV w;_,S_wa_) ﬁNRe

~(+)

PNRe

(=)

_l’_

qQ - + ¢ -
(S_jr,wy,S_jwy

_ +
IV, Wy,

)

(S S_juwi)

Jw

(S48 qver| By [S_s8 5} 4) (3.28)
= (DVICDS v wi S wi) pa(S_p v wf B wi)
- (—1)|J|C’( )p(Rl(S v, wy, S le)pl(\m)o(g rv,wy, S_jwy)
for S_;uv,S_ jwiF of the same parity, and
(S48 qver| RY S48 juf 4)
= i)Y PS w5y wi) (S gy, 5 wi)
—i ()M AU v, wf, Sy wi) P (S_p v wi, S_jw])
(S48 qver| By [S-s8_juf 4) (3.29)
= CORUS- v, S_ywf) P (S_rwd, 5_yw)
cp - )(S [V, Wy, S- le)pl(\ml(g vy, S_jwl)
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for S_rv,S_5 w{r of the opposite parity. The functions proportional to the constants

+ —
o _ rECT
2
have the form:
+ __ R
P = phEtonn . P = P+ dwa (3.30)
=+ _ . _ 4 _
pE = phn oyt L P = phn Tidwh

We will call them normalized 3-point Ramond blocks. Introducing normalized chiral vertex

operators,
+ (£) ..
(Gl F2m) = (€ w*mlz) (€]l equal parities (3.31)
(&Vind (w*[2)lm) = pl(€,w* mlz) . [&l,/m|  theopposite parities
one gets from the calculations of 3-point functions
Rin(wa)z,2) = ¢ (Vi wtz) 0 W @*)2) - iV (wtz) @ Vi w7)2)

+ 0O (Wil wle) @ BiR@ ) — i (w]2) @ Vi (@ \z))
(3.32
Ran(w®,wt]2,2) = ¢ (Vi w*12) @ Vi@t 12) + Vi w*12) @ Vi (@ )

- O (Vi ) e V@) + Vi ) 2 TR @t)

The Ramond fields in the R-NS sector can be directly obtained from the hermicity condition

(RﬁR)T = R%N '

Let us observe that
wZ@wz—i—iw;@wg , wX@wg —w;@wz € kerRE,

hence the states from “small representation” form an invariant subspace of the full Ramond
fields R*.

The matrix elements of the normalized vertex operators i.e. the 3-point blocks are the
proper objects in terms of which the 4-point Ramond blocks should be defined. Let us
emphasize the basic fact concerning the Ramond 3-point blocks. The definition implies
that all properties of the blocks are given by the corresponding properties of the 3-forms and
can be derived solely from the Ward identities . In particular, relations ,

lead to:
IOI(\T:‘F:{2:<S—IV7 wQ_') SJwi‘r) = :l:pl(\IjP:{)o<S—IV7 ’LU;_, S‘]’U)i‘r)

pEL (S, wy, Sywit) = +iplEl(S_ v, wi, Sywi)

These imply for chiral vertex operators (3.31)):

Vi (wo)2) = Vil (wtlz)  ViE (w]2) = +i Vil (wtz).
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Taking into account the graded tensor product structure:

_ _ _ 4 _ _
(630 &V (i) @ Vi (@) mem) = (—nPlei+pin & e wE n)oE) (&, oF, m)

where p,p = e,0 and |e| =0, |o| = 1, one gets

2,2) = Rij(wh otz z)

Rij(w™,wt|z,2) = Rys(wh,wt]|z,2) .

—iRY (w™, W

R;s (w+7 w

n

Y

~—
Il

Moreover, due to relations (3.24)), (3.26)) the 3-point blocks depend on the sign of 32 in a

very simple way:

P (S wty  Sywl) = £pGUS_ v w), Sywl) (3.33)
pl(\I:EZ(S_IV,wtﬁQ,SJUJ{F) = ipl(\lq;{l(s—ly7wg275(]w;r) .

This leads to the following relation for the Ramond primary fields with the same conformal

weights Ag but opposite sign in front of 3:

Ry =cRj . (3.34)

3.2.2 Fusion rules and fusion polynomials

Consider the three point correlation functions with degenerate NS field ¢,; within the Feigin-
Fuchs construction [5]. In this approach the Ramond fields are represented by vertex operators

in the free superscalar Hilbert space

REB@‘, z) = ea¢(z)+&¢3(2)+i§0+(z, %), R;.(2,2)= ea¢(z)+a¢;(2)_i%0_(z, 7) (3.35)

B?B
where a = % — /23 and oF are the twist operators of the fermionic sector:
t0, = 1 = =
Y(2)o5(2,2) ¥~ ——=07(2,2) . (3.36)
2(z —w)

The left chiral screening charges are given by:

Qb = jl{dz %Z)(Z)ebd)(z)a Q% = %dz @D(z)e%d)(z)7

and the same construction holds in the right sector. The Feigin-Fuchs representation of three

point functions with various number of left screening charges has the form:

€ _ € € k Nl _ 1 (1 .
Clars ),(82.0),(81,0) = <¢T$R52R61 Qs Q%> ,  k+le2N, 0=—575+0);
€ _ € € kNl N _ 1 1
oo (3o () = <¢TSR52R51QbQ%Qb>, h+le2N+1, o=1(-1).

The charge conservation implies that the structure constants above are non-zero if and only
if the even fusion rules ( for £+ 1 € 2N U {0}):

1
(I—=r+2k)b+ ——=(1—-5+2I)

B1+ B2 = )

1 1
— -, 3.37
24/2 b (3.37)
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or the odd fusion rules ( for k+1 € 2N —1):

1
(I—-s+20)-

Bi+ B2 = b

(1—7r+2k)b+ (3.38)

1 1
2v/2 2v/2
are satisfied (k,[ are integers in the range 0 <k <r—1, 0<I<s—1).

Moreover, additional relations between structure constants can be obtained. In the Feigin-

Fuchs representation one can show that for any even integer n € 2N:

(¥(w). . Plwn)o™(1,1)07(0,0)) = —(b(wr)...¢b(wn))o™ (1,1)7(0,0))
((wr) ... P(wn— 1)15( )o~(1,1)07(0,0)) = (¥(w1)... ¥(wn1)P(@)o"(1,1)07(0,0))

If the even fusion rules (3.37)) are satisfied this implies

+ _ —
C re.8).32.0).1.0) = ~Car0.8).(82.0).(61.0)°

(+) (=)
what gives Co 5,800,800 = 0 224 Co_5) (8,0),(81,0) 7 O
Consider now a 3-point function with zero field corresponding to the null vector xis.
It follows from equations ([3.28)),(3.29) that, if the even fusion rules (3.37)) are satisfied and
# 0, then:

C ltre.6),(82,0),(51.0)
pl(\I;»)e,o(X’l”Su ’U);, wii») = 0

Similarly, for the odd fusion rules (3.38) one gets C((ar)g 5),(82,0),(8 7é 0 and

+
pl(\IR)eo(X’l”Suw;_7wi‘r) 0 .
An additional information on zeros of the forms in question can be derived from the formula

) )
Clare8).(~52,0),(81.0) = Clars.6),(82,0),(51,0)

which is a simple consequence of The form pl(\?;)eo(xrs,w; ,wj") has to vanish for

the even fusion rules and pl(\,R)e O(er, w; , Wy ) for the odd fusion rules 1' with the

opposite sign in front of ﬁg in both cases.
The discussion above suggests the following definition of the fusion polynomials in the

Ramond sector:

r—1 s—1

/ 13—1
Pgs[:l:ﬁz} — H H <61]F62+pb+qb ) H H (ﬁliﬁ2+pb;‘\%b >

p=1—rq=1-s p'=1—-rqg=1-s
(3.39)

where p,q,p’,¢ run with the step 2 and satisfy the conditions: p 4+ ¢ — (r + s) € 4Z + 2
and p' + ¢ — (r + s) € 4Z, corresponding to even and odd fusion rules, respectively. One
easily checks that for rs € 2N, P!* [iﬁf 2} are polynomials of degree % in (Ay — Ay), and for
rs € 2N —1 - of degree 21 in (A — A1) with the additional factor (81 F 32). On the other
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hand using the definition of the 3-point block (3.30) together with the Ward identities for

non normalized 3-form one can calculate:

ALl wf wi) = (A+ A=Ay,
P 1L wf,wf) = ¢ E(BF B)(A+ A — Ar)y
where (a), = F(I‘f(z;l ) is the Pochhammer symbol. Taking into account the normalization

condition for x,s one thus finally obtains:

pgj;l(xrs,w;,wf) = PI* [iﬁﬁf} for rse 2N, (3.40)
pl(\le—E{)o(XT&w;?wi‘r) = 7’7 pPrs [iﬁﬁf} for rs€2N—-1. ‘

3.3 Ramond 4-point blocks

3.3.1 Definition

We shall restrict ourselves to 4-point blocks corresponding to correlation functions of four
Ramond fields factorized on NS states. The formulae (3.32)) expressing Ramond primary
fields Ry, Riy in terms of normalized chiral vertex operators together with the properties
of 3-point blocks suggests the following definition of Ramond 4-point blocks:

fo[48s 462 _ & v o4y [pf MY +
Fc,A[ gi gﬂ = Z P f| (VA,KMawﬁ3?w4) [BC,A} )

|K[+|M|=|L|+|N|=f

p‘f| (VA,LN7 w;;?w

(3.41)

where |f| =efor f €N, |[f| =0 for f € N— 1, va g is the standard basis in the NS Verma

; 1EMLN
module V. A (2.12), and [B e A} denotes the inverse NS Gram matrix. One has four
even:
7l [igi igi] (2) = A2 (1 + 3 mEn [igi igﬂ) : (3.42)
meN
and four odd,
1
£ [igi igﬂ (2) = Atided Y kbpk [igi igﬂ : (3.43)
keN—1

conformal blocks.

It follows from the definition of the blocks’ coefficients F Cf A [ig‘z igﬂ that they are poly-
nomials in (3;, and rational functions of the intermediate weight A and the central charge c.
Due to the properties of inverse NS Gram matrix , the coefficients can be expressed as

a sum over the poles in A :

R[4
f o|£B8s£62| _ 1. f |£6s P ’ y B1
FC,A[ ﬁi ﬁﬂ = hc,A|: ﬁi ﬁﬂ + Z m, (3.44)

1<rs<2f
r+s€2N
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with A,¢(c) given by Kac determinant formula (2.13]).
The calculation of the residue at A,; is essentially the same as in the NS case. With a
suitable choice of basis in V. a (2.52) one gets

+03 £+
RE B4 E] = Are) x (3.45)
T fors KM,LN
prf‘)(S—KL—MXT‘va;_7wI) [ CyA'r25+%:| p|(f|)(S—LL—NXTS7w;_7w?—)7

with coefficients A,s(c) given by (2.53]).

Analyzing Ward identities for the 3-form one can check that the factorization
(£)

property of the forms pyy’ holds on singular vectors. In the case Z2 € N one gets

+
pl(\IR)e(S—[XTS7 w;v ’U)f_)

+
P (S—rXrs w W) = PG (S_kva, sz wy wi) pire (s, w3 wi ), |K| € N+ L,

+
AN w;,wnp&Rl(xm,w;,wl) IleN,

while in the case 5 € N+ %

+
P (S—rxrs w3 wi) = PENS_rva, sz, w3 w)) pl (s wd i) L T] €N,

+ +
P (X w3 wi) = i pSRL(S_pva,.rzs w0 wl) s (xess w, wi) L K| €N+ 4

Using the factorization properties one can obtain formulae for the residue:

+05 + + + -5 +83 +
RE o [0 ] = Ars(0) PR s wf ] )R e wd D FL L7 e [ 52] (3:46)

for & € NU {0}, and

+03 + + FoIs
RE o [050 ] = Ars(€) i Orss wd 0o O wif 0§ FL LT o [FR TR (3.47)

for 5 € N — % The 3-point blocks p%)p(xrs,w; ,wj") are given by the fusion polynomials

(13.40]).

In order to derive the recursion relation for blocks’ coefficients one has to calculate the
regular in A term in . As in the case of NS sector, it can be achieved following
Zamolodchikov’s derivation [16].

Notice that the coefficients of Ramond 4-point blocks can be expressed as a sum over
simple poles in ¢, as well. For these coefficients however, the regular terms in ¢ are not given
by the limit of the blocks in ¢ — co. The 3-point blocks are polynomials in §; rather than
in conformal weights. This implies that, unlike NS 3-point blocks, Ramond 3-point blocks
depend of conformal weights and central charge. Thus the reasoning leading to determination

of the terms regular in ¢ (2.56)) does not work in case of Ramond 4-point blocks.

3.3.2 Large A asymptotic of Ramond blocks

The first step in the derivation of the elliptic recurrence is to find the large A asymptotic of 4-
point block. As it was reminded in the section [1.4] Zamolodchkov’s reasoning is based on the
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observation that the full A;, ¢ dependence of the first two terms in the large A expansion of
the conformal block can be read off from the first two terms of the % expansion of the classical
block. The basic assumption of this approach concerns the existence of the classical limit
of conformal blocks. Analyzing the N = 1 super-Liouville correlation functions represented
by functional integrals one can justify the the existence of the classical limit of Ramond
blocks. The action in the N = 1 super-Liouville is defined as in . Within the functional
approach the Ramond fields are represented by vertex operators . Since the twist fields
are light the fermionic sector does not contribute to the classical limit at all.

The path integral arguments allow to investigate the asymptotical behavior of 4-point
and 3-point correlation functions. Considering the 4-point correlators projected on the even
or the odd subspace of intermediate NS states one may get information concerning individual

blocks. This leads to the assumption that in the limit
b—0 , ibBi—pi , bA -8 =p;

the asymptotic behavior of Ramond blocks reads

_1_r[d3 62 1 _1_r [83 52
FA[R22) () ~ mem BRSO ] ) e A, (308)
where fs [gi gﬂ (x) is the classical conformal block and coefficients r1,71 are independent of
2
b. In order to determine the & dependence of r1,71 one has to check the leading powers
2
of A in the 3-point blocks defining coefficients of 4-point blocks. Analyzing Ward identities
(3.18) and using reasoning similar as the one leading to relation (3.22)), one finds the maximal

powers of A in the forms pii, p%ﬁ:

_ _1
phn (S—kv,wi,wl) o BiAlKl=z pjgg(S_Ku,w;,wf)ocA‘K‘—i-... ,

_ _1 __ _
pnt (S_gxv,wi,wl) o BoAlKl=z pur(S—gxv,wi, w) o BiBo AT

This implies for the 3-point blocks:

+ + _1
pgwge(S_Kz/, w;,wf) o AIET 4 , ,OSVR)O(S_KI/, w;,wf) x (1 F ﬂg)A'm 2 4+ ...
It follows from the A dependence of the inverse NS Gram matrix and from the relations above
that the coefficients r1, 71 are indeed independent of b. Moreover, even 4-point Ramond blocks
2

have the same asymptotical behavior as even NS blocks (2.72)):
r1 ~ const

as functions of §. The coefficients of odd Ramond blocks, as in the case of odd NS block
without stars (2.73)), have the leading power of A in the numerator smaller by 1 in comparison
to the coefficients of even blocks. Since the power series defining odd blocks do not contain

zeroth order term, one can put the factor (Blzi@) in front of these series. This implies that

=

7| =
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Once the classical limits of the blocks are known one can again follow Zamolodchikov’s
derivation in order to find large A behavior of the blocks. The even blocks have the same
asymptotics as non supersymmetric and even NS blocks , while the odd blocks behave
similarly as odd NS block without stars (2.74)):

In FX [ig‘z ig?] (2) =77 (A - i) + (g — A1 — Ay — Az — A4> In K2(z)

(37— B0 = Ag) (1= 2) + (57— A1 = Ao) In(=) + F55(:) + O (1) :

24 A
ln]:i [igiigﬂ (z)=—InA+n7 (A - 2—64) + (g — A1 — Ay — Az — A4) an2(z)

+(i—A2—A3> 1n(1—z)+<i—A1— Az) ln(2)+0<i>,

where f*¥(z) are functions of z specific for each type of block and independent of A; and c.

3.3.3 Elliptic recurrence

The large A asymptotic suggests the following form of superconformal blocks:

1,% A_C=3/2  c=3/2 c—3/2

F Rt () = (6gA7 50 20T oS (34)

e=5/2 _A(A 1+ Do+ As+A)

11
2 12
X O

3 | £03 £0:
gl e 0]
1
The elliptic blocks ’HZQ [igi igi] (z) have the same analytic structure as superconformal ones:

P [0 52] (@

M0 = Mo T

m,n

1
M = X i

In the case of odd elliptic blocks the regular in A terms are zero due to (—InA) in large
asymptotics. The functions g*¥(g), non singular in A, depend on the block type and are
independent of 3; and the central charge ¢. Thus they can be determined from the analytical
formula of the ¢ = 1 4-point block with A; = Ag = 1—16, o = 0. This block can be calculated
using the techniques of the chiral superscalar model, which will be discussed in the next

chapter :
FA[ B8] (@) = (160 [2(1 — 2)] 7 B() " (3.50)

The b — @, B; — Po limit of each type of general even block is regular for generic values of A

and yields
. . _1 _
tim lim 74 [ 5% (a) = (169) [2(1 = 2)] % 83(a) 9" (q) .

B—0b—1i
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Comparing this with (3.50) one gets
g (@) =1.

The residua of elliptic blocks Al . [igi igi] (q) are given by the corresponding residua of
superconformal blocks ([3.46)),(3.47). The final form of the elliptic recurrence in the Ramond

sector thus reads:

A (C)Pmn +083 pmn +062
1,3 (485 48 1.1 mn MM c [/34 c B1 1,1 1035 48
M@ =g+ Y a6g) A M2 e [0 ] @
m,n>0 n
m,n€2N
e Amn () P [ P [252]
£ (697 = M |00 ) @ (351)
m,n>0 mn
m,ne2N+1

where ¢g' = 1,g% = 0.

3.4 Remarks concerning other types of 4-point blocks

In the current chapter the matrix elements of Ramond primary fields between arbitrary
Ramond and NS states have been considered. We have expressed the 3-point functions by
3-point blocks pl(élyo(S_p/, w;, SJ?.U;F) and structure constants C(+) ,. This
allowed to write Ramond primary fields in terms of normalized chiral vertex operators .
The matrix elements of the vertex operators i.e. the 3-point blocks are basic objects needed
for the definition of 4-point blocks. We have defined the 4-point blocks corresponding to
correlation functions of four primary Ramond fields factorized on NS states. The coefficients
of these blocks are given by 3-point blocks P%&,O(VK M, wy ,wi) and inverse NS Gram matrix.
Due to properties of the inverse NS Gram matrix and factorization property of the 3-point
blocks it was possible to derive the recursive relations for the 4-point blocks.

Let us note, that one can define three more types of 4-point blocks. They appear in the

following types of correlation functions of two Ramond fields and two NS fields:

(pap3RoR1) , (Rig3paRy) , (paR302Ry) . (3.52)

The first correlator factorized on NS states corresponds to a 4-point block which should be de-
fined by NS 3-point blocks p(v4, _v3,vA k) , Ramond 3-point blocks pl(\il,o(VKM, w;, wf
and inverse NS Gram matrix. The properties of all these objects have been already discussed
in this dissertation. The recurrence relations for the coefficients of 4-point blocks of this type
can be derived by repeating the steps presented in subsection

The other types of 4-point blocks correspond to the second and the third correlator
in factorized on Ramond states. These blocks can be defined in terms of Ramond

equivalent of inverse Gram matrix, 3-point blocks pl(élp(w;, w:}f , wer) and one more type of
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3-point blocks corresponding to matrix elements of NS field ¢ pr between Ramond states. The
latter type of 3-point block can be constructed in a similar way as the two discussed already

types of 3-point blocks. The starting point would be the following definition of 3-form:
OR3RBL(L ) 0 Wa, X VA, X Wa, +— C

satisfying the relations

0R3R (S s, &0,z 2) = (—

oo
1
+ Z (Zig)zn kQ%I%AQAl(TBvSngvT’l;Z)a

1)+ phsbalu iy g Gy 2)

> /1
Z(ﬁ) 22 P A5A2A1(77375p7k§27771;2) =

p=0

> 1
1k
5 (51) (2 i Sy o)

o0
1_p 1
_(_1)|713|+|?71|+1 Z (2p ) (—2) k— pQAgA2A1(773’§27 Sp771§2')-
p=0

In the case of one excited external state (if S_x does not contain operator Sp) the 3-form is

determined up to one of 8 constants:

o(wy, _va,wi'|1)

+

o(S_xwi, o, wilz) = p(S_gws,_va,wi|z) X I
o(ws’, Vg, wi[1)

where U = xv, % = v. The upper (lower) line corresponds to even (odd) number of operators
S_k;- The 8 constants are related with each other in such a way that 4 of them are inde-
pendent. The coefficient of proportionality p(S_gws,_ve,w1|z) is the proper 3-point block.
Using the relations defining 3-form one can derive the basic properties of the 3-point block,
in particular the factorization property. One should also find the fusion polynomials corre-
sponding to 3-point blocks with a null vector. Afterwards, the definition of 4-point blocks
will be straightforward.

Let us note that the 4-point correlators factorize on Ramond states from the space Wa ®
Wx. This should not cause a problem since it is possible to write primary fields ¢gr, similar
as R%R, in terms of chiral vertex operators for which the "small representation” Wx x is an
invariant subspace.

The elliptic recurrence representation of the 4-point blocks corresponding to the factor-
ization on Ramond states can be derived by using the techniques presented in this thesis.
The residua of the blocks’ coefficients will be proportional to other blocks’ coefficient, new

fusion polynomials corresponding to a null Ramond vector w,s and the following factor

Ap,Ay \ TE
R _ . <wrs |wrs>
Ars (C) - AEHAlTs (A _ ATS (C) ) )
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where ers € Wa,c. The form of this factor has been already proposed on the basis of higher
equations of motion in the Ramond sector of N = 1 supersymmetric Liouville theory by
A. Belavin and Al. Zamolodchikov [42]. The terms regular in A can be investigated from
the large A asymptotic of the 4-point blocks by analogous reasoning as the one presented in
section (3.3)).

Concluding, it seems that by applying the methods presented in the current chapter it
should be possible to derive the recursive methods of determining all types of 4-point block

appearing in N =1 SCFT.



Chapter 4

w

Superconformal blocks in ¢ =35
SCFT

In order to derive the elliptic recursive method of determining 4-point block we need an
explicit formula for the block with an arbitrary intermediate weight and any, specific ¢ and
A;. In [I5], [I7] Zamolodchikov and Apikyan worked out an exact formula for the 4-point
conformal block corresponding to correlation function of fields with Ag = %, associated with
the continuous limit of spin operators in the Ashkin-Teller model. They considered the ¢ = 1
scalar theory extended by Ramond states of the free scalar current. In such a theory two types
of field operators are present. The fields corresponding to NS states of free scalar current are
given by the exponential operators Vj(z,z) = e?P¢(:)=20%(3)  where (z,2) = ¢(z) + @(2)
is the free scalar field. Because of the charge conservation condition, only one conformal
family appears in the OPE of two exponential operators. Thus by considering the correlation
functions of these fields it is impossible to derive a formula for the 4-point block with arbitrary
intermediate weight.

The second type of field operators present in the theory are fields corresponding to Ra-
mond states of the free scalar current. Any 4-point correlation function of these fields fac-
torizes on NS current states with arbitrary conformal weight. Using additional to conformal
Ward identities relations following from current algebra one can find a differential equation
for the 4-point function of fields corresponding to so-called Ramond vacuum state. As a
result an explicit analytic formula for the 4-point block can be derived.

In the first section we recall the original derivation presented in [15], [47] in detail. In
the second section we generalize the model by adding free fermion current. We consider
the correlation functions of the NS superconformal fields corresponding to Ramond-Ramond
states of scalar and fermion currents respectively. The 4-point correlation function of these
fields factorize on NS-NS states with arbitrary conformal weight. Applying similar reasoning
as the one proposed by Zamolodchikovs it is possible to derive the explicit formulae for each
type of NS 4-point superconformal blocks in the ¢ = % model.

In order to calculate Ramond 4-point superconformal blocks one should consider correla-
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tion functions of fields corresponding to Ramond-NS§ states of scalar and fermion currents re-
spectively. These correlators also factorize on NS-NS states with arbitrary conformal weight.
Examples of exact analytic formulae of the Ramond superconformal blocks are presented in
the third section.

4.1 The 4-point conformal block in ¢ =1 CFT

4.1.1 NS and Ramond states of scalar current

The chiral scalar (bosonic) current j(z) is defined by the following OPE:

1

e (4.1)

J(2)i(=") ~

and is related with free scalar field j(z) = i0.¢(z, Z). We shall consider two types of states:
the Neveu-Schwarz (NS) states for which modes of the bosonic current obey the following

algebra:
—n— . . m
‘g NS — Z < ]n ’5 NS> [jny]m] - §5n+m; (42)
neN

and the Ramond (R) states defined by:

= > " klon ks i) = gékﬂ‘ (4.3)

keN+1

The highest weight representation of the algebra (4.2]) with the highest weight state

Jo \P)NS:P’P>N57 Jn |p>NS:Oa n €N,

constitute the NS current module Bév 9. The highest weights representation of the algebra
(4.3) with the highest weight state

1
jk’J()):O, kEN—§

form the R current module B%. The space of states is a direct sum of the current modules:
— NS R
- <@ Bp ) ® B,
p

where p runs through the spectrum of NS highest weight states.
The holomorphic component of energy-momentum tensor of the theory is constructed
from the bosonic current in accordance with the Sugawara-Sommerfeld formula ([47] and

included references):
T(z) =:(2)j(2):
One can check that T'(z) satisfies the local Ward identities with central charge ¢ = 1.
The OPE of T(z) and scalar current implies that j(z) has conformal weight A = 1.
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The Virasoro generators L, (1.7]) are related to the current modes. In NS sector:

Lo = j3+2) j-njn: Lin =Y jm-njn: m # 0 (4.4)
neN neZ

and in R sector:

1 . . )
Lo = {5+2 Zl J—kJk Lv= Y Jm—kik m # 0. (4.5)
keN-3 keZt &

It follows from that the NS current module BIJ,V S is a Verma module Va, with conformal
weight A, = p%. The conformal vacuum is the highest weight state from NS current module
with p = 0.

Let us consider now the R current sector. The highest weight state, the so called Ramond
vacuum state |og), is also the highest weight state with respect to Virasoro algebra. Its
conformal weight is equal Ay = 1—16 . The current module builded on this state is a
direct sum of irreducible Verma modules with conformal weights A, = %. On each
level n(n 4 1)/4 in R current module the new Virasoro highest weight state with weight A,,

appears. In particulary, for n = 1 one has:
|01) =231 00).
Using the states-operators correspondence in CF'T one can define the primary fields as-
sociated with the Virasoro highest weight states:

lim og(z,2)|0) = |og ® d0) , zli-rgo 01(z,2)|0) = |o1 ® 7¢), zli—rilo op(2,2)]10) = [p®0).

2,Z2—0

Since we are interested in z dependence of fields and correlation functions, we will always
choose the corresponding states in the right sector as the Ramond vacuum or the NS vacuum.
For the sake of brevity we will ignore the z dependence and write simply o¢(2),01(z) and
Pp(2).

The OPEs of current j(z) with the first two primary fields can be read off from the
Ramond algebra ({4.3):

©oo(z) ~ 3E-2) k() (1.6)
J©Oo1(2) ~ (€~ =) ou(z) +2(¢ ~ ) H0.00(),

while the OPE with NS field is follows from (4.2)):

. p
J(€)bp(2) ~ € —2) Pp(2). (4.7)

In the second relation in (4.6)) the following Knizhnik-Zamolodchikov (KZ) equation implied
by (4.5) was used:

L_1ag(z) —jz%ao(z) = 0, L_1ao(z) = 8200(2)
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4.1.2 Relations for the correlation functions

With the help of the OPEs of bosonic current with primary fields (4.6)), (4.7) it is possible to
derive the set of relations for 4-point correlation functions of oy(z), o1(z).

First, let us consider the following correlation function containing scalar current:

(1(§)ao(za)o0(23)00(22)00(21))-

Because of the square root-like singularities in OPE of j(¢) with Ramond fields, the correlator

multiplied by the coefficient:

(§(&)oo(za)00(23)00(22)00(21)) V(€ — 24)(€ — 23)(€ — 22)(€ — 21)

is a single valued, holomorphic function of £. Since any correlator of j(§) without operator
insertions at infinity falls like €2 for large &, the function above has to be a constant. Thus

the correlator is given by:
A(Z47 23,22, Zl)
V(€= 24)(€ = 23)(€ — 22) (€ — 21)
I order to determine the £-independent function one can expand the r.h.s of this relation
around £ = zo. Comparing the result with the OPE (j(§)oo(22) (4.6]) one gets:

1

A(Z4, 235 22, Zl) = 5\/ 221223224 <O-O(Z4)O-0(Z3)O-1(22)00(21»'

(7(€)oo(z4)00(23)00(22)00(21)) =

Consider now the correlators projected on NS states:

<j(§)00(2’4)00(2’3) ’p 00(22)00(21)> = %\/ 291293294 \/Ezofzjj)a((;(fiLLz;?g(522);‘)(2(521_)11) .

Integrating the Lh.s of this equation along contour C; enclosing points z; and 23 one gets:

22,21]

fdf (G(©)r0(2a)00(25) | o0(22)00(21)) = (o0(z4)0(23) Ip Jo 0(z2)0(21))

21
Clag,2y]

= p(oo(za)o0(23) [p o0(22)00(21))

The left hand site is given by:

PR S ! _ _2K()
) = i e e @Y

Clag. 1)

where K (z) is the complete elliptic integral of the first kind:

221243

1
dt
K(z) = 0/\/(1—t2)(1—t2,z)’ F T i

Thus the first relation for the 4-point correlation functions reads:

p{oo(z4)o0(z3) |p o0(22)00(21)) = %’C(zi) V1223224 (00(24)00(23) [p 01(22)00(21))  (4.9)
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It also follows from the OPEs (4.6) that the correlator multiplied by the square root

factor:

(j(&)oo(za)o0(23)01 (22)00(21))V/ (€ — 24) (€ — 23) (€ — 22) (€ — 21),

as a function of &, is holomorphic on C\ {22} and has a simple pole at £ = z2. The correlator

thus reads:

(€ —2a)(€ — 23)(§ = 22)(€ — 21) \& — 22
Comparing the expansion of the r.h.s of (4.10) around & = 29 with the OPE (4.6)) one can

determine the coefficients:

B(z) = %\/2212’23224 (o0(24)00(23) |p o0(22)00(21)),

GO0 o len(en) = n c<zi>)<4.1o>

C(zi) = 2\/z21223%22 [8@ + é (1 + 1 + 1)] (o0(24)00(23) |p 00(22)00(21))-

221 223 224

Inserting these functions into (4.10]) and integrating along contour Clz,,2,] the second equation

for correlation functions is obtained:
p(oo(z4)00(23) |p 01(22)00(21)) = 2B(2;) 0:,K(2:) + C(z:) K(2;) (4.11)
3 1
= 2<Z21232242) ; ’C%(Zi) [ [(2212322’42> ) ’C%(Zz) (o0(24)00(23) |p 70(22)00(21))

For the 4-point functions of fields in standard locations the equations (4.9) and (4.11])

read:

(ou()on(1)l q0(@on(0) = 5 (22) VAT o)) s

[2(1 = 2)]

)
b
N
S~—
N———
|
0|~

(00(00)00(1) | 01(2)00(0)) = A(

_— [<2K<>> " 121 — 2]} {o0(00)0(1) [p 00(2)00(0))

s

In order to find an equation for the 4-point block one should write the 4-point correlation

function in terms of conformal blocks:

(0(00)00(1) [po0(2)o(®) = Y- plov.00. Lowplt) [Bra, ] p(Lonp.c0.00]2) x G
[N|= [ [=n

= Cp Fen, [ﬁg ﬁg} (2), (4.12)

where C), is a z-independent constant. Then, the set of equations for correlators is equivalent

to the following relation:
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where
2K (z)

s

G = ( )5 212 e, [R0 2] )

Using the relations for elliptic theta function:

0 (q) = (”“ )), 03(a) 21 — 2)] 8- = g0,

™

one finds: Gp(z) = D ¢®». The g-independent constant D can be fixed using normalization
condition for the 4-point block (1.36)). Finally, one gets the following expression for the
4-point block:

Fenn [A280] (2) = (169)% [2(1 = 2)) 7% 67 (q).

4.2 NS superconformal blocks related to the R-R states in the
=2 SCFT

4.2.1 Holomorphic currents

We shall consider the supersymmetric generalization of the model presented in the previous
section. In addition to the free bosonic current we will introduce the free fermionic current.
First, let us rewrite the definition of the bosonic current j(z) (with conformal weights
A=1,A=0):
HIE) ~ =
In comparison to definition the normalization of the current has changed. This implies

also a different normalization of modes of the currents:

@) Ns = D 2" nlOnss  ndml = mbnim, (4.13)
neN

i@ = Y 7 klOg Lk Ji] = kbt (4.14)
keN+3

As before, the space of states B is a direct sum
— NS R
B (@ Bp ) ®B
P

where BZJ,V S are the NS current modules defined as a highest weight representations of the
algebra (4.13) with the highest weight state

JolP)ns =PIP)ng s JnlP)ns =0, n €N, (4.15)

and B is the R current module defined as a highest weight representation of the algebra
(4.14) with the highest weight state

Jk10)p =0, keN-—1. (4.16)
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The fermionic current (with conformal weights A = %, A = 0) is defined by the OPE

1

"~ . 4.1
() ~ —— (417)
We will consider the fermionic NS states and fermionic Ramond states:
V) Ons = . RO Ns {Uk i} = Ok, (4.18)
keN+2
w(z) ‘C>R = Z z 21/171 K {wna wm} = 5n+m- (4'19)
neN

The highest weight representation of the algebra (4.18]) with the highest weight state

1
Vi |0)yg =0, kGN—§

constitute the fermionic NS current module FNS. The fermionic R current module FE is
built on the highest weight state |+) with respect to algebra (4.19)) defined by the relations:

Yolt)r = 5l-0r, Unltlg = 0, meN

The space of states F is a direct sum of the fermionic NS current module FN° and the

fermionic R current module F*. The tensor product B ® F decomposes into the direct sum

B®F = [(@B},VS@PVS) @B g Fk

(@ B @ fR> o BE® st] (4.20)
p
of highest weight supercurrent modules. The Sugawara construction

... 1
5 ()~ VA0V

j
S(z) = i(2)¥(2),

defines on the first summand a free field representation of the NS superconformal algebra

with the central charge ¢ = % In this sector

T()=Y 22, Sk)= Y z*:s,

nez keZ+3

where

1. o
Lo = Gf5+ ) denint Y (k+ 3)voits,

neN keN-1
Ln = 3 shnonni 4y Y0 (2h=m) syt
mo= Im—nJn: 4 m) Ym—kVk:,
=2 kezZ+1

Sp = Z jnwk—m

neL
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on the subspace @ BY® ® FN5 and
P

1
Lo = 3 okt Yot bt g

keN—1 neN
1 . . 1
Ly, = 5 Z Im—kJk - +Z Z(Qn - m) :¢mfn7w[}n3 s (4-21)
kez+ 1 nezZ
Sk = > Pnik-n
nez

on BR @ FE,

Let us note, that the states from the second term in the direct sum correspond to
superconformal Ramond fields. In the next section we shall analyze correlation functions of
fields associated with the states from BE @ FNS,

The NS-NS supercurrent module BIJ,V S @ FNS is a superconformal NS module Va, with
the conformal weight A, = %. The highest weight state with respect to NS superconformal
algebra is given by:

vp = |p)ns @ |0)ns -
By the one to one state-operator correspondence in SCF'T the state v, is associated with the
superprimary field ¢,(2):
tim 6,(2) [0) = [p) s © [0) s

where [0) = |0)yg ® [0)yg € By @ FNS is the “true” vacuum invariant with respect to
superconformal transformations. As in the first section, for the sake of brevity, we will ignore
the z dependence of the fields keeping in mind that as the corresponding state in right sector
one can choose the vacuum.

In the R-R supercurrent module B® @ FF there exists the highest weight state which

corresponds to superprimary field with conformal weight Ay = %:

X (0) 10) = [0)r @ |[+)r = X7 -

There is one more superprimary field with the same conformal weight Ay = % but with

opposite parity. It corresponds to the state:

Xo (0) 0) = V2¢ox§ (0) [0) = [0) 5 © | =) = xo -

In supercurrent modules the parity of the fields is defined by the number of fermionic exci-
tations. One can check that on each n(nTH) level, among descendants of XSF, there are two
states corresponding to superprimary fields with equal weights and opposite parity. Since all
c= %, A, = % (n + %)2 superconformal NS modules are not degenerate the superconformal

content of the R-R module can be read off from the ratio

Xrr(t) (n+1)
RR n(ntl)
=2 g t 2
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where yrg(t) is the character of B® @ FF

k=11 —1"2
and .
L 14+t 32
xelt) = 1tk
k=1

is the character of the superconformal NS module.

The R-R module is hence a direct sum of irreducible NS superconformal Verma modules

1 1\2
An:<n+> , n=0,1,...,

with conformal weights

2 2
each weight appearing twice in the sum. We shall denote the corresponding superprimary
fields by x;(z), in particular x&(2) and
1/,
Xi(z) = 3 (JE% - ¢—1¢0> X0 (2)- (4.22)

We define these fields in such a way that in each case |0) , ® |[+) 5 is the corresponding state

in the right sector.

4.2.2 Relations for the correlation functions

Using the technique presented in the first section (4.1.2) of this chapter one can derive the
set of equations for the 4-point correlation functions of R-R fields.
First, consider the correlator with arbitrary pattern of upper signs ensuring positive total

parity of the function:

(HOXE (29X ()i (1))
The OPEs of the bosonic current and the superprimary field Xoi can be derived from the
algebra and :
\/5172 J_1xo (2).
Repeating the steps leading to the equation one gets:

JOXG (2) (4.23)

<Xoi(24)XS_L(Z3)jo Xoi(zz)XS_L(Zl)> = V221223224 K(2i) <Xoi(z4)x(jf(z3)j_%Xoi(zz)Xoi(Zl)>,
(4.24)
where K(z;) is related with the elliptic integral of the first kind (4.8)).
Next, in order to derive a relation for the correlator containing j_ 1 Xa—L(z), the OPE of

bosonic current and the field j_1 Xa[(z) is necessary. It follows from the algebra of modes ji

2
and 1y, and relations (4.21)), (4.22)) that the OPE reads:
1
2(¢ - 2)2

1
Xo (2) + = Laxj (2) +

. . + 5 N
J(€)i_ixo (2) N =
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where the KZ equation was used:

Loxg(z) = % (ﬁ% + %ZLWO) X5 (2). (4.26)

With the help of analogous reasoning as the one leading to (4.11)), using the OPE above
instead of (4.6]), one can derive the second relation for the 4-point functions:

<X6t(24)X3E(Z3)jo j_%X(j)E(ZQ)XS_L(Zl)>

- (Zzlzw@)i 6822 [(221232242)31;c(zi)<th(zmgt(zg)xg(Zz)xg(z1)>] (4.27)

+ (221232242> " K(z) <Xoi(z4)Xoi(23)X1i(22)X§(z1)>-

Since the relations (4.24]) and (4.27)) do not form a closed set of equations we need to find
some formulae relating the correlator containing one field X% with the correlation function
of four Xac. This can be done with the help of the OPEs of the fermionic current with

superprimary fields:

V20 (&) xg(2) ~
(4.28)

—_

V() xi(2) ~ -

xg () + L_1x§ (2).

1
2(¢ - 2)3 vE—z
These OPEs can be derived from the algebra of modes v, together with the relations (4.21))
and (4.22)). It follows from (4.28]) that

(V20() x5 (2)x0 (23) X35 (22)x3 (21))
V(€= 21)(€ — 22) (€ — z3) (€ — 2a)

is an analytic function of £. It has poles at the locations z;, but at infinity it vanish faster
than £€~!. Thus the sum of its residues must vanish. This and (4.28)) imply:

o - D0 (Ex ()X (2)x0 (1)) | O ()Xo (28)x0 (2)X0 (1)
\/ %41242243 \/%31%32%234
N (X3 (za)x3 (23)x0 (22)x0 (21)) N (xg (24)x3 (23)xg (22)x7 (1)) (4.29)
/721223224 V212213214 ‘

for m =0 and

— (221223704) 4 88;;2 [(2‘2127232‘24)i <X(J)F(Z4)XE)F(ZB)X6(22)X6(21)>} =
= (zarznzas) 2 (xp (2)x (28)X7 (22)xp (1)) (4.30)
+ (z31732730) 2 (xg (z4)x0 (23)x7 (22)x7 (1))
+ (zez13210) 2 O (g ()X Go)xd (21))
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for m = 1.

One more set of relations for the correlator with two j_1 XS—L fields will be needed. It can
2

be derived using OPEs (4.23)), (4.25)):
(X (20 13X (28) 103 (22)xG (1) ) (4.31)

- 7{ i % (0 X5 (2 (23) 3366 (2205 ()

z3

=/ % [;’2 Ot (20 ()X (22)xE (21)) + (XE (20) X (z3)xF (22)xE (21))

+ i <2121 + 2132 - ;4) <xoi(24)><§(z3)x§(»22)x§(21)>]

The relations (4.24), (4.27), (4.29) and (4.30) form the closed set of equations for the

three types of 4-point correlation functions. In the next step one should write the corre-

lators in terms of 4-point blocks and structure constants so that a set of equations for the
blocks could be obtained. Before that, however, we shall derive relations for the 3-point

functions which allow to express the structure constants through one independent constant

(dp(c0)xg (1)xg (0)).

4.2.3 3-point blocks

The 3-point correlation functions of fields corresponding to states from supercurrent modules

can be written in terms of a 3-form:

($3(&3, &3]0, 00)da(&a, Eal2, 2)P1(€1,£110,0) ) = n(Es, &, &1|2) n(Es, &2, &1 2). (4.32)

The 3-form, defined on the one NS-NS and two R-R supercurrent modules:
n(& ¢,z €eBYSeFNS, (' eBReFR,

is a nontrivial extension of the NS superconformal 3-form (2.22)). It is determined by Ward

identities for currents j(z), 1 (z) up to one constant

(e, Xa - Xg) = 1(vp, X§ 5 Xxg 1)

Since in the free superscalar theory the left and the right fermionic parities are independently
preserved, the 3-form identically vanishes if total parity of all arguments is odd.

If the states ¢, ¢’ belong to definite superconformal Verma modules the form 7 satisfies
Ward identities for the non-normalized superconformal 3-form ([2.23))- (2.29). For instance,

for even vectors

Upkm = S_KL_MVp = kai---sfle—mj---L—m1Vpa |K’ ENU{O},
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one has:
_ + +
n(VP,KJ\17Xm7Xn|) = p(Vp,KMvvaXn‘Z)n(Vme’Xn)v
(4.33)
(W sears S_ 10Xk X 12) = P(Wpsears #Xms Xn|2) (v, S_ 13500 X0
and for odd ones (|K| € N — 1):
n(Vp,KAhX;FmX?:HZ) = P(Vp,KM>Xm>Xn|Z)n(VpaS_%Xierzzt)a
(4.34)
W(VP,KMvS—%X?r:wX;HZ) = P(Vp,KMa*Xm7Xn|Z)U(Vani:wajL:)-

The form p in the formulae above is the normalized 3-point superconformal block ([1.27]) and
Xm stands for the highest weight state in the superconformal Verma module with the central
charge ¢ = % and the conformal weight A, = % (m + %)2

In what follows we shall derive the formulae expressing 3-forms

NWps X X5 ) N(Vps S_1Xhxg)s  m=0,1

by the one independent constant 7(vp, Xar, X(J)r ). We will consider the correlation functions of
the corresponding fields and the bosonic or fermionic current.

First, take the function

= 23)x0 (22)xg (21) ).
16 = = = (P3G o (20)

It follows from the OPE-s:

WONFE) ~ =) = == ()

P(E)p(z) ~ 1,

that f(£) is analytic in the complex & plane, have simple poles at £ = z2, & = 21, and falls
off at infinity faster than £~'. We thus have

0 = Pas O = —fitfO+ § o 1©

z3 22 21

=~ (e x5 (1)) + = (e (ol ().
so that
(ntan (an (o) = Y22 (e i () = i(p(an)iG (oG (20).

Since the antiholomorphic 3-form present in the decomposition of the 3-point functions

(9p(000E (D (0) ) = (v X3 )0, X5 X3
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is always the same, equations for the 3-point functions imply relations for the 3-forms. In

particular,
M(Vp, X s Xo) = 11(py X0 5 X0 )- (4.35)

Here and below we adopt the convention that for j <1/ :
zZjl = e”zlj.

Next, integrating around £ = z3 the identity

‘ 23)XE (22)xE (2 = 228 y/221 23)j_1xE (z2)xE (2
(oG @) = s v = (S 2 (20)
we get
P(0n(asi (25 (1)) = (/72 (ol 46 (220X (20)),
what gives
N J_1X55X5) = PNp X0 Xo)- (4.36)

Analogous computation gives

+ . + - + £
n(xo>7-1x0-vp) = —wn(Xg X0+ Vp)-

In the case of correlation function containing the field y; or S_1x; the calculations are
2
similar but involve more steps. Using the OPE (4.25)) in the form

HOIPEE) ~ S )+ e i)
we get
<j(€)¢p(23)j,%X3[(22)X§(21)> = <g —azQ i b> (3 23)\/(61— )E —22) (4.37)
with
@ = v/ (sa)E nE ),
b = v (s pd ) + 1 (o + 2 ) (ntand G )]
Integrating around & = 23 we derive a relation
(6n(z)% TG (1)) = (mjm‘ 1y Qi> (n(aln (X o)) (438)

From the definition of x;(z) (4.22)) and the KZ equation (4.26) we get

(3p(eant g (20)) = (Bp(e0)32 1 (o (1)) = 50Dy s () (o)
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The z-dependence of the 3-point function is given by :
(Bl () (21)) = ™2™y (B0 (DX (0)),
thus
N X35 X5) = B, X5, X5)- (4.39)

Finally, similar calculation with the help of the relation

St = (3% 100 +25_5 —5L1S1) xE,
2 3 2 2
gives
e S_xtoxg) = 2 (A= 2) a1 (4.40)
P> -3 1°A0 \/§ P 9 P> AQ A0 /- :

4.2.4 4-point NS superconformal blocks

We shall express the 4-point correlation functions in terms of 4-point superconformal blocks
and one independent structure constants. Then, on the basis of relations (4.24)-(4.30), one
can derive a set of equations for the blocks. Any 4-point function of R-R fields factorizes on

NS-NS states, for example:

(X (001X (1) o X ()X (0))

= > Z N0 X V) BE M N nGov v, X x§ 12) D
p K,M,L

where due to the left parity conservation the sum runs over even states |K|,|L| € NU {0}.
D denotes some z-dependent function which is the same in the case of each discussed 4-
point correlator. Taking into account properties of the 3-form (4.33)) and definitions of the

superconformal blocks ( [2.48]) one gets

(X (00X (1) o ()X (0)) (4.41)

BEM.LN

= > D ol xd ) 1 x$ 5 x$) p(X0s X05 Vp k) p(Govp,L s X0, X0|2) D

p K,MLN

= S G [A A )
p

where C, = n(xd, X&' vp)1(Vp, X&' X¢ ) D The correlation function of fields with different

parities <Xg(oo)xg(1)j0 xXo (2)xo (0)> factorizes on odd states. Using formulae (4.34)), the

following relation

S_1xg =J_1xg V2 (4.42)
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and (4.35)), (4.36]) one has in this case
(X (000G (10X (D 0)) = S pn0E s S_1x )0 x5 XG)
P

BKM,LN

XY p(X0s X0s Vp M) p(jovp,LN, X0: X0|2) D

K,M,L,N
1
3 |Ap A
= Ypa G R R R )
p

It follows from the relation 1' that the correlators with j_1 ch decompose onto su-
2

perconformal blocks with one star:
. Ag *A
(&G Wi GNGO) = YopCFA, 3072 (2) (4.43)
P

and

(g (Wi xd (e ) = Sp0, R [30742] )

p

Analogously, using properties of the 3-form n (4.33)), (4.34) and relations (4.35) - (|4.40)

one can write all the 4-point functions discussed in section in terms of the 4-point
superconformal blocks and one constant C,.

Inserting the relations expressing correlators in terms of 4-point blocks , into
equation one gets the following equation for superconformal blocks:

Ag A Ag *A
FA, (50 2] 2) G i, o8] o). (4.44)
For the odd blocks corresponding to the correlators of fields with different parities the equation

(4.24) implies:

]__

3 (a0 A Ao *A
Ap FR [Ag Aﬁ} [Ag *Ag} (2). (4.45)

Similarly, the relation (4.27)) leads to the equatlons.

8,7, [ 8]0 = -ty [P anie [ )] a0
v 8,8 e [ 4]
278, [B8] ) = kool | EE b0t [ a)e)]  aan
T e U 3 )

The next two equations can be obtained from (4.29)) and (4.30)), respectively:

8, R [ 8] (e) = (- vI—2)e i [ A o) (1.48)
21— 24 [l - 2[R & )] = (1.49)
= a0, - HVERL [ 3]0+ 8, T R [ 4 )
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Formulae (4.44) — (4.48) allow to express the functions F' Kp [ﬁg ﬁ;] (2), ng [ﬁg *ﬁﬂ (z) and

1
ng [ﬁg ﬁg] (z) in terms of Fip {ﬁg ﬁg} (z). Using (4.49) we then arrive at the equation

dGp(z) _ A, [(2K(z)\? 1-yI—z
2 z(l—z)( ™ ) T v | (4.50)

where

Integrating (4.50) we get
1 1
1+vV1—-2\2 L1 (2K (2)\ 2
Ap A
P[] e = e (2) 21— )] < |
Using relations:

KO g, (M) ma=aw (FN) w0 =)

T 2

where theta functions are defined in the standard way:

)= > ¢, Gg)= D "3
one finally obtains:
FL R R ) = 11— )7 (160)% 05%(a) 05(6°), (4.51)
1 1 1 Ap
B[R f)e) = k-2 <16qu 02(g) 0a(?), (4.52)
FL[A0R0] () = (-2 F (160)% 074(0) 05(a?), (4.53)
Fép[ﬁﬁ*ﬁé’:(z) — (1 —2)]71 (169)* 05(q) 62(c?), (4.54)
F}, [ﬁgﬁ;: (2) = [2(1—2)]"1 (16¢)* 65%(q) <93(q2)—i§qeg(q2)), (4.55)
1 T 5 Ap
ng [ﬁgﬁé_ (2) = [zQ1—2)] 1 (Aliqzé 055(q) (92((12)_;11)8(192((12)) (4.56)

Equations for functions F gp [*ﬁg *ﬁ%} (z) can be obtained from (4.31)) using the relations

[@36), ([@39), (4.40):

* * 8 ]- 1
28, FL [0 720 2) = vz <a + 4(1_)> A, R0 o)) + vE A, B[40 &2 @,

i % *Ag *Ag _ v 1 % Ao Ao 71 % Ao Ay
Lk (240 e (2 gmpg) B3l - D 3l
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From results (4.51), (4.55)) and (4.52)), (4.56) one gets, respectively:
A _3 _5 05(q%) q ,- 905(q) | 03(q)
A, [R8]e = 2o a5 (1o Lt =5t )
(4.57)
. _3 s 02(¢°) q 1,905  03(q)
ng[ﬁg ﬁg}(z) — i1 2)7 1 (169)2 9g(q) A, 1—A—p€31(q) 5 " ZA .

Explicit expressions for the conformal blocks - were used in the derivation of
the elliptic recurrence representation of the NS blocks .

Using the definition of NS elliptic 4-point blocks one can read from the formulae
- the form of ¢ = % elliptic blocks with weights Ag = %:

1
i@ = o), Mm@ = i) s
1 " .
HA[R R @ = o), MR[AR @ = e,
* * 04
HA[R R @) = 0s(a®) (1- 4051 Z0s(0) + 42, .

LA« B L
HA[2 2] @) = —6a(A (1- 465 Boul) + 2.

4.3 Ramond superconformal blocks related to the R-NS states
in the ¢ =3 SCFT

We shall present the derivation of explicit formulae for several examples of Ramond elliptic
blocks in ¢ = % SCFT model introduced in the previous section.
The generators of superconformal symmetry are defined in terms of scalar and fermion

currents:

T() = 5:9()i(): 5 ()

S(z) = J(2)(z).

This relation defines on the subspace BE @ FNS 1D a free field representation of the
Ramond superconformal algebra. In this sector

T(z) = Z 2" 2L, S(z)= Z PR

nez mEZ

where

. 1 1
Lo = > jorik+ Y, (l+§)¢fﬂbz+ﬁ,

keN—1 leN—1
1 . . 1

L = 5 > tmekisity D, (20—m) bntr:, (4.60)
kez+ 1 lez+ &

neZ+ %
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We are interested in the R-NS states because the 4-point correlation functions of correspond-
ing Ramond fields factorizes on NS-NS states with arbitrary conformal weight. This allows
to calculate 4-point superconformal blocks as functions of intermediate weight.

The highest weight state with respect to supercurrent algebra in this sector is given by:

00 = [0)r @ [0) g -

This is at the same time the highest weight state with respect to Ramond superconformal
algebra. Since it is anihilated by the Sy operator, og does not have the counterpart with
negative parity. Its conformal weight is equal Ay = %, B = 0 and it is the so called
superconformal Ramond vacuum. Its first descendants in the supercurrent module are also

superconformal highest weight states:

1 .=
of =Jj100 0y = =iy 109 (4.61)

V2

with Ay = % and f; = % We will denote the corresponding Ramond primary fields by
00(2), 05 (). We ignore the z dependence of these fields, in all cases choosing the g as the

corresponding state in the right sector.

From the current algebras (4.14]), (4.18]) and relation (4.60) it follows that the OPEs of
j(z) with fields ¢, o1 have the same form as (4.6)):

J(©o0(z) ~ 52 Eo(2) (162)
J©o1() ~ (€~ =) Fan(z) +2(¢ - ) F0.00(),

Thus the 4-point function of oy superconformal fields is given by the same formula as the

one derived by Zamolodchikovs:
(00(00)a0(1) [ 70(2)o0(0)) = (16)7 [(1 — )] % 05 (g) Cp = G (2), (4.63)

where (), is a z independent constant.
Using the technique presented in the previous sections one can derive the following rela-

tions between 4-point correlation functions:

ool

(o1 (00)o0(1) [poo()of (0)) = 2iz5(1—2)0. [(1;) Go<z>], (4.64)

(o7 (00)o0(1) [y o0(2)o7 (0)) = 2GCi(2) (4.65)
(o0(00)0 (D) o ()01 (0) = —2iE(1— )40, [(1;Z>SGO(Z) L (66)
(ou(o0)on(1) o7 (o7 (0)) = 5-Gil=) (467

Notice that the formulae (4.65) and (4.67) follow directly from the definition of the fermionic

current (4.17)).
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Let us note that the fields o (2) corresponds to the states of ® 5 from Wa, ® Wx, -
They are not the same type of Ramond fields R&, corresponding to the states from the
“small representation” W A which were discussed in the third chapter. Thus the relations
expressing R, in terms of normalized chiral vertex operators do not apply to o;-(z)
fields. In consequence one can not write straightforwardly the decomposition of the 4-point
correlators in — onto the 4-point Ramond blocks defined by ,.

In order to compute the 4-point Ramond blocks we have to find a way to express all
the 4-point correlators in terms of chiral 3-point blocks (3.30)). To this end we introduce an
extension of superconformal 3-form (anti-linear in left argument and linear in the central and
rights ones):

n(&sdlz)  ceBPoFN o eB o FN,

It is determined by the Ward identities for currents j(z), % (z) up to one constant

n(vp, 00, 00|1) = 1(vp, 00, 00).

In the case of states belonging to superconformal modules Va,, Wa,, the 3-form satisfies
the superconformal Ward identities (3.18). It can thus be written in terms of the forms

pﬁVjR; 1,] ==+ 1} In particular:
n(VP,KM7 07:7‘:170—7:“2) = pxg(V%KM’ Ur:lr:w Uﬂz)ﬁ(’/pa 0—7—”;70—’)’—1_)
+ p;r;(VP,KMv07%1707%’2)”(”%0;”0;)'

Notice, that forms n(vp, 0%, 0,) and n(vp, 0,,,0,") vanish because the fermionic total parity

of all arguments has to be even.
Using the properties of p?vj R (IS.23I),(]3.25|), (]3.27[) and the definition of 3-point block 1)

one can derive some relations for »:

n(yp,K]\/UO—O?O—O‘z) - pj\l_;(yp,KMa0—070_0‘2)77(1/]770—070_0)
_ ()
= pNRe(Vp,KMaUmUO’Z) 77(Vp7‘70700)a
N(Wpxca, 00,07 12) = pii Wp.xear, 00,07 |2) n(vp, 00, 07) (4.68)
(£)
Re

= PnN (VP,KMv0070f|z)n(ypa00a01+)’

W(VP,KMvUO’UﬂZ) = —iPH(Vp,KM’UO’UﬁZ) 77(Vp,00,01+)

(£)

. (£
= _ZpNRo(Vp,KMv 00, Ui’—’z) 77(Vp7 00, Uf_)-

With the help of these relations one can write the following correlators in terms of 4-point
blocks:

(o0(0)00(1) [po0(2)a0(0)) = > n(00, 00, vpxar) BXMENy (14, v, 00, 00]2) Dy
K,M,L,N
= A [kR] @
(o1 (00)a0(1) [y o0(2)oy (0)) = D n(of, 00, vprar) BX" (v, n, 00,07 |2) Dy

K,M,L,N



106 Superconformal blocks in ¢ = % SCFT

= A [R2R] @ ") 6

(o7 (00)00(1) [po0(2)o1 (0)) = Y (o7, 00,vpkm) B (v, Ly, 00,07 |2) Dy
K,M,L.N

3 [6o Bo ;2
= R R0 &) it o
where Cp, = (n(00, 00, vp)1(Vp, 00, 00)Dp) is a z-independent constant. The relations

U(Uf, 00, Vp) = _p77(007 00, Vp)’ n(V;D’O-()?O-fr) = iPU(Vpa 00, UU)

follow from OPEs of bosonic current j(z) with fields ¢, 001 and can be derived in the similar

way as (L30).
Inserting the correlators above into the equations (4.63))-(4.65) one can compute the 4-
point blocks:

o L
FhRR () = 162 [0 -2)] 75 057 ), (4.69)
1
[Bo o] 1 ° z \8
FABR| () = -2, [(1_ ) A, | ) (z>],
L T8 6o 1
Bo B _ 1 |Bo B
@ = xRk e

These are examples of the simplest 4-point Ramond blocks in ¢ = % model. The supercon-
formal Ramond vacuum oy does not have an odd counterpart (6o = 0), thus the two types
of 3-point blocks are equal pgvz)e(vp’KM, 00,05 |2) = pNRe(Vp’KM, 00,0;7|2) and there exist only
one out of four types of even (or odd) 4-point block. In order to derive formulae for the blocks

.7-" [gg igl 1} (z) with different sign in front of non zero 3; one can use equations (4.66)), (4.67)).

The correlation functions written in terms of the 3-form 7 read:

(g0(c0)a0(1) [pof (2)af (0)) = > p** (00,00, vpxcar) (o0, 00, 13p) BFMEN
K,M,L,N
X (p++(’/p KM70T>O—T‘Z)77(VP>O—T70T) —I—p__(VPVKM,UT,O’T|Z)77(VP,O'1_,0'1_))

) ? _
— _2i(A — )CFHB%H@+§%EL%%M@Eﬁ%
(o0(c0)a0(1) [p o7 (2)or (0)) = D p* (00,00, vp.60) 1(00, 00, 1) BEMEN (4.70)
K,M,L,N
x (™ (Wprn, 07,07 [2)0(wp, 07, 07) + 07 (vp,xars 07, 0f |2) n(vp, 07, 07))

:_MA—40F+ﬁ£ﬂU+ CFH%QM@EﬁC

where the following relations between constants in the supercurrent module were used:

) 1 _ i
77(0?—70—?7 Vp) = _QZ(A - Z) 7](0—070—07 Vp)a 77(Vp701 , 0q ) = 577(1/1)70_070_0)'
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The functions

FX {gg gf} (z)= > p"*(00,00,vp50) BEMIN 555w, genr, o o7 |2)
K,M,L,N

are related to the 4-point superconformal blocks (3.30]), (3.41)):
1 |BoB _ Bo B Bo B
nle = FRR @ rC R e
e e = FrRRle-rr i) e
Solving the set of equations for the blocks (4.70]) one obtains:

1 1 _

AfR]e = gopsnrn AR O=

where the functions fi, fo are given by the relations (4.66)), (4.67)).
Applying the definition of elliptic blocks in Ramond sector of N =1 SCFT (3.49)):

1 2
NGL

fi—f2), (4.71)

+63 + _e=3/2  c=3/2 A _ c3/2
FRRE] () = (6A S SR A

T2 4(A1+ A+ As+A 1,1
v 03 5 (A1+A2+Az3+Ay) H 72[igiig?:| <Q)

to the blocks , one can calculate the following formulae for the elliptic blocks:

HA _ig?)igg_ @ = 1 ’HA[i%gigg}(q):o, (4.72)
R0 = 15 (AL -0 watnw). w73)
MA[R ) (0) = ok B0 Bla). (1)
MAln B@ = 1+ Al_é{iﬁéf)—;@%(q?)eg() 65 @ 4 )} (479
HALS S@ = 1+i{egiq>_;gg@z)gg(q)_ggl(q)ngeg<q>}, (4.76)
3 & B = M 5@ =o. (4.77)

These formulae can be seen as a consistency check of the construction of Ramond 4-point
blocks presented in the third chapter. As it was suggested by the path-integral arguments
3.48), all the odd blocks do not have the regular in A term. The block H4 {ig‘; igg} (q) was
used to fix the regular in A term in the even blocks. One can notice that all the even blocks

indeed have the regular terms equal to 1.

4.4 Elliptic blocks in ¢ = % model vs. elliptic recursive rela-

tions

One can ask if it is possible to make a consistency check of the elliptic recursion relations

using the elliptic blocks calculated in ¢ = % model. In principle, inserting some explicit
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analytical formulae for elliptic blocks into the recursion relations one should be able to check

if the residua in (2.77)), (3.51]) are correct i.e. do not lead to contradictions. However, in the

case of the 4-point blocks in ¢ = % model, the derived recursion relations can be incorrect.

They are valid for the theories with ¢ such that NS supermodules V o(c)+1zs are not reducible
(cf. the third property of Gram matrix (1.1.4]) ).
In the ¢ = 2 model the NS supermodules VATSJrLQs are reducible. It follows from Kac

2
theorem that weights A, + 5 are degenerate:

2
r—s rs
( ) AT7S+5:

Ar,s(c = 3/2) = Ar+23,s-

One can notice that all calculated ¢ = % NS and Ramond blocks, as any other blocks for
generic ¢, have simple poles in A, but the residua can be given by different formulae than
the ones derived in the previous chapters: (2.54]), (2.55)), (3.46)), (3.47]). Let us consider the

following coefficients in the residues:

R [R8] = Anpe[R] pefR]
ry [5%) = awore[R]re 3]

where A,s(c) is given by (12.53):
1 &4 T 1 a\\ !
a0 =5 T1 1 (G5 (00-1)) - mene2 mm 200,00

and the fusion polynomials , (with A, = @) or :

1 s-1
1 2a1 — 2ag — pb — ¢b~! 2a1 + 2a9 + pb+ ¢b~!
prs [AQ — < 7
¢ |Ar] :]1 L[S 2\/§ 2\/§
prs {*Az_ _ ﬁ T <2a1 —2a3 —p'b— q’b‘1> <2a1 +2az +p'b+ q’b‘1>
c A - )
. p'=1-rq=1-s 2\@ 2\/5
r—1 s—1 r—1 s—1
_ b + b~ lb + /b—l
Pgs{igﬁf = H (ﬂ1¥ﬂ2+p a > H H <51i52+pq ;
- _ _ p'= /— 2\/§
p=1—-rqg=1-s =l-rq¢'=1-s

where p,q,p’,¢" run with the step 2 and satisfy the conditions: p +q — (r + s) € 4Z + 2
and p' +¢ — (r + s) € 47Z. Analyzing the ¢ — 1,(b — 4) limit of these coefficients for

a; = ;,ﬁo 0,31 = —=, one can calculate that almost all the residues vanish. In the case of
the limit of NS re31dues with Ag = £, (a = %), the non zero terms occur for r = s and they
read:

9 [(r=3)1]? :
=7 =) if r € 2N,

2 . *Ag *A
(16)7 Ryls ["A0"A0] = (4.78)

— 2 .
2 [0 if re2N+1
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In the Ramond case the non vanishing limits of residues corresponding to calculated blocks

with Gy = 0,01 = % are given by:

2 1 2
& pnr |B r r—3)
a0 By (3 3] = (o2 [
r? T, —f1 ] r— 2 .
(16)> Ry [ﬁg sl o= - [gr_g;g} if  reoN, (4.79)
r(r42) T, i r(r r—3)(r—1)!" .
(16) 2+ RR’ - [gg gi_ = - ( ;2) |:( (rgl';()!!rl%)”} if r € 2N + 1.

The non vanishing residues correspond to poles in degenerate weights:

1
Ar,r =0, Ar,r—|-2 = 5
It is clear that the structure of poles suggested by the limits of residues is in complete

agrement with the form of calculated elliptic NS and Ramond blocks:

e both even and odd NS blocks with two stars have non zero terms proportional to %,
1
e Ramond blocks Hkg [ig? igﬂ (g) and HY [gg 751 l} (q) have poles in A, , =0,

e the block 'HlA [gg gi] (¢) has pole in A, ;19 = %

Moreover, we have checked that the all calculated elliptic blocks do satisfy the recursion

relations (2.77)), (3.51)) , but with the residues (4.78)),(4.79) modified in such a way that all
the square brackets [...] are equal 1 (see Appendix [B]). Since the unwanted coefficients |. . ]
are similar in both NS and Ramond cases, one can guess that the residues in the case of ¢ = %

blocks should be given by some modification of the coefficient

-1
L (XA
Ars(c) = lim (A_ A

It is still open question how to derive the exact formulae for an arbitrary residue of NS or

Ramond 4-point blocks in the special case ¢ = %
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Conclusion

The present thesis is aimed as a comprehensive view of the problem of definition and deter-
mination of the 4-point superconformal blocks in N = 1 superconformal field theories. We
have presented a detailed discussion of the superconformal blocks corresponding to 4-point
correlation functions factorized on NS fields in both Neveu-Schwarz and Ramond sectors of
N =1 SCFT.

The superconformal blocks are nontrivial generalizations of the conformal block. The
problem of construction and determination of the superconformal blocks is very interest-
ing since its solution needs new ideas and suitable extensions of the methods applicable to
ordinary CFT.

The most efficient way of introducing the 4-point superconformal blocks is to define them
in terms of 3-point superconformal blocks. Properties of the 4-point blocks, then, can be
analyzed through the symmetry constraints imposed on the 3-point blocks. The problem of
determination of 3-point blocks, however, easier than in the case of 4-point blocks, is not
straightforward either. We have acted in the following scheme. The first step is to derive
the Ward identities for 3-point correlation functions of arbitrary fields. On the basis of these
identities one can postulate a set of relations defining chiral 3-form. Next, one should find a
relation between structure constants and the chiral 3-forms. This allows for a definition of

3-point superconformal blocks as suitably normalized chiral 3-forms.

In the NS sector, with the help of Ward identities, one can reduce any 3-point correlator
to one out of two independent structure constants. The relation between structure constants
and normalization constants for the 3-form is clear. Thus, the definition of 3-point NS blocks

as normalized 3-form is not troublesome.

The definition of Ramond 3-point blocks is more problematic. Due to “half-locality” of
Ramond fields the Ward identities in Ramond sector have a complicated form. An arbitrary
correlator of one NS and two Ramond fields can be reduced to a sum of two terms, each term
proportional to one out of eight different structure constants. Even though only two structure
constants are independent, the choice of a correct basis of the constants is not obvious. The
second complication arises from the fact that Ramond field operators correspond to states
from the “small representation”, i.e. irreducible representation of the tensor product of
the chiral Ramond algebras extended by the common parity operator. It is thus difficult

to find a relation between the structure constants and the chiral 3-forms. The solution
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of these problems is to write the Ramond primary field in terms of non normalized chiral
vertex operators. Considering its matrix elements one can find how the eight independent 3-
form normalization constants reduce to two independent combinations of structure constants.
Then the the definition of the 3-point block as normalized 3-form is possible.

The way of defining the 3-point superconformal blocks as normalized 3-form may seem
unnecessarily complicated. It occurred, however, that it is just the most efficient and uni-
versal method of identifying all types of 3-point superconformal blocks in N = 1 SCFT,
including the problematic 3-point Ramond blocks. Moreover, it allows to investigate the ba-
sic properties (e.g. factorization, ¢ and A dependence) of the 3-point superconformal blocks
from the relations defining the 3-forms. These properties and the features of inverse (NS
or Ramond) Gram matrix are crucial in derivation of the recursive representations for the
4-point superconformal blocks.

Generalizing the reasonings known from the ordinary CFT, we have derived the z-recurrence
for 4-point NS blocks , and the elliptic recurrence for the NS and Ramond blocks
, . In order to close the elliptic recursion relations the explicit formulae for each
type of 4-point NS blocks and one type of 4-point Ramond block with arbitrary intermediate
weight were necessary. We have calculated such blocks in the ¢ = % model, the supersym-
metric generalization of the ¢ = 1 scalar theory extended by Ramond states of the free scalar
current [I5]. The superconformal blocks in the ¢ = % model can be seen as a confirmation
that the general constructions of the 4-point superconformal blocks and reasonings leading
to the recursion relations are correct.

The recursive methods for the 4-point superconformal blocks in N = 1 SCFT presented
in the thesis yield approximate (with arbitrary accuracy), analytic expressions for general 4-
point superconformal blocks. Using these methods one can numerically calculate any 4-point
function once the structure constants of the model are known. The methods can be used,
for instance, for the consistency check of the N = 1 super Liouville theory with structure
constants calculated by Poghosian [43]. The verification of consistency of the NS sector
of N = 1 super Liouville theory was already done by A.Belavin, V.Belavin, A.Neveu and
Al.Zamolodchikov [27, 28]. The check of Ramond sector of N = 1 super Liouville theory
is still an open question. Moreover, the presented results can be helpful in the analysis of
a common ¢ — % limit of super Liouville theory and superconformal minimal models [48].
Finally, we believe that it possible to extend the developed techniques of constructing 4-
point superconformal blocks and determining their recursive representations to the case of

superconformal field theories with N = 2 supersymmetry.



Appendix A

1 expansion of classical block

>

We shall present some technical details of the elliptic Ansatz used in [I5), [16] in order to
calculate the first two terms of the % expansion of classical block.

Consider the equation

L) |y +

dz?

z(x —1)C(x)

-ne_n'® =0 (A1)

with potential
U(z)l M+XN+M-N-2 1-M 1-X 1— A2
4 z(z—1) 22 (z—x)2  (2-1)%2)°

We want to find C(x) such that equation (A.1}) admits a pair of solutions ¥*(z) satisfying

the monodromy condition:

Yy (€¥72) = = (2), (A.2)

where ¥4 (e%iz) denotes a function analytically continued in z along the contour encircling
the points 0 and z.
Following [16] we perform an elliptic change of variables:

1 ; dt (dx(6)
=7 | N et v = (52) (=) (A.3)
This gives
IV prp Nt d(e)
R MGRICRIGRE = I
R T )a3 PH(E)
0 = O oo @ TR

where {£(z), z} is the Schwarzian derivative of the map (A.3):

311 1 1 1 1 1 1
{€2) 2k =3 22+(2—x)2+(z—1)2] T [z(z—x)+z(z—1)+ (z—x)(z—l)]'
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Using (A.3)) and (A.4) we can rewrite equation (A.1)) in the form of a Schroedinger equation:

d*(€)
ez

+ U9 (€) + dz(x — 1)C(x)(§) =0, (A.5)

with the double periodic in £ potential

v = (¢0) " |6 - 5.

2==(¢)
_ G_A%) (Zé)—l)ju(i—)\%) [M+2x—1] (A.6)

+ (i—g) (1—11_;(92)>+<i—£> (=€) ~ )+~ 5.

After analytical continuation of the function £(z) along the contour encircling the points

0 and z one gets:

1
M) = €(z L dt = (= dt ={(z x
(e Z)_é()—i_?j{\/t(l—t)(l—wt)_5()+O/\/t(1—t)(1—xt) () + 2K (@),

[0,1]

where K (z) is the complete elliptic integral of the first kind:

1 1
dt 1 dt
K = == .
(=) 0/ VAP 2 0/ NI
The monodromy condition (A.2) for () as a function of £ thus takes the form
Vs (§+2K(2)) = 5™y (6). (A7)

We will solve the equation (A.5)) in the limit A > 1 using a standard perturbative method.

Assuming
U(€) = o(C(x)), (A.8)

the solutions in the leading order are in the form of plane waves:
e =, p? = da(w — 1)C(a).

On the other hand the monodromy condition (A.7) implies:

; ; TA
einpK(a:) eim)\

7 PTTORGy

what also proves the consistency of our assumption (A.8]). Hence, in the leading order one
gets:

C(O) B 7T2)\2
A T Py eT P
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In order to find the first correction let us define:

Pi(©) =@ + o),  Cla) =)+ V().

Inserting the expansions above to (|A.5) we obtain:

2y (€)

et U2 (€) + 4z — 1O () () + da(z — DV (@) V() = 0. (A.9)

One can multiply both sides by @Z)SO) (£) and integrate over & in [£y, &y + 2K]. Since

Eo+2K () &o+2K ()
0 WO e o [T
g9 = 1 (6) =0,
dg /3
&o o
and O
d2
12‘52(5) + da(z — DCO ()@ (¢) = 0,
it follows from (A.9) that the first correction has the form:
) §o+2K () )
Wy = —2 d “
) = e DR §UE) = Toam = 1 \/Z 1 N w—2)
&o
Using (A.6]) one can rewrite the integral (A.9) in the following way:
U d
€Az _ ] (14 (L - K@) + (1 - 433) (I + (22 — DK (2))
0.0] V2(1 = 2)(z — 2)

+(1—43) (K(z) — I3) + (1 — 4)]) (s —zK (z)) + 4 (a: — ;) K(m)}

Integrating, one gets:

1 xdz

= /[o,x} =) @) E@)

k= ‘11/[} (= - )3(1(1 gi)iix = ~ T ORE B,
B z>(¢1z?1xjd;<m — ~ 7@

b = 3 o i~ K~ Bl

where E(x) is the complete elliptic integral of the second kind:

/ — xt?)d (1—xt)dt
\/1—752 xt2 \/tl—t 1—at)
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This leads to the formula for the correction to the accessory parameter:

D (p) — —1 U(£(2)) dz
C\(x) 16x(x — 1) K () /[0,96] \/z(l —2)(x — 2)

—1 E(z)
— S (g 1R ) e (1= 28+ - (D |

Since C = 0, fs [gi gf] (x) one can calculate the classical block:

2
fs [gi gﬂ () —/ 4x(z$_ ) {4(;2()@ + ?é)) (1-22 -2 -3 -2
—:v(l—/\§+>\i)+/\§+/\i}+0</\12>

Using properties of elliptic integrals:

/ dx 1 _ 1K(Q-2) 1
r(x—1)4K2%2(z) 7 K(z)  im
dr  E(x) 1 4
—_— = ——-IhK -1
/m(z—l) K(x) 2 (z) —Inz
we get
2o = M e s a2 a2 202 K
s 5101 () = 4 T 9 ( 1 2 3 4) n K*(z)
1
—(1 =X = X)) In(l —x)— (1= =\ ln(x)} + 0O <A2>
In terms of § = %, 0; = 1_4)"2 the classical block reads:
) 1 1/3
fs [g; gﬂ (@) = inr <5 - 4> +5 <4 =0y — by — 54> In K4 (z) (A.10)

n (i_52_53> 1n(1_g;)+<i—51— 52> ln(a?)—i—(’)(;).

Let us note, that the classical block is given by this formula up to z-independent integration

constant which can be fixed by the normalization condition of the 4-point conformal block
Fer |A287] (@) (1.36).




Appendix B

Check of recursion relations for

calculated c = % elliptic blocks

In this appendix we will show that NS and Ramond elliptic blocks in ¢ = % model calculated
in the forth chapter satisfy recursion relations (2.77)), (3.51) with modified residues. The
modified non vanishing residua of NS blocks with Ay = é are given by:

—r? if r € 2N,

( )72 rr o [ xAg *A ( )
16)7 Rys |'a0 80| = Al
NS B0 Bo 2 if  re2N+1.
and in the case of Ramond blocks with Gy = 0,81 = %:
7‘2 1
0% w3 ] = e
- Bo b1 |
(16)= RY [53 NG if e 2N, (A.2)
0+ rrt2 [Bo B _ r(r+2) .
(16)"=" R%; [ﬁo ol = ) if  re2N+ 1L

The non vanishing residues correspond to poles in degenerate weights:

1
Ar,r = 07 Ar,r+2 = 5

First let us consider NS elliptic blocks (4.58), (4.59). Four of them trivially satisfy the
recursion relations (2.77)) because they are equal to the regular in A terms:

Apg A Az A Ag *A Asg xA
il @=oh [282] @, mA[R 0] @) =0k [R50 (@),
1 1 1 1
2 |Ag *A 2 |As xA 2 [*Ag *A 2 |*Asz *A
HA[A R @ =ad [AR @), HA[ARY] ) = 0d [R17R2) (@)

In the other cases the formula (A.1]) becomes helpful:

it = X <16q>fc’mmA[A“AJHiz 2020 @
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R% [ﬁo ﬁo]
L ¢,m 0 Ao
+ Z (16q) 2 TH}J [ﬁﬁ ﬁﬂ (9)
re2N+1
1 2 2 3 [Ao Ao 2 2 2
:quz (*m)HLz{AOAO](Q)JFE Z q? 03(q7)
re2N 2 re2N+1

The definitions the theta functions

e (2n+1)2 o (2n+1)2 n2 2
() = Y. g 2z =2>q 2 , 5= > ¢ =1+2) ¢
n=—00 n=0 n=-—00 n=1
imply:
2 1 21
YoaT =50 -1, Y a7 =5 (0(d). (A.3)
re2N re2N+1
1
Substituting H?2, {ﬁg ﬁg] (2) = r% 62(q?) one thus gets:
z
3 -2 2 2 i
HA[RR () = T Y aTh@+ 5 Y a7 (e

re2N re2N+1

= S 0s(@) 1) 0ale)) + 1 0o(a?) s(a”) = 5 Dol

The last block HY [*AO *AO} (¢) in (4.59) also satisfies the recursion relation:

Ao Ag
* * - * *
[0 =)+ X (5 ) o7 230
re2N
2 23 * *
p> (A) A [0
re2N+1 2
2 2 -2 40 03
~ b(q >—A<Zqz i)~ S 07 >) (~a05" oouta) + 22
re2N re2N+1
2 r?2 2,2 r? 2,
A 5q293(Q)+Z Z §q292(Q)
re2N re2N+1

= i) (1- L07' onta) + 2 (A1)

4
w5 (085 om0 4 20 (30 - o3(a)

From the identities

by(a®) = t3(a) (“;ﬁ) ) = t(a) (“;ﬁ) (A5)

it follows that

05(q*) — 02(¢*) = V1 — 205(q).
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Since
9 9 03(a)
=2(1 - 2)03(¢) =, and z = -2 A.6
150 = (1= 9005 i (4.6)
we have .
gﬁ _ 1& 92((1)
294 (V1—263(q) = <q93 8(]9 (@ -]

what implies that the last line in (A.4) is zero.

Four of the Ramond elliptic blocks (4.73)) - (4.76]) nontrivially satisfy recursion relations
with residues of the form (A.2). For example, the block in (4.73):

2
W[ H 5] =1e 3 (T ) et e[ Rw+ 3 (%) n

+06o 060
5] @
re2N re2N+-1

wh\,w"“

—1- % <q§q@3(q2) + (03(¢%) — 1) (i%‘(Q) - 951(q)q88q€3(q)>> + i\/?%(qz)@é@

= s [ 48] 0 - 300 {520 - B8 + @G- VAL A

N[

where (A.3]), (A.5)), (A.6) and relation

5-02(e%) = 05 (@5 bala) — 52(1 - 2)

N

05(a)05" (¢%)

were used. One can check, once more applying ([A.5)), that the bracket in the last line in (A.7])
vanishes.

The block H4 [gg gi]( ) (4.75) with poles at A = 1, satisfies the recursion relation with
residues from the last line in (A.2):

1 r(r+2)\ -2
al3lo-1e £y 5 (2552 30

2 re2N
The series in nome can be written in terms of theta function:

r(r+2) 1 _1 9 r(r+2) re+2) q 0 -1 2
Zq 2 =54 202(q7) — 1, Z 5 1 2 25%(q 292((1))7

re2N re2N

what implies

M8 B]@=1- = {g;‘q (2 92<q2>)



120 Check of recursion relations for calculated ¢ = % elliptic blocks

where we used the relations (A.5)), (A.6) and

9
5

(47400()) = 50 0a() + a7 (B @ g 0u(a) + o112

D=

§20 - @0 ()

With the help of (A.5)), similar like in (A.7)), one can calculate that the bracket in the last line
in (A.8) vanishes. By analogous calculations one can check that the other Ramond elliptic

blocks (4.74]) and (4.76)) also satisfy recursive relations (3.51]) with residues given by (A.2)).
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