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Abstract. The minimal model osp(1]2) vertex operator superalgebras are the simple
quotients of affine vertex operator superalgebras constructed from the affine Lie super
algebra 0sp(1]2) at certain rational values of the level k. We classify all isomorphism
classes of Zs-graded simple relaxed highest weight modules over the minimal model
0sp(1]2) vertex operator superalgebras in both the Neveu-Schwarz and Ramond sectors.
To this end, we combine free field realisations, screening operators and the theory of
symmetric functions in the Jack basis to compute explicit presentations for the Zhu
algebras in both the Neveu—Schwarz and Ramond sectors. Two different free field realisa-
tions are used depending on the level. For k < —1, the free field realisation resembles
the Wakimoto free field realisation of affine s[(2) and is originally due to Bershadsky and
Ooguri. It involves 1 free boson (or rank 1 Heisenberg vertex algebra), one (v bosonic
ghost system and one bc fermionic ghost system. For £ > —1, the argument presented
here requires the bosonisation of the 8+ system by embedding it into an indefinite rank
2 lattice vertex algebra.

Introduction

The orthosymplectic Lie superalgebra osp(1]2) is the Lie superalgebra of endo-
morphisms of the vector superspace C'2 that preserves the standard supersym-
metric bilinear form on C'12. Tt is arguably the easiest example of a finite-dimensio-
nal simple complex Lie superalgebra in Kac’s classification [1]. The purpose of this
article is to classify the simple relaxed highest weight modules over the minimal
model osp(1|2) vertex operator superalgebras, that is, the simple quotient ver-
tex operator superalgebras constructed from the affinisation of 0sp(1|2) at certain
rational levels, called admissible levels.

Let u, v be integers satisfying u > 2, v > 1, u—v € 2Z and ged(u, (u —v)/2) =1
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where i and j are integers. We denote the simple relaxed highest weight osp(1]2)
modules as follows (see Section 2 for the precise definitions):

e In the Neveu-Schwarz sector, Zs-graded simple relaxed highest weight osp(1]2)
modules at level £ € C are characterised by the simple osp(1]2) weight module
formed by the vectors of least conformal weight. Let a denote the simple root of
osp(1]2).

(1)

(2)

(3)

(4)

Ay, A € Z>¢, denotes the simple module whose space of vectors of least con-
formal weight is a finite-dimensional highest (and lowest) weight osp(1]2)
module of highest weight Ao with a highest weight vector of even parity.
Bj, A € C\ Z>g, denotes the simple module whose space of vectors of least
conformal weight is an infinite-dimensional highest weight 0sp(1]|2) module
of highest weight Ao with a highest weight vector of even parity.

B, , A € C\ Z<q, denotes the simple module whose space of vectors of least
conformal weight is an infinite-dimensional lowest-weight osp(1|2) module
of lowest-weight Ao with a lowest-weight vector of even parity.

Ciss (A € C/2Z, s € C satisfying s? # (1 + %)2 for all p € [A\]U[X+1],
denotes the simple module whose space of vectors of least conformal weight
is a dense o0sp(1|2) module, which is characterised by its weight support
and the action of the osp(1]|2) super-Casimir operator. The weight support
of even vectors is [A]a, while the weight support of odd vectors is [A + 1]a.
The super-Casimir acts as multiplication by s on even vectors and —s on
odd vectors.

e In the Ramond sector, Zy-graded simple relaxed highest weight osp(1]2) mo-
dules at level k € C are characterised by the simple s[(2) weight module formed
by the vectors of least conformal weight. Since the even subalgebra of o0sp(1]2) is
isomorphic to s[(2), the simple root of this subalgebra is 2« (equivalently, « is the
fundamental weight).

(5)

(6)

Fx, A € Z>p, denotes the simple module whose space of vectors of least
conformal weight is even and is the finite-dimensional highest (and lowest)
weight s[(2) module of highest weight Aa.

Dj\', A € C\Zxg, denotes the simple module whose space of vectors of least
conformal weight is even and is an infinite-dimensional highest weight s[(2)
module of highest weight Aa.

Dy, A € C\ Z<q, denotes the simple module whose space of vectors of least
conformal weight is even and is an infinite-dimensional lowest-weight s[(2)
module of lowest-weight A\a.

Engr [N € C/2Z, q € C satisfying ¢ # p(p 4+ 2) for all p € [A], denotes
the simple module whose space of vectors of least conformal weight is even
and is a dense sl(2) module, which is characterised by its weight support
and the action of the s[(2) quadratic Casimir operator. Its weight support
is [AJa and the s[(2) Casimir operator acts as multiplication by q.
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We denote the simple quotient of the universal vertex operator superalgebra
constructed from osp(1|2) at level ky o, by Boj1 (u, v). The main result of this paper
can then be stated as follows.

Theorem. FEvery Zs-graded simple relaxed highest weight module over the minimal
model osp(1|2) vertex operator superalgebra, By (u,v), at level ky,, is isomorphic
to one of the following or their parity reversals.

In the Neveu—Schwarz sector:

(1) Ax, o, where 1 <i<u—1 andi is odd.

(2) B;j, where 1 <i<u-—1,1<j<v—1andi+7j is odd.

(3) B:/\H, where 1 <i<u—1,1<j<wv—1andi+j is odd.

4) C[/\],s;,j; where [N € C/2Z, 1 <i<u—1,1<j<wv—1andi+jis odd.

In the Ramond sector:

(5) Fx,or where 1 < i <u—1 and i is even.

(6) ’D;j, where 1 <i<u—1,1<j<v—1andi+j is even.

(7) D,

(8)

For the special case of u = 2 and v = 4, the above classification was proved in [2].
The (non-rigorous) classification of simple highest weight Bg; (v, v) modules, that
is, those listed as items (1), (2), (5) and (6) in the theorem above, has already been
established in the physics literature by Fan and Yu, and Ennes and Ramallo [3], [4].

In the mathematics literature, the simple modules over By (u, 1) in the Neveu-
Schwarz sector were classified by Kac and Wang in [5] and those in the Ramond
sector were later classified by Creutzig, Frohlich and Kanade [6]. In this case
all simple modules are of the type listed in part 1 of the above classification
theorem. For general u,v, the Neveu-Schwarz sector admissible simple highest
weight 05p(1]2) modules (modules whose span of analytic continuations of charac-
ters admit a closed action of the modular group) were classified by Kac and
Wakimoto [7] and this classification matches the modules of points 1 and 2.
However, as far as the author is aware, this is the first rigorous classification of
simple relaxed highest weight Zy-graded By (u,v) modules for general u, v.

The module classification presented above could now be combined with a num-
ber of recent developments. For example, recent results on character formulae for
relaxed highest weight modules [8] applied to the classification could be used to
repeat the Verlinde formula calculations of [2] using the standard module formalism
[9]-[11]. An alternative approach to computing fusion rules and Verlinde formulae,
realising the o0sp(1]2) minimal models as an extension of the tensor product of
the Virasoro and sl(2) minimal modules has also recently been completed [12]. A
further application could be the classification of simple Whittaker osp(1]2) modules
in analogy to the s[(2) classification [13].

i.j,wherelgigu—l, 1<j<v—1andi+j is even.
ENqi.;» Where NeC/2Z,1<i<u—-1,1<j<wv-—1andi+] is even.

The minimal model 0sp(1]2) vertex operator superalgebra Bg; (u,v) is a simple
quotient of the universal osp(1]2) vertex operator superalgebra by an ideal gene-
rated by a singular vector. A natural strategy for classifying simple modules over
Boj1(u,v) is, therefore, to identify modules over the universal vertex operator
superalgebra on which the ideal acts trivially. This annihilating ideals approach
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to module classification was first applied by Feigin, Nakanishi and Ooguri [14]
to certain Virasoro minimal models. In the context of 0sp(1]|2) this strategy was
first used by Kac and Wang [5], as an application of their generalisation of Zhu
algebras [15] to vertex operator superalgebras, to classify simple Neveu-Schwarz
modules when v = 1. These kinds of calculations require explicit formulae for the
singular vector generating the ideal. Unfortunately, for v > 1, the only known
general formulae are formal expressions involving non-integer powers of affine
0sp(1]2) generators [3,16] resembling those of Malikov, Feigin and Fuks [17] for
affine Lie algebra singular vectors. Converting these formulae into expressions with
non-negative integer powers is prohibitively laborious, so instead of using these
formulae, the proof of the above classification theorem presented in this paper
exploits a deep connection between free field realisations and symmetric functions
to derive expressions which are more tractable. The use of free field realisations
to study submodule structures goes all the way back to Feigin and Fuchs’ analysis
of Fock modules over the Virasoro algebra [18] and later to Wakimoto’s free
field realisation of s[(2); see [19]. The connections to symmetric functions rely on
screening operators, which were originally conceived by Dotsenko and Fateev [20]
and later formalised by Tsuchiya and Kanie [21]. Finding tractable singular vector
formulae in terms of symmetric functions has a similarly long history starting with
the Virasoro algebra [22], [23] with later generalisations to other algebras, such as
affine s[(2) (see [24], [25]), the N = 1 super Virasoro algebra [26]-[28] and the
W-algebras [29], [30]. The presence of fermions (or odd fields) in vertex operator
superalgebras necessitates the consideration of skew-symmetric functions as well
as symmetric functions. Fortunately, this skew symmetry can be compensated for,
so that symmetric function methods can still be applied after considering certain
ideals, first considered by Feigin, Jimbo, Miwa and Mukhin [31], spanned by Jack
symmetric polynomials whose parameter is negative rational.

The methods presented in this article were developed for and applied to the
classification of simple modules of the triplet algebras [32], the Virasoro minimal
models [33], the affine s(2) minimal models [25] and the N = 1 superconformal
minimal models [34]. In particular, [33], [25], [34] form a series aimed at systema-
tising the classification of modules over vertex operator superalgebras which are
nontrivial simple quotients of universal vertex operator superalgebras. A conveni-
ent property of these methods is that they work in essentially the same way not only
in both the Neveu-Schwarz and Ramond sectors of a given algebra, but also across
all examples of vertex operator superalgebras considered. Since all the algebras
considered so far are rank 1, it will be interesting to see if these methods can be
generalised to higher ranks as was recently done for the singular vector formulae
of the W-algebras [30].

This article is organised as follows. In Section 1, we give a brief overview of
osp(1]2), its affinisation osp(1|2) and modules over both of these algebras. The
section concludes with the construction of the universal osp(1]|2) vertex operator
superalgebra Vi at level k and the minimal model vertex operator superalgebra
Boj1(u, v) as a simple quotient of Vi at certain rational levels, termed admissible. In
Section 2, we state explicit presentations of the untwisted and twisted Zhu algebras
of Bo1(u,v), that is, the Zhu algebras in the Neveu-Schwarz and Ramond sectors.
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The proof of these presentations is postponed to Section 4. These presentations
are then used to prove the main result of the article, Theorem 11, that is, the
classification of Zj-graded simple relaxed highest weight modules over Bg;(u,v)
and the rationality of Bgj;(u,v) in category &. In Section 3, we define the free
field algebras and screening operators necessary for the free field realisation of
Vi, and derive identities for correlation functions in preparation for proving the
presentations of the untwisted and twisted Zhu algebras. In Section 4, the presenta-
tions of the Zhu algebras are proved by evaluating the action of the zero modes of
singular vectors of Vy, , on candidate relaxed highest weight vectors. This action of
the zero modes depends polynomially on free field weights and, with the methods
used here, can only be evaluated indirectly by determining certain zeros in the
free field weights and showing that the zeros found saturate certain bounds. This
necessitates splitting the calculation into two cases depending on whether k < —1
or k > —1 in order to assure that these bounds are indeed saturated.
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reading of a previous version of this article and giving helpful feedback. The
author’s research is supported by the Australian Research Council Discovery Early
Career Researcher Award DE140101825 and the Discovery Project DP160101520.

1. The osp(1|2) vertex operator superalgebra

In this section we settle notation regarding the Lie superalgebra osp(1]2), its
affinisation and its associated vertex operator superalgebra, and recall known
results. Since this article studies Lie superalgebras and vertex operator super-
algebras, all vector spaces will be assumed to be complex vector superspaces, that
is, graded by Zs. For any vector superspace V', we denote the subspace of even
vectors by Vg, the subspace of odd vectors by V7 and the parity reversal of V' by
IIV. When considering vector spaces without any obvious superspace structure,
then the grading will be assumed to be trivial unless stated otherwise, that is,
the entire vector space will be assumed to be even (examples include £T[(2) or the
B~y ghost vertex algebra considered below). We refer readers unfamiliar with Lie
superalgebras to [35] for an exhaustive discussion of the subject and to [2, Sect.
2.1] for a summary of osp(1|2) beyond that given below.

1. The finite-dimensional simple Lie superalgebra osp(1|2)

The orthosymplectic Lie superalgebra osp(1]2) is the Lie superalgebra preserving
the standard supersymmetric bilinear form of C'12, where supersymmetric means
that the bilinear form is symmetric on the even subspace and skew-symmetric
on the odd subspace. This Lie superalgebra is 5-dimensional and we choose the
following basis: {e,x,h,y, f}, where span{e, h, f} = o0sp(1|2); and span{z,y} =



SIMON WOOD

0sp(1]2)1. The non-vanishing (anti-) commutation relations in this basis are

[h,€]=2€, [€7ﬂ:h, [h,f}:—Qf,
[evy} = =, [h,l’} =, [h7y} =Y, [f» (E] =Y (1)
{1‘,1‘} = 2e, {Iry} = h, {y7y} =-2f.

In their standard normalisation, the non-vanishing pairings of the invariant bilinear
form on osp(1]2) are

n(h,h) =2, n(e,f) = m(f, e) =1, /i(x,y) = —ﬁ(y,x) = 2. (2)

The (anti-)commutation relations (1) imply that the even subspace of asp(12)
is isomorphic to sI(2) and that h spans a choice of Cartan subalgebra for both
0sp(1]2) and s[(2). We denote by « the simple root corresponding to the root
vector z, whose length with respect to the norm induced from (2) is |la* = 1/2.
Note that, for the copy of s[(2) sitting inside osp(1|2), the simple root is 2« and
thus « is the fundamental weight of s[(2).

Definition 1. A weight module over a Lie superalgebra is a module over that
algebra which decomposes into a direct sum of simultaneous eigenspaces of the
Cartan subalgebra. The weight support of a weight module is the set of all weights
for which the corresponding weight space is non-trivial.

In this article we shall focus exclusively on weight modules and hence the
subalgebras of the universal enveloping algebras of osp(1|2) and sl(2) which pre-
serve weight spaces will prove vital. These subalgebras are just the centralisers of
the Cartan subalgebra.

Lemma 1. Let g be a Lie superalgebra with choice of Cartan subalgebra by and let
C(b,g9) ={weU(g) : [h,w] =0, Vh e b}

be the centraliser of b in the universal enveloping algebra of g.

(1) As an associative algebra
C(b, 0sp(1]2)) = C[h, X,

where ¥ = xy — yx + 1/2 is the super-Casimir of osp(1/2).
(2) As an associative algebra

C(h,sl(2)) = Clh,QJ,

where Q@ = h?/2 + ef + fe is the quadratic Casimir of s[(2).

Part 2 of the above lemma is well known and part 1 is an immediate consequence
of Pinczon’s work [36] on the universal enveloping algebra of 0sp(1]2) and Lesni-
ewski’s discovery [37] of the super-Casimir of osp(1|2). While part 1 is surely also
known, the author was not able to find a source and so a proof has been given for
completeness.
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Proof. Tt was shown in [36] that the centre of the universal enveloping algebra is
isomorphic to C[Q°*P(11?)], where

osp(1f2) _ L2 -
Q —2h +ef+ fe 2xy+2yx—22 5
is the quadratic Casimir of 0sp(1|2). Further, it was shown in [37] that the super-
Casimir ¥ commutes with all even elements of 0sp(1|2) and anticommutes with all
odd ones.

To prove the proposition, fix any Poincaré-Birkhoff-Witt ordering of the bases
of 0sp(1]2) and s[(2) and note that since 2> = e and y?> = —f, the exponents
of z and y in an element of the Poincaré-Birkhoff-Witt basis of osp(1]2) are
at most 1. Every element of the Poincaré-Birkhoff-Witt basis is an eigenvector
of the adjoint action of the Cartan subalgebra. Hence, the centraliser algebras
C(h,0sp(1]2)) and C(h, s[(2)) are spanned by Poincaré-Birkhoff-Witt basis vectors
whose eigenvalues are 0. Within such basis vectors, every occurrence of the f
generator must be countered by an e and vice versa for both osp(1|2) and s[(2).
Similarly, for osp(1]2), every occurrence of y must be countered by an = and vice
versa. Using the commutation relations, the generators in these basis vectors can
be reordered, so that that basis vectors become sums of monomials in h, fe, yx for
0sp(1]2) and h, fe for s[(2). It then follows by direct computation that

1 1 1 3 1
=—(h-%+= - PO B
yx 2<h +2>, fe 4(h+ +2)<h +2>,

for 0sp(1]2) and for sl(2) that

1 1
fe:2<Q—2h2—h>.

The algebraic independence of h and 3 then follow from the algebraic independence

of h and @, since any algebraic relation of h and % would also imply a relation for
hand Q. O

As mentioned in the proof above, the quadratic Casimir operator of 0sp(1]2) has
the nice property of freely generating the centre of the universal enveloping algebra
of 0sp(1]2), however, the super-Casimir operator ¥ shall prove to be far more
convenient in the considerations that follow. For example, isomorphism classes
of simple 0sp(1|2) weight modules can be characterised in terms of their weight
support and the action of the super-Casimir operator 3. Similarly, isomorphism
classes of simple s[(2) weight modules can be characterised in terms of their weight
support and the action of the Casimir operator Q.

Theorem 2 (Block [38], [39]). Any simple sl(2) weight module is isomorphic to
one of the following:
(1) The simple (A +1)-dimensional module F» which is both highest and lowest-
weight, where X\ € Z>q. The weights of the highest and lowest-weight vectors
are Aa and —\a, respectively, and the eigenvalue of @ is A\(A +2)/2.
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The simple infinite-dimensional highest weight module 5;, where A € C\
Z>o. This module is generated by a highest weight vector vy of weight Ao,
which therefore satisfies evy = 0 and hvy = Avy. A basis is given by the
weight vectors {f"vx : n € Z>o} and the eigenvalue of Q is A(A+2)/2.
This is an example of a Verma module.

The simple infinite-dimensional lowest-weight module D, , where A € C \
Z<p. This module is generated by a lowest-weight vector vy of weight Ao,
which therefore satisfies fux = 0 and hvy = Avx. A basis is given by the
weight vectors {e"vy : n € Z>o} and the eigenvalue of Q is A(A—2)/2.
This is an example of a Verma module for which f (as opposed to e) has
been chosen as the simple root vector.

The simple infinite-dimensional dense weight module € 4, with [\] € C/2Z
and q € C satisfying q # p(p + 2) for all u € [N]. This module is generated
by a weight vector vy 4 that is neither highest nor lowest-weight, satisfying
hvy g = Avag and Quyg = qua,g, and has a basis of weight vectors {vy 4,
e"x g, [ Urg 1N E L>1}.

Theorem 3. Any simple Zs-graded osp(1]2) weight module is isomorphic to one
of the following or its parity reversal:

(1)

The simple (2A+1)-dimensional module Ay which is both highest and lowest-
weight, where A € Z>q. The highest and lowest-weight vectors both have even
parity and their respective weights are Aa and —Aa. The eigenvalue of X is
A(A+1)/2 on even vectors and —A(A+ 1)/2 on odd vectors.

The simple infinite-dimensional highest weight module E:, where A € C\
Z>o. This module is generated by an even parity highest weight vector vy
of weight Ao, which therefore satisfies xvy = 0 and hvy = Avy. A basis of
weight vectors of this module is given by {y"vx : n € Z>o}. The eigenvalue
of ¥ is A(A+1)/2 on even vectors and —A(A+1)/2 on odd vectors. This
is an example of a Verma module.

The simple infinite-dimensional lowest-weight module B, , where A € C\
Z<p. This module is generated by an even parity lowest-weight vector vy,
which therefore satisfies yvy = 0 and hvy = Avy. A basis of this module
is given by the weight vectors {z"vy : n € Z>o}. The eigenvalue of ¥ is
A(A=1)/2 on even vectors and —A(A —1)/2 on odd vectors. This is an
example of a Verma module for which y has been chosen as the simple root
vector.

The simple infinite-dimensional dense weight module é[,\],s, with [\] € C/27Z
and s € C satisfying s2 # (u+ 1/2)% for any p € [N|U[A + 1]. This module
1s generated by an even parity weight vector vy s that is neither highest nor
lowest-weight, satisfying hvy s = vy s and Xvy s = svy s, and has a basis
of weight vectors {vy s, " Ux 5, Y Vx5 : N E L>1}.

Note that the parity reversal of 6[)\],5 18 H@p\]’s ~ @[)\H],,S.

See [40] for a proof of Theorem 2 and a comprehensive discussion of s[(2) module
theory. The proof of the classification of simple 0sp(1]|2) weight modules is similar
to that of s[(2) and was given in [2].
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2. The affinisation of osp(1|2)

The Lie superalgebra osp(1]2) can be affinised by constructing its loop algebra and
centrally extending it. It is common to add a degree operator to ensure that the
induced invariant bilinear form on the newly constructed affine Lie superalgebra
is non-degenerate. Here, however, we shall always identify the action of such a
degree operator on modules with that of the negative of the Virasoro Ly operator
of the Sugawara construction. We therefore omit the degree operator from the
affinisation of 0sp(1|2). We consider two affinisations osp(1[2), and 0/5\13(1\2)1/27
identifiable by spectral flow isomorphisms, which we shall respectively refer to as
the Neveu-Schwarz and Ramond affinisation. We shall suppress superscripts and
just write 0sp(1]2) whenever the distinction between the two affinisations is not
important. Though these two affinisations are isomorphic, their conformal gradings
differ and thus so do the module categories which one considers for each algebra.

As vector spaces the Neveu-Schwarz and Ramond affinisations of osp(1]2) are
given by

05p(1]2), = osp(1]2) ® C[t,t '] & CK
o/s\p(1|2)1/2 = span{e, h, f} @ C[t,t '] @ span{z,y} @ C[t,t"]t'/? & CK.

The (anti-) commutation relations of these two algebras are constructed from those
of 0sp(1]2) and are given by

[am, bn] = [a,b] @ ™™ + mki(a,0)0min0, am=a@t", by =bRt",

where a,b € 0sp(1]|2) are homogeneous vectors of definite parity, [ , | denotes
either the commutator or the anti-commutator depending on the parities of a and
b and m,n lie in Z or Z + 1/2 depending on the parities of a,b and the algebra
considered. Finally, K is even and central. Here and hereafter we shall also suppress
the t variables and write a., instead of a ® t".

The Neveu-Schwarz and Ramond affinisations of 0sp(1]2) admit triangular de-
compositions as well as relazed triangular decompositions. For the Neveu—Schwarz
affinisation we choose the decompositions

0sp(1[2), = 05p(1[2); & b & 0sp(12)g
0’5\13(1|2)8 = span{e,n,w,n,h,n,yl,n,fl,n 1 ne Z*}7
o/s\p(l|2)3' = span{en—1,Tn—1,An, Yn, fn : nE LT},
b = span{ho, K},
65p(1]2), = 05p(1|2) @ 05p(1[2)g @ 05p(1[2)
0sp(1]2)g = span{e_n, T_p, hep,Yon, fop : nEZT}

0/5\13(1|2)(? = Span{en7xnahnayn7fn tne Z+}7
0sp(1]2)g = 0sp(1]2) @ CK,

where the decomposition on the left is the usual triangular decomposition into
negative roots, a Cartan subalgebra and positive roots, and the decomposition on
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the right is a relaxed triangular decomposition. For the Ramond affinisation we
choose the decompositions
05p(1[2), )5 = 0p(1[2); 5 oho 0sp(112) ),
@3(1|2);/2 = Span{e—naxl/Q—nah—nayl/Q—na fin : nE Z+}7
0/5\13(”2);2 = span{en_1, Tp_1/2, hns Yn—1/2, fn = n € L'},
b = span{ho, K},

05p(112), /5 = 05p(1[2)})5 B 05D (12)7 /5 @ 05P(1]2)7)s,
0/5\p(1|2) = span{e,n,xl/g_mh,n,yl/z_n, fon i mE€E Z+}
o/s\p(l|2)1 = span{en,xn 1/2s s Yn—12, fn = M € Z+}
0sp(112)} , = sl(2) & CK,

where the decomposition on the left is the usual triangular decomposition and
the decomposition on the right is a relaxed triangular decomposition. Finally, the
parabolic subalgebras are denoted by

0sp(112); = 05p(1[2); @ 0sp(1]2);

Definition 2. Let M be an 0sp(1]2)_ module. A relazed highest weight vector m €
M is a simultaneous eigenvector of the Cartan subalgebra b which is annihilated
by o/ﬁ\p(l|2)€>. Further, M is said to be a relaxzed highest weight module if it is
generated by a relaxed highest weight vector and is said to be a relazed Verma
module if it is isomorphic to

0sp(1]2), Vi
I dﬁ(l‘2)> M - U(05P(1‘2)6) ®U(O/a3(1‘2)?) M,
where U(05p(1|2),) denotes the universal enveloping algebra and M is some simple
o/s\p(l|2)8 weight module upon which 05p(1]2). acts trivially.

Since in the Neveu-Schwarz and Ramond sectors, respectively, we have

63p(1[2)0 = 0sp(1]2) & CK,
55p(112)} ), = s1(2) © CK,

Neveu-Schwarz and Ramond Verma modules are respectively induced from
05p(1|2) and s(2) modules on which the central element K to act as k -id, k € C.
For Ramond Verma modules, the sl(2) modules they are induced from will be
assigned even parity.

The above triangular decompositions suggest certain natural module categories
within which to consider weight modules.

Definition 3. Category Z is the category of 65p(1|2). modules M which satisfy
the following axioms:
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M is Zo-graded.

M is finitely generated.

M is a weight module (the action of the Cartan subalgebra is semisimple).
The action of o/s\p(1|2)€> is locally nilpotent: For any m € M, the space
U(o/s\p(1|2)€>) - m is finite-dimensional.

The morphisms are the 65p(1|2), module homomorphism between these modules.
Category € is the full subcategory of category % whose modules satisfy the
additional property

e The action of 0sp(1]2)." is locally nilpotent.

All relaxed highest weight modules belong to category # and highest weight
modules belong to category ¢ and thus also %. Additionally, since osp(1]2),
has finite-dimensional root spaces (if one grades by both osp(1]|2) and conformal
weight), finite generation implies that each module in % has finite-dimensional
weight spaces (again, if one grades by both 0sp(1]2) and conformal weight). If one
grades only by conformal weight or only by osp(1]|2) weight, then the weight spaces
will be infinite-dimensional in general. Finally, the axioms also imply that every
module in category # contains a relaxed highest weight vector, thus the simple
objects of category & are simple relaxed highest weight modules.

Definition 4. We denote the unique simple quotients by maximal proper submo-
dules of the inductions of the modules of Theorems Theorems 2 and 3 by the same

symbols with the overline removed. To simplify notation, we suppress the algebras
appearing in the super- and subscript of Ind”';gﬂ;;>
n the Neveu—Schwarz sector:

I
(1) Ay, where X € Z>, is the simple quotient of Ind A,.

(2) By, where A € C\ Zxo, is the simple quotient of Ind BA
(3)

4) ¢

3 B)\ , where A € C\ Z<y, is the simple quotlent of Ind B, .
4 s with [\] € C/2Z, s € C satisfying s* # (n+1/2)° for any p €
[)\] [A 4 1], is the simple quotient of Ind Cpy .

n the Ramond sector:

Fy, where X € Z>g, is the simple quotient of Ind Fy.

I

(5)

(6) Dy, where A € C\ Zxo, is the simple quotient of Ind 5—;.
(7) D,
(8)

8) &nj,q> With [A] € (C/2Z, q € C satisfying ¢ # p(pu + 2) for any p € [A], is
the simple quotient of Ind &}y 4.

Finally, before considering the vertex operator superalgebras that can be const-
ructed from o0sp(1|2), we introduce a family of isomorphisms o*, ¢ € 1Z, called
spectral flow. These relate Neveu-Schwarz and Ramond aﬂimsatlons of 05p(1|2)
The images of the basis vectors of 0sp(1]2) under o* are

Ul(en) = €n—2¢, Ul(l.n) = Tn—t, O_Z(hn) =h, — 2€5n,0K7

5
UZ(K) =K, Uz(yn) = Yn+e, Ue(fn) = fn+ae- )
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Clearly, the spectral flow isomorphism of is an automorphism relating the
Neveu-Schwarz and Ramond affinisations to themselves if ¢ € Z, otherwise it
maps from the Neveu—Schwarz to the Ramond affinisation and vice versa. Algebra
isomorphisms such as the spectral flow isomorphism o lead one naturally to
consider modules whose algebra action has been twisted by such an automorphism.

Definition 5. Let A and B be Lie superalgebras, ¢ : A — B an isomorphism and
let M be a module over B, then we define, ¢~'M, the twist of M by ¢, to be the
A-module which as a vector superspace is just M but on which the action of A is
defined to be

a-¢gm=¢(a)m, VaecA, Yme M.

Because the spectral flow isomorphisms do not preserve the triangular decom-
positions (3) or (4), the twist of a module in category £ need not lie in category
Z. However, the algebra isomorphism ¢ defined by

C(en) = _fn+17 C(-'L'n) = —Yn+1/25 C(hn) = _hn + 267170[(7

CE) =K, ) =2nrjer C(fn) = —eno. ©)

preserves the standard triangular decompositions of 65p(1]2), that is, ¢ (65p(1]2)7)
= o/-s\p(1|2)1i/2_6 and ( (6) = . Twisting by ¢ therefore defines functors mapping
between the Neveu—Schwarz and Ramond sectors of category &. In particular, the
twist of a highest weight Neveu—Schwarz module at level k of highest weight A« is
a highest weight Ramond module at level k of highest weight (k — A)a.

Remark 1. Our choice of representation category is informed by physics considera-
tions coming from conformal field theory as well as technical considerations coming
from Zhu’s algebra, an associative algebra to be discussed below. A necessary
condition for the consistency of a conformal field theory is that the representation
category be closed under fusion and conjugation. Additionally, one generally re-
quires characters to be well defined and to behave well under modular transforma-
tions so that modular invariants can be identified and fusion rules at the level of the
Grothendieck group can be computed from Verlinde-like formulae. Neither closure
under fusion nor conjugation appear to be satisfied for category & when considering
non-integral admissible levels, see [11] for the case of s[(2), [41] for the v ghosts
or [2] for 0sp(1]2) at level kK = —5/4. While the generalisation to category Z yields
closure under conjugation, the Verlinde-like formulae in [2], [11], [41], computed
using the standard module formalism, indicate that category #Z does not close
under fusion and indeed also that the action of the modular group does not close
on the span of category & characters.

The reason for focusing on category & is that modules in category Z will always
contain relaxed highest weight vectors and Zhu’s algebra can be interpreted as the
associative algebra of zero modes of fields acting on relaxed highest weight vectors.
As Zhu algebra methods are blind to modules not containing relaxed highest weight
vectors, category Z is the largest category in which Zhu algebras can be used for
module classification.

The success of the standard module formalism as a conjectured generalisation
of the Verlinde formula for rational theories suggests that the natural module
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category to work with is the smallest category containing %, all twists of Z by the
spectral flow isomorphisms o and all extensions of modules in these categories.

3. The affine osp(1|2) vertex operator superalgebra

The affine 0sp(1|2) vertex operator superalgebras are constructed by inducing from
the trivial 0sp(1|2) module. Let Cy, k € C\ {—3/2} be the 1-dimensional sp(1]2);
module on which osp(1]2) acts trivially and on which the central element K acts as
k-id. As an osp(1]2), module, the universal osp(1|2) vertex operator superalgebra
V. is given by the relaxed Verma module induced from Cy, that is,

Vy, = md”" %o ¢,

55p(1|2)5

As a vertex operator superalgebra Vy is freely generated under normal ordering
and taking derivatives by 5 fields, labelled by the basis vectors of osp(1]2), subject
to the operator product relations

Ii(a, b) N [a, b](w)

(z —w)? z—w

a(z)b(w) ~ , a,b e osp(l]2).

The Virasoro field, whose Laurent expansion coefficients generate the Virasoro
algebra, is given by the standard Sugawara construction.

1 1
T(z):m (izh(z)Z: +e(2)f(2): + :f(2)e(2): o
1 1

5 @(2y(=): +3(=)a(=))
We follow the definition given by Frenkel and Ben-Zvi [42, Chap. 5.1], aug-
mented to include a Zs grading by parity, for modules over a vertex operator
superalgebra. Note that this implies that a module over Vy, is just a smooth Zo-

graded level k 0sp(1]2)-module and vice versa.

Corollary 4. All modules in the Neveu-Schwarz sector of % are modules over
V., while all modules in the Ramond sector of Z are modules twisted by the parity
automorphism over Vi, that is, modules for which the action of odd fields has half
integer monodromy about 0.

We call a non-zero vector of a Vi module singular if it is a simultaneous
eigenvector of hy and Ly, and is annihilated by all positive root vectors, that
is, by 0/5\]3(1|2)5r . The highest weight vectors which generate Verma modules are
prominent examples of singular vectors.

Proposition 5 (Gorelik and Kac [43]). The vertex operator superalgebra Vi, k €
C\ {-3/2} has a non-trivial proper ideal if and only if there exist integers u > 2,
v > 1 satisfying u — v € 2Z and ged(u, (u —v)/2) =1 such that

% +3="2.
v
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Further, the ideal is unique (the only other ideals are the trivial one and the ver-
tex operator superalgebra itself) and it is generated by a singular vector Xy of
0sp(1]2) weight (u — 1)a and conformal weight (u — 1)v/2.

Note that since the ideal of Theorem 5 is unique, Vj admits no singular vectors
other than x, ., and the vacuum vector, up to rescaling. We refer to the levels
satisfying the conditions of Theorem 5 as admissible and parametrise them as

u— v

ku )y — .
! 2v

Definition 6. Let u > 2, v > 1 be integers satisfying
u—v€2Z and ged(u,(u—wv)/2)=1. (8)

The minimal model osp(1|2) vertex operator superalgebra By (u,v) is defined to be
the unique simple quotient of the universal 0sp(1]|2) vertex operator superalgebra
V.. . by its maximal proper ideal:

u,v

Vi,

Bon (2 2) (Xuv)

Our choice of notation for By (u,v) mimics Kac’s notation for osp(1]2) in his
classification of simple Lie superalgebras [1]. Here and hereafter it will always
be assumed that the variables u and v satisfy the conditions of Theorem 5 and
Definition 6. In the context of any formulae that u, v appear in, the level will always
be taken to satisfy Theorem 5. Since By (u, v) is a quotient of Vy, ,, a module over
Vi, is also a module over Bg|; (u,v) if and only if the ideal (x,.) acts trivially.
This clearly holds in both the Neveu—Schwarz and the Ramond sectors, that is,
for both untwisted and twisted modules.

2. Zhu algebras and module classification

Zhu algebras are associative algebras constructed from vertex operator super-
algebras. They can be interpreted as the algebras of zero modes of vertex operator
superalgebra fields acting on relaxed highest weight vectors. They are invaluable
aides to module classification, because there is a one-to-one correspondence bet-
ween simple Zhu algebra modules and simple relaxed highest weight vertex opera-
tor superalgebra modules. This is due to the fact that the space of relaxed highest
weight vectors of a simple relaxed highest weight vertex operator superalgebra
module is naturally a Zhu algebra module and conversely any Zhu algebra module
can be induced to a vertex operator superalgebra module whose space of relaxed
highest weights is the Zhu algebra module. As their name suggests, Zhu algebras
were originally considered by Zhu [15] for vertex operator algebras. Zhu’s work was
then later generalised to untwisted modules over vertex operator superalgebras by
Kac and Wang [5] and to twisted vertex operator superalgebra modules by Dong,
Li and Mason [44]. We refer to [34, App. A] for the definitions and conventions
used here.
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Proposition 6. For k € C\ {—3/2}, the untwisted and twisted Zhu algebras of
V. are
Zhu[Vi] = U(osp(1]2)), Zhd"[Vg] = U(s1(2)).

The untwisted case was proved in [5] and the twisted case in [2]; both follow from
the same reasoning as in [45] where non-super affine Lie algebras were considered.

Proposition 7. Let v > 2, v > 1 be integers satisfying the condition (8). The
untwisted and twisted Zhu algebras of Bojy (u,v) are

U(osp(1/2))
<[Xuv]> ,
U(sl(2))

(D]’
U(s!(2))

<[y0Xuv]T>

I

Zhu [Bou (u, U)}

u, v odd,
ZhUT [Bou(u,l})} =
u,v even,

where ([xuw]) and ((Xuw|") (or {[YoXxu]")) are the two-sided ideals generated by
the images of the singular vector Xu., (07 Yoxu,w) in the algebra Zhu[Bgi(u,v)]
and Zhu" [Byy1 (u, v)], respectively.

The above presentations for the untwisted and twisted Zhu algebras were proved
n [2]. We will be computing the image of the singular vector in the Zhu algebras by
evaluating certain polynomial constraints. These constraints are only meaningful
once one knows that the image of the singular vector is non-zero.

Lemma 8. Let u > 2, v > 1 be integers satisfying the condition (8). The image
of the singular vector Xy, of Vi, , in the untwisted and twisted Zhu algebras is
non-zero.

Proof. We prove the lemma by contradiction. If the image of the singular vector
were zero in the untwisted or twisted Zhu algebras, then the two-sided ideals of
Theorem 7 would be zero ideals. Hence the Zhu algebras of Vy, , and Bgji(u,v)
would be isomorphic and every module over a Vi Zhu algebra would also be a
module over the corresponding By|; (u, v) Zhu algebra. This would imply that every
simple Vi, . module would also be a simple Bo‘l(u v) module and in particular
that the ﬁeld Xu,w(2) acts trivially on every simple Vy, , module.

Consider the mode of x, ,(2) of index —(u — 1)v/2, that is, the coefficient of
Y. This mode acts non-trivially in Vj, , and therefore corresponds to a non-zero
element in (a completion of) the universal enveloping algebras of osp(1]2),, in
particular its projection onto the universal enveloping algebra of the subalgebra
0sp(1[2), @b is non-zero. So applying this mode to the highest weight vector of the

Verma module Ind E;\r evaluates to a non-zero linear combination of monomials
in 0sp(1]2), generators with non-positive index, where all occurrences of hg are
replaced by A, that is, the coefficients of the monomials will be polynomials in

A. These polynomials cannot vanish for every simple Verma module Ind E:\i_, since
there are infinitely many values of A for which Ind gi_ is simple. This contradicts
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Xu,(2) acting trivially on every simple Vj, , module, thus the image of the singular
vector in the untwisted Zhu algebra must be non-zero.

The twisted case follows from the untwisted case. Since there are simple Neveu—
Schwarz Verma modules Ind Ej\r which are not modules over By, (u, v), the Ramond

Verma module Ind f; y=C (Ind E—;) is also not a twisted module over Bg; (u,v)
and thus the image of the singular vector in the twisted Zhu algebras must be
non-zero. L[]

Recall that the Zhu algebras are filtered by conformal weight and so vectors
in osp(1|2) such as e and h are assigned degree 1 in the Zhu algebras because
they are the images of the conformal weight 1 fields e(z) and h(z). The conformal
weight of the Virasoro field is 2 and its image in the untwisted and twisted Zhu
algebras is proportional to the quadratic Casimirs Q°°(1|2) and @, respectively,
which are therefore assigned degree 2. Finally, since the osp(1]|2) quadratic Casimir,
Q°°?(12), is quadratic in the super-Casimir, X, the degree of ¥ in the untwisted
Zhu algebra is 1.

Lemma 9. Let u > 2, v > 1 be integers satisfying the condition (8). Then in the
untwisted Zhu algebra of Vi, , the image of the singular vector is

9)

] = e(“_l)/2g(h,2) if u,v odd,
“r e(ufz)/ng(h,Z) if u,v even,

while in the twisted Zhu algebra it is

[Xuo]” = V2g (h,Q) ifu,v odd,

. ) (10)
oXuw]” = e D2g.(h,Q) ifu,v even,
where g and g, are polynomials whose degrees satisfy
u—1)(v—1 u—1)(v—1)+1
acgg(n,9) < VT g g < DU ZUEL gy

Proof. The osp(1]2) weight of the singular vector is (u — 1) and so the images of
the singular vector in the untwisted and twisted Zhu algebras are elements of the
universal enveloping algebras of 0sp(1]2) and s[(2), respectively, of the same weight.
Since osp(1]2) and s[(2) are rank 1, it is clear that any homogeneous element of
the universal enveloping algebras of positive weight can be written as the product
of a monomial in the positive root vectors and an element of the centralisers of
the Cartan subalgebra introduced in Theorem 1. The images of the singular must
therefore be as given in (9) and (10).

Since the conformal weight of the singular vectors is (u — 1)v/2, the total degree
of the images of the singular vectors is at most (u — 1)v/2. The factors of e and
z in the images of the singular vectors each contribute 1 unit of degree and the
right-hand sides of the inequalities of (11) are just the upper bounds on how many
units of degree the polynomials g and g, can contribute. [J
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Definition 7. The Kac table of By (u,v) is the set of pairs of integers
Kuw={(i,j) : 1<i<u—-1,1<j<v-1}
and the Neveu—Schwarz and Ramond Kac tables are the subsets
KNS {(i,7) € Ky @ i+ jis odd},
—{( J) € Ky @ i+ 7 is even},

respectively. Let ~ denote the equivalence relation on K, , given by (4, 5) ~ (¢, 5)
if and only if (i,75) = (¢/,5') or (¢,7) = (v —4',v — j'). The reduced Kac table,
the reduced Neveu—Schwarz Kac table and the reduced Ramond Kac table are then
respectively defined to be

Ru,v = Ku,v/N7 RS,S’U = KS,%/'\U = KS@/N :
For ¢,5 € Z, let

N e G Vi i ou (uj — vi)? — 402
s 2 = —_ _—— S; s = = — — =
hT Ty 4 DA S WEAR Y 8v2

Theorem 10. Let u > 2, v > 1 be integers satisfying the condition (8). Up to
normalisation, the images of the singular vectors X, in Vi, , are given by the
following formulae: In the untwisted Zhu algebra,

ew=D/2g(2)  u,v odd,
[Xu v] =

ew=2/224(%)  u,v even,

and in the twisted Zhu algebra,

_ ww) u, v odd,
elu 2)/297(62) _ {[X ]

[yOXu,vr u,v even,

where

9@ = JI E-sy) ad ¢:(Q= TJ] (Q-ay) (12)

(4,4) EKIS, [(i,1))EKT

The proof of the above polynomial formulae is where most of the effort of
this paper is spent. The main idea is to evaluate the action of the zero mode
of the singular vector on candidate relaxed highest weight vectors. Since the
images of the singular vector in the Zhu algebras are polynomials in osp(1|2) or
s[(2) generators, these polynomials can be determined through sufficiently many
evaluations. Unfortunately, closed formulae for singular vectors are notoriously
hard to find. We sidestep this issue by constructing the singular vector x,, , within
free field realisations as the image of screening operators. However, these free field
methods require significant preparation and so, for greater clarity of presentation,
we postpone the proof of Theorem 10 to Section 4 where it has been split up into
four cases: Theorems 25, 26, 28 and 29.
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Theorem 11. Let u > 2, v > 1 be integers satisfying the condition (8). The mi-
nimal model 0sp(1|2) vertex operator superalgebra Boji(u,v) is rational in category
O in both the Neveu—Schwarz and Ramond sectors, that is, both sectors admit only
a finite number of isomorphism classes of simple modules and every module is
semisimple. Any simple Bojy (u,v) module in category % is isomorphic to one of
the following mutually inequivalent modules.

In the Neveu—Schwarz sector:

(1) .A)\LD or ILAy, ,, where 1 < i <u—1 and i is odd.

(2) B ¥ or HBJZJ,, where (i, ) € KI5,

(3) B i, or IBZ,, . where (i,5) € KNS

(4) Cixj,s,,, where [N € C/2Z, (i,5) € KE% and 3 ; # (u+ 1/2)% for all p €

[)\] (A +1].
In the Ramond sector:
(5) .7'} o orILFy, ,, where 1 <i<wu—1 and i is even.
(6) Dy, or HD*‘I_.J_, where (i, j) € K% .
(7) D ’m or HD’:)\M, where (i,]) € KR
®) &

8 Laiy o7 &N, ,» where [\] € C/2Z, [(i,7)] € Kiv and ¢; ; # p(p + 2)

for all € [A].

Note that the parity reversals of the dense modules Cjy),, ; do not need to be
included, as IICy s, ; = Cinr1),—s;; = Cnti)suiiny-

Proof. The theorem follows by evaluating the action of the image of the singular
vector in the untwisted and twisted Zhu algebras on the simple modules of Theo-
rems 2 and 3. Those simple 0sp(1]2) and s[(2) modules on which the image of the
singular vector acts trivially can be induced to modules over By (u,v).

In both the Neveu-Schwarz and Ramond sectors, the factors of e and z in the
image of the singular vectors cannot act trivially on infinite-dimensional simple
weight modules. They do however act trivially on finite-dimensional simple weight
modules up to a certain dimension, that is, those of items (1) and (5).

For the infinite-dimensional simple weight modules, since the factors of e and
x cannot act trivially, the polynomials g or g, must. Thus, in the Neveu-Schwarz
sector the super-Casimir ¥ must act as £s; ; - id for one of the s; ; in the factorisa-
tion (12) of g. The modules for which this is the case are precisely those of items
(2)—(4). Similarly, in the Ramond sector the s[(2) Casimir ) must act as ¢, ; - id
for one of the g; ; in the factorisation (12) of g,.The modules for which this is the
case are precisely those of items (6)—(8).

To conclude rationality in category & one must show that there exist no inde-
composable extensions of modules in items (1) and (2) or modules in items (5) and
(6). Consider first the Neveu-Schwarz sector. An indecomposable self-extension
would have as its space of relaxed highest weight vectors an indecomposable self-
extension M of a simple highest weight Zhu algebra module of highest weight Aa.
Further, the weight space My, of M of weight Ao would be a two-dimensional
module over C[h, X]. If M, were semisimple it would generate two simple direct
summands of M under the action of the Zhu algebra contradicting the indecom-
posability of M. Thus M), would be indecomposable over C[h, X]. If we choose
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a Poincaré—Birkhoff-Witt ordering which places y to the left of =, then ¥ =
h — 2yxz + 1/2. By Definition 3, h acts semisimply in category & and yzx acts
trivially on the weight space of weight Ao, because both composition factors of M
contain no vectors of weight (A + 1)c. Thus, the formula for ¥ implies that ¥ acts
semisimply on the weight space M., thereby contradicting indecomposability. To
rule out indecomposable extensions of two inequivalent simple modules, M and N,
in category &, note that either the indecomposable module or its contragredient
dual would be a highest weight module and thus a quotient of a Verma module.
In particular the highest weight of the submodule would need to match the weight
of a singular vector of the Verma module. However, from [46, Thm. 3.1}, it is easy
to verify that Verma modules with highest weights as in items (1) or (2) do not
have singular vectors with weights as in items (1) or (2).

The rationality of the Ramond sector in category & follows from that of the
Neveu-Schwarz sector after twisting by the algebra isomorphism ¢ of (6): Since
¢ preserves the triangular decomposition used to define category &, the twist
of an indecomposable extension of Ramond modules in category & would be an
indecomposable extension of Neveu—Schwarz modules in category &, but no such
extensions exist in the Neveu—Schwarz sector of category & and so neither can
they in the Ramond sector of category . [

3. Free field algebras and screening

In this section we shall set the stage for proving Theorem 10 by following a line
of reasoning that has already been proved to be very successful for similar Zhu
algebra related problems [32], [33], [25], [34]. The basic idea is as follows. First we
construct a free field realisation of the universal osp(1]|2) vertex operator super-
algebra Vy, that is, we embed Vj into free field vertex operator superalgebras. Free
field vertex operator superalgebras have the convenient property of allowing one to
easily construct certain module homomorphisms called screening operators which
in turn can be used to realise the singular vector as the image of certain highest
weight vectors. Armed with these formulae for singular vectors, we then evaluate
the action of the zero mode of the singular vector on candidate relaxed highest
weight vectors to deduce the image of the singular vector in the Zhu algebras.

1. The Heisenberg free field algebra and lattice vertex algebras

The rank r Heisenberg algebra is the affinisation of the trivial r dimensional
complex Lie algebra. Though the only ranks required here will be r = 1 and r = 2,
we give the general definition for conceptual clarity. The definition presented here is
essentially the definition of “free (super) bosons” in [47]. An exhaustive description
of lattice vertex algebras is given in [48] and all results of this subsection are a
specialisation of those of [48].

Let #H, be an r-dimensional complex (purely even) vector space together with
a symmetric non-degenerate bilinear form (—, —) (recall that all such forms are
equivalent over the complex numbers). The Heisenberg algebra is given by

9 =H, @C[t,t7'] & C1,
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as a vector space, where 1 is the central element which will always be identified
with the identity when acting on modules. The Lie bracket is given by

[@m,bn] = m(a,0)0minol, am=a®t™, b,=0t", a,becH,. (13)
The usual triangular decomposition of the Heisenberg algebra is then given by
9t =H, 2 C[tt)t*, HY=H,®C1.

The Verma modules with respect to this decomposition are called Fock spaces and
they are all simple. Writing 2 = $;7 @ $°, we define

Fy = Indgg Clb), beH,,

to be the Verma module induced from the 1-dimensional S’,)TZ module characterised
by
aolb) = (a,b)|b), 1|b) = [b), $H,7[b) = 0.

Definition 8. Let ., be an r-dimensional complex vector space with any choice of
symmetric non-degenerate bilinear form (—,—) and any choice of basis {a!,...,a"}.
The rank r Heisenberg vertex algebra is the unique vertex algebra that is strongly
generated by fields a'(z),...,a"(z) (one for each basis vector), subject to the
defining operator product expansions
: j (a’i?aj) . .
a'(z)a’(z) ~ ——=%, 1<4,j<r,

and satisfies no additional relations beyond those required by vertex algebra axi-
oms.

The operator product expansions (8) imply that the modes of the Laurent
expansions
a(z) = Z anz "t a€H,
nez
satisfy the commutation relations (13) of the Heisenberg algebra $,.. As a module
over itself H,. corresponds to Fy. The Heisenberg vertex algebras admit continuous
families of conformal structures, however, we shall wait until later applications to
choose a specific one.

Vertex operators are maps between Fock spaces whose definition requires us to
extend the universal enveloping algebra of the Heisenberg Lie algebra U($),.) by
the group algebra C[H,.], where #, is viewed as an abelian group under vector
space addition. For any vector a € H,., we denote the corresponding group algebra
element by e®. Then C[H,] ® U($),) is an associative algebra after imposing the
relations

[an,e’] = (a,b)0,0e", a,bEHncZ

Finally, we define the group algebra elements to act on the highest weight vectors
of Fock spaces in the following way:

e?[b) = |a + b).
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For any a € H,., the vertex operator V,(z), corresponding to a, is given by

a—m am
zm) exp(f—z m).
m m

On Fock spaces V,(z) defines a map
Va(z) : Fp = Foyp [[27 z_l]] 2(a:b)

and the composition of ¢ vertex operators associated to vectors al, ..., a¢ € H, is
given by

Val (Zl) R Va[, (Ze)

T ¢, ¢ i ¢ i
= TGt T oo (1 oo %),

1<i<j<t m>1 i=1 i=1

Lattice vertex algebras are (infinite order) extensions of Heisenberg vertex al-
gebras H, constructed by picking linearly independent vectors a!,...,a™ in H,
such that the pairings of these vectors are integral. Let <a1, . ,am> =P, Za'
denote the lattice in #, generated by a',...,a™.

Definition 9. Let H, be an r-dimensional complex vector space with a choice of
symmetric non-degenerate bilinear form (—, —) and associated Heisenberg vertex
algebra H,., further let {a',...,a™}, 1 < m < r be a choice of linearly independent
vectors in ‘H,., such that the pairings of these vectors are integral. The lattice vertex
algebra Liq1 .. omy is the extension of H, = Fy which as a vector space is given by

L(al,...,a"”> - @ IFH == @ Fn1a1+~~+nma""7

nE(al,...,a™) N1y N €Z

where the state-field correspondence is uniquely determined by assigning to each
highest weight vector [nja' + -+ + n,,a™) the vertex operator V,, 41 1., am (2).

Remark 2. Note that we are not requiring the pairing on the lattice in the above
definition to be even or positive definite, as it will be necessary to consider indefinite
lattices for the free field realisation of the §v ghost vertex algebra constructed
below.

Proposition 12. Let <a1,...,am>* ={peH, : (u,\) €ZVN€ <a1,... am>}
be the dual of <a1, ol am> inH,. For each coset [\] € <a1, A am>*/<al7 ... ,am>,

Fpy= @D Faw

pEfat,emam)

)

is @ module over Lig1 . my.

Proof. Clearly the action of L(41 . 4m) closes on F[yj, so the only potential obstruc-
tion to F[y) being a module (and not a twisted module) is the fields of Liat,...,am)
being single valued, that is, that their series expansions only have integer expo-
nents. This is true if and only if it is true for the vertex operators V,i(z), 1 <i <m
and it is true for those by construction due to the Fock space weights all lying in

<a1,...7am>*. (I
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2. The (3~ ghosts

We refer to [41] for an in depth treatment of the 5y ghosts. The 8~ ghost algebra
is an infinite-dimensional complex Lie algebra

&3, =P CB, & P Cy, @ C1,

ne”z nez

whose Lie brackets are

['qu Bn} = 5m+n,01a [ﬂmv /Bn] = [77%7 ’Yn] =0, m,ne€Z. (15)

The Bv ghost algebra admits the relaxed triangular decomposition

6% =P Chin ® P Cyin, 6%, =CB&Cyo&ClL. (16)

n>1 n>1

Conveniently, 65%7 is just the A; Weyl algebra for which Block classified all simple
modules [39]. Here we shall only need simple weight modules, and to list them we
introduce the operator J = vy 39.-

Proposition 13. FEvery simple QS%W weight module is isomorphic to one of the
following.

1) The simple highest weight module §+ = C[y]Q generated by a highest-
L9 gnt me -0l g Y g

weight vector Q satisfying 5o = 0, hence JQ = 0.

2) The simple lowest weight &% -module G = C|[Bo]@ generated by a lowest-

By

weight vector W satisfying yow = 0, hence Jw = w.

3) The simple dense module W AN eC/Z, A 0] with a basis of weight

( p [A]» ’ g
u;, satisfying Ju; = ju;, hence Wiy = C[Bo]u, ® ClyolvoUp-

In addition to the simple weight modules above, we also need to consider
two indecomposable weight modules whose J-weight support is Z and whose
isomorphism classes are determined by the following short exact sequences

(Ext'(G,G") =Ext'(G",G ) = C):
05G =Wy -G =0, 05G =W, G —0.

Both may be realised on the space Clvyg)ag ® C[Bo|u1, where Sytip = 0 and o =
a* g, for Wy, and Botig = a~ @y and you; = 0, for W, . We may normalise the
basis vectors so that at =a~ = 1.

We denote the inductions of the above modules by the same symbols but without
the overlines:

Gt =md®G", ¢ =md®» G,
6/%7 657

— —t
Wiy = Indy2 Wiy, Wi =Tndg 2 Wy .

B~y B~
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The first three of the above modules are simple while the last are characterised by
the non-split exact sequences

06t =W -G =0, 0-G =W, -Gt —o.

The B algebra admits an algebra automorphism o called spectral flow whose
action on generators is given by

U(Bn) = Bn-1, U(’Yn) = Yn+1, 0'(1) =1.

Since spectral flow is an algebra automorphism, it can be used to twist modules
(recall Definition 5). In particular, G* and G~ are related by spectral flow:

G =0 lGg".

Note, however, that spectral flow does not preserve the relaxed triangular decompo-
sition (16) and therefore the spectral flow of a relaxed highest weight module will
generally no longer be relaxed highest weight (it will instead be relaxed highest
weight with respect to a different triangular decomposition).

Definition 10. The Sv ghost vertex algebra G is the unique vertex algebra that
is strongly generated by two even fields 8(z) and v(z), has the operator product
expansions

Y(2)B(w) ~ Blw)y(z) ~ » BR)B(w) ~(2)v(w) ~ 0. (17)

zZ—w

and satisfies no additional relations beyond those required by vertex algebra axi-
oms.

The operator product expansion (17) implies that the modes of the Laurent

expansion
5(2) = Z an—n—l’ ’y(Z) = Z ’Vnz_n

neZ neZ

satisfy the commutation relations (15) of the v ghost algebra. As a (v ghost
algebra module, G is isomorphic to GT. The 3v ghost vertex algebra admits a 1-
parameter family of Virasoro fields. Here we shall only consider the unique choice
T = — :8(2)0v(z): which assigns conformal weight 1 to 8 and conformal weight 0
to 7. Below it will also be necessary to consider the field J(z) = :5(z)y(z): which
generates a rank 1 Heisenberg vertex algebra and grades the 8+ ghost vertex al-
gebra by assigning weight 1 to 8 and weight —1 to . The central charge for this
choice of Virasoro field is ¢ = 2.

The [~ ghost vertex algebra admits a free field realisation in terms of a lattice
algebra, that is, there exists an embedding from G to a lattice algebra.

Proposition 14. Let Hy be the rank 2 Heisenberg vertex algebra and let 8,1 be a
basis of Ha such that the non-vanishing pairings of (—, —) are (¥,¢) = —(0,0) = 1.
Then there exists an embedding G — Ligyyy of vertex algebras defined by

B(z) = Vorp(2), ~(2) = 9(2)V_g_y(2):. (18)
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Proof. The map is a homomorphism of vertex algebras because Vgy,(z) and
(2)V_g_y(2): satisfy the same operator product expansions as §(z) and v(z)
do. It is injective because it is non-trivial and the v ghost vertex algebra is simple.
O

Since G is a vertex subalgebra of L9y, we can decompose L g,y modules into
G modules. Before we do so, note that the dual lattice of (6 + 1) can be written
as

O+)" ={NO+v)+nyp : XeC, neZ}.

Proposition 15. As modules over G, the Ly, modules of Theorem 12 decom-
pose as

Flpy) = J”HWO_ forn e Z,

F[)\(9+w)+nw] =0 W[A] fO’I" reC \ Zon €7

Proof. Tt was shown in [41] that the characters of o"T' Wy and o'Wy, with
[\l € Z/Z, [A] # [0] and n € Z form a basis of the span of characters of relaxed
highest weight modules and their spectral flow twists. Thus, the proposition follows
by comparing characters of the left and right-hand sides of (19). The embedding
(18) implies that

J(z) = B(2)v(2): — —0(2),
T(z) = — :6(2)0v(2): — % :wz(z): — % :92(2): — %8(1/}(2) —0(2)).

Thus

Jo Lo—1/12
A(B+)+nap] (Z q )

_ Z trF()\er)(eer)Jrnw (ZJoqLO*l/IQ) _ 2 5
Py = n(q)

_ A g(MHDA+(n+1)n/2 Z Zmgntm o [o,n-‘rlw)\]
n(q)? met.

tI‘]F[
Z)\+mq(n+1)(2()\+m)+n)/2

where the last equality was taken from Equation (5.1) of [41]. This proves the
proposition whenever the right-hand side of (19) is simple, that is, when X is not
an integer. For the non-simple case the character implies 3 possibilities: the right-
hand side is either semisimple or isomorphic to either e *W; or " *'Wj; . That
the right-hand side is isomorphic to e"*1W, then follows by checking the action
of the 8 and ~y fields on the highest weight vectors of the Fock space summands in
Flng. U

3. The bc ghosts

The final free field algebra which we shall consider is the bc ghost algebra, the
fermionic analogue of the v ghosts. The bc ghost algebras are a pair of infinite-
dimensional Lie superalgebras

1
bee= P Chn® P CnoCl e=0,g,
n€l+te n€l+e
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whose Lie brackets are
{bmycn} = 5m+n,0a {bm, bn} = {Cm, Cn} = 0, m,n c Z + €.

As in the previous sections on 0sp(1]2), e = 0 corresponds to the Neveu-Schwarz
sector and e = 1/2 corresponds to the Ramond sector.
The bc ghost algebra be. admits a triangular decomposition

be = P bt @ P canoe, bey=Ch&CcoadC1, be],=CL.

n>1 n>1

Up to isomorphism and parity reversal there is only one simple bcg = bc8 @ bcaL
module C|NS) @ Ccy|NS), on which 1 acts as the identity and bed acts trivially.
The action of by satisfies bg|NS) = 0 (this is necessary for simplicity) and the global
parity of the module is fixed by assigning even parity to |NS). The Verma module,

FNS = Ind?™ (C|NS) @ Cco|NS)),
€

together with its parity reversal are the only Neveu—Schwarz Verma modules and
both are simple. They are called Neveu—Schwarz Fock spaces.
In the Ramond sector, via bclz/2 = bc?/g b bcfm, one has the Verma module

FR = Ind"‘/? C[R)

€12

where C|R) is the 1-dimensional bc12/2 module characterised by |R) having even
parity and
1[R) = [R), bcf,|R) =0.

This Verma module and its parity reversal are simple and they are the only
Ramond Verma modules.

Definition 11. The bc ghost vertex superalgebra bc is the unique vertex super-
algebra that is strongly generated by two odd fields b(z),¢(z), has the defining
operator product expansions

b(2)e(w) ~ —c(w)b(z) ~ ——,

zZ—Ww

and satisfies no additional relations beyond those required by the vertex superal-
gebra axioms.

As a bcg module be is isomorphic to FNS,

4. Free field realisations of the universal vertex operator
superalgebra Vy

In this section we consider two free field realisations of Vi, once as a subalgebra
of F = H; ® G® bc and once as a subalgebra of B = H; ® Ly ® bc.
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Proposition 16. Let £ € C\ {0} and k = ’EZT_S There exists a vertex operator

superalgebra homomorphism Vi — F uniquely characterised by the assignment

e(z) = B(2),
2(2) = b(z) + B(2)el2):
h(z) = €a(z) + b(2)e(z): +2:8(z)(2):
y(z) = (€ = 2)0e(z) + € :a(2)e(e): + 2)b(2): + BE()e(z):, (20
F(2) = =€ a2 (z): — BENENRE): — AME))

+1 £ Oc(z)c(z) +3 f8’y(z)

We omit the tensor product symbols for brevity, identifying a with a ® 1 ® 1 and
so on. The image of the Virasoro field under the above homomorphism is

T(z) = = :a(z)a(z): — %&L(z) — :B(2)0v(2): — b(2)0c(2): .

Proof. This free field realisation appears to have first been considered by Bershad-
sky and Ooguri in [49]. The validity of the proposition follows by checking, through
direct calculation, that the generating fields of V} and their images in F satisfy the
same operator product expansions and that the formulae for the Virasoro fields
match. Therefore the above map is a well defined vertex operator superalgebra
homomorphism. [

Remark 8. The admissible levels of Theorem 5 at which Vj is not simple are
realised by the free field realisation whenever ¢2 = u/v, where u, v are the integer
parameters of Theorem 5.

Since the above homomorphism is non-trivial, it follows that it is injective for
the levels at which Vy, is simple. To show that the homomorphism remains injective
at the levels for which Vj is not simple, we need to take a closer look at F modules,
which are automatically also Vi modules due to the homomorphism V; — F. Let
[p;NS) = |p) ® Q® [NS), |p; j; NS) = [p) ® u; ® [NS), |p;R) = |[p) ® 2 ® [R) and
Ip; 7;R) = |p) ® u; ® |R) respectively be relaxed highest weight vectors in

S S
S =F,0 0T F", TFp = F, o Wy @ F,
FFy =F, @Gt @F*  FFL, =F, ® W 9 FF,

where Q is the highest weight vector of G and u; a relaxed highest weight vector
of Wy;) of weight j. Let

. 1 1
N =Ep NG =2, N =g, Ay =85 +2),

(Ep+1/2° -1

1
Sp:£p+§> qp = B)
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From the vertex operator superalgebra homomorphism (20) it then follows that

holp; NS) = A% |p; NS), S|p;NS) = s, |p; NS),
hoco|p; NS) = ()\NS — 1)co|p; NS), Yeo|p; NS)Y, = —spco|p; NS),
holp; ;NS) = Ay Ip; 5; NS), S|p; j; NS) = sp|p; 4; NS),
hocolp; j;NS) = (AN — 1)colp; s NS),  Seolp; j; NS) = —spcolp; j; NS),
holp; R) = A Ip; R), QIp;R) = ¢|p; R),
holp; 3; R) = Ayl 45 R), Qlp: j; R) = gplp; j; R),

where ¥ = xoyo — yoro + 1/2 and Q = h3/2 + eofo + foeo. Note that while
the eigenvalue of hy depends on the gy weight of the relaxed highest vector, the
eigenvalues of ¥ and @ do not.

Lemma 17.

(1) The vertex operator superalgebra homomorphism of Theorem 16 is injective
for all k € C\ {—3/2} and therefore any singular vectors of Vi will have
non-trivial image.

(2) For admissible levels k = (u — 3v)/2v, the singular vector at osp(1]2) weight
(u — Ve and conformal weight (u — 1)v/2 is unique, up to rescaling, in F,
where F is regarded as a Vi module.

It was shown in [46] that osp(1|2) Verma modules have the same submodule

structure as the Virasoro algebra, ;[(2) and the N = 1 superconformal algebra.
Additionally, since the latter three algebras all share the same submodule structure
when decomposing their free field modules (the analogues of Feigin-Fuchs modules
for the Virasoro algebra), it would come as no surprise if the osp(1]2) free field
modules also shared this structure. If this were true, then that would imply that
singular vectors are unique if they exist, that is, any given weight space contains
at most one singular vector up to rescaling. Part 2 of the above lemma would
then immediately follow from part 1. The author is not aware of any literature
giving a rigorous decomposition of 0sp(1|2) free field modules. Fortunately, detailed
knowledge of the decomposition of 05p(1|2) free field modules is not needed here.
All that is required is that there is an embedding of Vi and the uniqueness of the
singular vector.

Proof. Recall from Theorem 5 that Vi admits at most one singular vector other
than the vacuum vector and that this non-trivial singular vector exists if and only
if Vi has a proper non-trivial ideal. At the levels & where Vi has no ideals and is
thus simple, part 1 follows automatically because the homomorphism is non-zero.
To show part 1 at the levels where V) admits non-trivial proper ideals, we note
that the uniqueness of the ideal implies that the image of the homomorphism is
isomorphic to either Vi or the affine minimal model vertex operator superalgebra
of the same level. Consider the formulae for the hg eigenvalues of |p; NS). It is clear
that |p; NS) is an 0sp(1]2), highest weight vector and as one varies p, there are
no restrictions on the osp(1|2) weights that can be obtained. Thus any simple Vj,
highest weight module can be realised as a subquotient of FIFES for suitable values
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of p € C. However, for the affine minimal model vertex operator superalgebras
Boj1(u,v) not all osp(1]2) weights are allowed as highest weights. For example,
(u — 1), the weight of the singular vector, is not allowed. Thus, the image of the
homomorphism must be isomorphic to Vi and not just a quotient thereof.

We show part 2 by contradiction. In order to do so we prepare some results
from [46] on the submodule structure and singular vectors of 0sp(1|2), Verma
modules. We denote by V) the Verma at admissible level k, , generated by a
highest weight vector of osp(1]|2) weight Aa and by L, its simple quotient by its
unique maximal proper submodule. Specialising [46, Thm. 3.1] to the case at hand
shows that the last few terms of the BGG resolution of Ly, £_1 and £,_1 are
given by

e IV 1 B Vo1 2Vt @V 2> Vo1 D V1 —>V0—>£0—>0,
s — V,u,1 @V2u71 — Vfu @Vu — V,1 — AC,l — 0,
e YV i1 D Vo1 2 Vot ®Vy > Vo1 — ,Cufl — 0.

These resolutions imply that V), has two independent singular vectors? whose
0sp(1]2) and conformal weights are (—c«, 0) and ((u—1)a, (u—1)v/2), respectively.
These two singular vectors each generate a Verma submodule, and both of these
submodules share a pair of independent singular vectors whose osp(1|2) and con-
formal weights are (—uc, (u — 1)v/2) and (uc, (u + 1)v/2), respectively. These
two additional singular vectors each generate a Verma submodule, and again both
of these submodules share a pair of independent singular vectors whose osp(1]2)
and conformal weights are (—(u + 1)a, (v + 1)v/2) and ((2u — 1)e, (u + 1)v/2),
respectively, and so on. As an 0sp(1|2) module V.., is isomorphic to Vy/V_1 and,
as stated in Theorem 5, this quotient has a unique singular vector at osp(1|2)
and conformal weight ((u — 1)a, (u — 1)v/2). In part 1, we showed that Vg, , is
isomorphic to the 0sp(1|2) submodule of F generated by the vector |0; NS). Thus,
U(osp(1]2))]0; NS) = Vy/V_1. A direct calculation shows that zgce|0; NS) = |0; NS)
and therefore, U(0sp(1|2))co|0; NS)/U(0sp(1]2))[0;NS) is an osp(1|2) highest
weight module of weight —a and is therefore isomorphic to a quotient of V_;.

Due to the weights at which the singular vectors of V_; appear, the ((u —
1o, (u — 1)v/2) weight spaces of V_; and £_; have the same dimension. This
implies that neither V_; nor any quotient of V_; contains a singular vector in the
((u = 1), (u— 1)v/2) weight space. Further, since both F and V, have the same
characters as 05p(1]2) modules, their weight spaces also have the same dimensions.
Thus, the weight spaces of F have the same dimensions as those of the direct sum
(Vo/V-1)®V_1. Finally, this implies that the dimensions of the ((u—1)c, (u—1)v/2)
weight spaces of F and U(osp(1]2),)co|0; NS) are equal, since the dimension of the
((u — 1)y, (uw — 1)v/2) weight spaces of V_; and £_; are.

Assume that the 0sp(1]2), singular vector of weight ((u — 1)a, (u — 1)v/2) in F
is not unique, then the quotient module U(0sp(12),)co|0; NS)/U(0sp(1]2),)|0; NS)
would have to contain at least one singular vector at this weight, because the weight
space of F of weight ((u — 1), (u — 1)v/2) is contained in U(osp(1[2),)co|0; NS)

2Independent here meaning that the singular vector is a descendant of the highest
weight vector only and not of other singular vectors.
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by the above dimension counting arguments. However, neither V_; nor any of its
quotients contain a singular vector at this weight, so in particular, neither can the
quotient module U(05p(1[2),)co|0; NS)/U(05p(1|2),)[0; NS). O

The second free field realisation of Vy, is constructed by embedding the 5+ vertex
algebra of the first realisation into a lattice algebra as in Theorem 14.

Lemma 18.

(1) The composition of the algebra homomorphisms in Theorems 14 and 16 is
injective. Therefore any singular vectors of Vi will have non-trivial image
in B.

(2) For admissible levels k = (u — 3v)/2v, the singular vector at osp(1]2) weight
(u — 1) and conformal weight (u — 1)v/2 is unique, up to rescaling, in B.

Proof. Part 1 follows from the fact that the two algebra homomorphisms in Theo-
rems 14 and 16 are both injective and thus so is their composition.
We show part 2 by contradiction. As a module over F the vertex superalgebra
B is isomorphic to Fg ® oWy ® FNS. Further, since oW, satisfies the non-split
exact sequence
0—G" = oW, —-0oG" =0,

B satisfies the non-split exact sequence:
05F—>B—oFyRcgt @FY - 0.

Since the singular vector at osp(1]2) and conformal weights (u—1)a and (u—1)3
is unique in F, it is unique in B if and only if there is no osp(1|2) singular vector at
those weights in Fo®oGT®@FNS. As shall shortly become apparent, no such singular
vector exists because Fo @ 0Gt ® FNS admits no osp(1]2) singular vectors at any
weight. A necessary condition for a vector to be singular is that it is annihilated
by fi. We will show that no non-trivial such vector exists by using the fact that
1 acts injectively on oG™T (this is a consequence of 7y acting injectively on GT) to
show that f; acts injectively on Fy ® 0GT ® FNS. The expansion of f; in free field
generators is

fi=—8aom — (2 Y B ¥m +2 Y, VemBm + &m)%

m>2 m>0
_52
— bciom — 5 mn+C
_52
=—(fap+2:By:0+ beo—Borm)m — 5 Nt C,

where C' denotes all summands not containing v;, while :bc: ¢ denotes the zero
mode of the normally ordered product :b(z)c(z): and :B+: ¢ denotes the zero
mode of the normally ordered product :8(z)y(z): . Next, we refine the grading of
Fo ® 0G+ ® FNS by Heisenberg, 3y and be weights to also include the eigenvalue
of B_1m1 (on oGT the eigenvalues of B_1v; are all integers). When acting on a
homogeneous vector with respect to this refined grading, the terms collected in C'
in the expansion of f; either do not change the eigenvalue of 5_17; or increase
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the eigenvalue by a positive integer if they contain factors of g_;. Conversely,
the summands containing ~; shift the eigenvalue of f_17; by —1. Let w be a
homogeneous vector with respect to the refined grading, then

2

2

fiw = (fag+2:B7y:0+ hcig— foryi)niw — yiw + Cw

where m € Z is the eigenvalue of ag+2 :8v: o+ :bc: g — f—171 and we have used
the fact that £ = wu/v. Since v and (u + v)/2 are coprime, (u + v)/2v is not an
integer and the coefficient of 4w is therefore non-zero. Further, v;w and C'w have
different S_1v; eigenvalues, so they cannot be linearly dependent. Thus, fiw # 0
for any homogeneous vector of the refined grading and f; acts injectively. [J

Remark 4. The importance of the uniqueness of the singular vectors in Theorems
17 and 18 will become apparent in Section 4, where these singular vectors will be
constructed as images of highest weight under screening operators. Since screening
operators are module homomorphisms it follows immediately that these images
are singular vectors, but without uniqueness it would not be clear that the correct
singular vectors have been constructed.

The second free field realisation implies that modules over B are also modules
over Vi, by restriction. We introduce the following notation

BFNS =, ® Fig) @ FNS, "Fpinn = Fp @ Fia ) 4ny) @
BFE = F, ® Fjg ® F¥, P = Fp @ Fia)1nig @ F

We now turn screening operators— the original introduced by Dotsenko and
Fateev in the context of the Coulomb gas formalism [20] — as a means of construct-
ing Vi singular vectors.

Definition 12. Let V be a vertex operator superalgebra together with a free field
realisation, V < W, in a free field vertex operator superalgebra W. A screening field
is a field corresponding to a vector in a module over W, whose operator product
expansions with the fields of V have singular parts that are total derivatives. It
suffices to check this for the generating fields of V.

Proposition 19. The field

Q1(2) = (B(2)e(2) = b(2))V_qse(2) (21)

18 a screening field for the free field realisations Vi, — F and also for Vi — B when
B(2) is realised as 5(z) = Voyy(z). The field

Qa(2) = (B(2)e(2) = b(2)) Vea—(142)(0+)/2(2) (22)

is a screening field for Vi, — B, where again B(z) = Vot (2).
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Proof. The proposition follows by direct computation, that is, computing the
operator product expansions of the generators of Vj, with the screening fields Q;(z)
and Qs(z) and verifying that they are indeed total derivatives. For Q;(z) the non-
zero operator product expansions are

Ee(w)V_g/e(w)

2
SV =ale ) o 0 () ~ 0y Y e )

y(2)Q1(w) ~ 8

zZ—w zZ—w
while for Qs (z) they are
y(2)Qa(w)
5 Vea(ren0rw/2 (W)
w 2 —w I
f(2)Qa(w)
g 2 bW)Vea i@ (W) + W)V aren@rnp W)
v z—w ’

Remark 5. While screening operators of the form (21) are well known, those of
the form (22) are less commonly considered. They have appeared in the physics
literature as formal non-integer powers of screening operators, that is, through
identities of the form “Qy(z) = Q1(2)~"” see for example [50]. In [51] such non-
integer powers were interpreted as formal quantities which were to be expanded
within normally ordered products in a way that avoids non-integer powers.

Here, instead, we enlarge the 8+ vertex algebra, by embedding it into a lattice
vertex algebra, through a free field realisation. In this larger vertex algebra non-
integer powers of 3(z) = Vgyy(2) can be defined as B(2)* = V(g1 (2) which
is well defined because 6 + ¢ has norm 0 and thus, for all \,u € C, we have
Va@+0) (Vo) (2) = Viagp 044)(2)-

The interest in screening fields, for a free field realisation V «— W, stems from
the fact that their residues, when well defined, commute with the action of V. These
residues, referred to as screening operators, thus define V module homomorphisms.
This implies that the image of any singular vector will again be singular (or zero).
Thus screening fields and operators are an invaluable tool for constructing singular
vectors in V modules.

Consider the composition of £ copies of the screening field Q;(z):

Ql(Zl) ce Ql(Ze)
— (B(z1)e(z1) = b(z1)) - - (B(ze)e(ze) = b(ze))e 5 T (2 —2)¢

1<i<j<e (23)
¢ I ¢
[T/ T [ovn (052 ¥ o) e (122 o)
Az exp z" ) exp z;
i=1 m>1 & m = fmz:zl

The action of screening fields and operators is most easily evaluated using methods
coming from the theory of symmetric functions, however, products of fermions such
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as those above are skew-symmetric. This obstacle can be overcome by factoring
out the Vandermonde determinant A(2) = [Tj<;<j<¢(2i — 25):

(2 — 23)572: A(z) H (z — 2;]4)57271
1<i<g<e 1<i<j<e

“2-1)/2
=a6) T @-z)© 7%
1<i#j<¢t

where we have suppressed a complex phase in the second equality which will
later be absorbed into integration cycles. This allows us to rewrite the product
of screening fields (23) in the form

Q1(z1) -+ Q1(z0)
_ o—t/¢a 1_[ (1 B ﬁ)(§*2_1)/2

1<i#j<t Zj

L _
. HZ‘_GO/g—HZ_l)(g Z-1)/2 (24)

where the skew symmetry of the fermions is now countered by that of the Vander-
monde determinant.

To define screening operators as integrals of products of screening fields, there
need to exist cycles over which to integrate. The obstruction to the existence
of such cycles lies in the multivaluedness of the second product on the right-
hand side of (24). If the exponent —ag/& + (£ —1)(672 —1)/2 evaluates to an
integer, when acting on a Neveu—Schwarz free field module, then there exists such
a cycle I'(¢, &), generically unique in homology up to normalisation and constructed
n [21]. For example, on the free field module F, ® Wj;; ® FNS aq acts as p
and the exponent evaluates to —p/& + (£ —1)(§72 — 1)/2. The cycles T'(¢,&) are
homologically equivalent to the cycles over which one integrates in the theory of
symmetric polynomials to define inner products — see [32, Sect. 3] for details. The
actual construction of the cycles I'(¢, £) is rather subtle and we refer the interested
reader to [21] for the complete picture.

For completeness, we mention that when acting on a Ramond free field module,
the cycles T'(¢, £) exist when —ag/€+ (£ — 1)(£72 — 1) /2 evaluates to a half integer
(to compensate for the half integer exponents of free fermion fields). Screening
operators between Ramond modules shall, however, not be needed in what follows.

Analogously, composing ¢ copies of the screening field Qs(z) yields
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Q2(21) te Q2(Z£)
_ eéfa—€(1+£2)(9+w)/2

(LE)“L”/QIKI;%H@ 1)(€2-1)/2- (14€%) (B +v0) /2

1<iZtj<t Zj i=1

“A(2)(B(z1)e(z1) = b(z1)) -+ (B(ze)e(ze) = b(20)) (25)
£

Il (6252 L) oo (-5 L)

Tl fen(-55 ot £ (5000 o)

Definition 13. Let ¢ and m be integers, and £ > 1.
(1) Forp= (¢ —2m — 1)/26 —£(¢ — 1) /2, the screening operators Q[lﬂ : FFPNS —
¢
FFESZ/E and Q[l] : FIFPNS FIFESUU are defined by
Q' = [ Quz) -+ Queda - da
INCA9)

meaning that the cycle I'(¢, §) exists.
(2) Forp= (£ +2m —1)/26—£(¢ — 1)/2, the screening operators Q[Qﬂ : BFPNS —
BFNS
p+e&[—£(1+€2) /2],

[ .
. o and Q5" : BIFS;?)\])” BIFng —(1+€2)/2),n are defined
y

ol — / Qu(z1) - Qa(z¢)dzy - -z,
ree—1)

meaning that the cycle I'(¢,£71) exists.

We normalise these cycles such that

/ H (1 ~ 'ZZ>(E:F21)/2d21"'ng »
D(CEY) 1<ikj<e Zj Z1 2

We shall lighten notation in what follows by suppressing the cycle I'(¢, £*1) in
all integrals.

Remark 6. As mentioned previously, the

A(z)(B(z1)e(z1) = b(21)) - -+ (B(ze)e(2e) — b(2e))

factor and the factors of exponential functions that appear on the right-hand side
of (24) and (25) are both invariant under permuting the z;. The action of the
screening operators Q[ﬂ and Q[la can thus be evaluated using the well-studied
family of inner products of symmetric polynomials defined by
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L/t P
<fag>z:/ H (121) f(Zl_l,7Z€_1)g(Zl,,Zp)M7 (26)

1<itj<t Zj 2102

where f and g are symmetric polynomials and ¢ € C\{0}. One of the characterising
properties of Jack symmetric polynomials P} (z) is that they are orthogonal with
respect to these inner products labelled by t¢. For readers unfamiliar with Jack sym-
metric polynomials we recommend Macdonald’s comprehensive book [52], while
for readers familiar with Jack symmetric polynomials, a short summary of their
properties and the notation used here can be found in [25, App. A].

5. Free field correlation functions
In this section we derive identities involving the correlation functions of the Heisen-
berg, 8y and be fields. These will be needed for evaluating the action of the zero
modes of singular vectors in Section 4.

Let I, be the graded dual of the highest-weight H,-module F,, p € H,. Then,
[y is a lowest-weight right $),-module generated by a lowest-weight vector (p|
satisfying

(plp) =1, (plH, =0.

It is convenient to extend the domain of the functionals in F} to all Fock spaces
Fy, ¢ € H,, but to have them act trivially unless ¢ = p.

Definition 14. Let B be any combination of normally ordered products of free
bosons a(z), vertex operators V,(z) and their derivatives. The free boson correla-
tion function in F), and F} is then defined to be (q|B|p).

The operator product expansion formulae (14) then imply the following well-
known correlation function formulae.

Proposition 20. The correlation function of k vertex operators is given by

k
(@[ Vpr (21) - Vi (20)1D) = apy 4o tpntw | | (26 — 27) PP - T 2877

1<i<j<k i=1

Let G * be the graded dual of the highest weight &, module G*. Then, Gt * is
a lowest-weight right &g, module generated by a lowest-weight vector ¢ satisfying

Gl) =1, 663 =0.

Further, let W, be the graded dual of the highest weight &g, module W,. Then,
Wy is a lowest-weight right &4, module generated by a lowest-weight vector ¢,
satisfying

(Pglug) =1, ¢q &, =0

Definition 15. Let B be any combination of normally ordered products of G
fields. The bosonic ghost correlation functions in G and W, are then respectively
defined to be

(B) = (0|B|Q), (B)" = (¢q|Blug)- (27)
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Lemma 21. Let n be a non-negative integer, ¢ € C and let (q), be the rising
factorial TT;—1(q +14—1). The B, fields satisfy

(B(z1) -+ B(zn)) = nl
(8 8(z1) - Blzn))? = (@), [ T2

i=1
Proof. The formulae follow by induction after noting that [y,, 8(z)] = 127", that
71 = 0 and that v Bouq = quq. O

Let FNS* be the graded dual of the highest weight bcy module FNS. Then,
FNS* is a lowest-weight right bcg module generated by a lowest-weight vector (NS
satisfying

(NSINS) = 1, (NS|boco|NS) =1, (NS|be; = 0.

Further, let FR* be the graded dual of the highest weight be; /2 module FR. Then,
FR* is a lowest-weight right be, /2 module generated by a lowest-weight vector (R|
satisfying

(RIR) =1, <R\bc1_/2 =0.

Definition 16. Let B be any combination of normally ordered products of bc
fields. The fermionic ghost correlation functions in FNS and F® are then defined
to be

(B){s = (NS|BINS), (B)ys = (NS|boBeo|NS),  (B)r = (RIB[R).

Correlation functions involving fermions can often be efficiently expressed using
pfaffians and this remains true for bc ghosts. The determinant of a skew-symmetric
matrix A = —AT can always be written as the square of a polynomials in the
coefficients of A. This polynomial, up to a choice of sign, is the pfaffian pf(A) of A.

Definition 17. Let A be a 2n x 2n skew-symmetric matrix, so that A is uniquely
determined by its upper-triangular entries A;;, i < j. We shall write A =
(Ai j)1<i<j<2n to indicate a skew-symmetric matrix A with given upper-triangular
entries. After defining the pfaffian of the 0 x 0 matrix to be 1, the pfaffian of A
can be recursively defined by

2n
pf(A) = ) (=1)"HH0UD 4, pt(As ), (28)
=1
I
where the row index ¢ may be chosen arbitrarily, A4; ; denotes the matrix A with
the ith and jth rows and columns removed, and

1 ifxz >0,
0(x) = ,
0 ifz<O

is the Heaviside step function. In particular, ¢ = 1 gives the simplified formula

2n

pf(A) = ) (—1)7Ar; pf(Ay ). (29)

=2
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Lemma 22. Let n be a non-negative integer and m € Z. The B~ and bc fields
satisfy the following correlation function formulae.

(1) In the Neveu—Schwarz sector,

<12_n[(c(zi‘)zfT b(Zz'))>Jr = (=" pf<%>1gi<jg2n’

NS
2n - Z’(n‘l’lzfl + Zflz’l'”ﬂ“rl
<H(C(zi)Z§” - b(zz’))> = (—1)”pf< — — :
i=1 Zi — Zj§ L.
NS 1<i<j<2n

1<i<j<2n

Proof. The above identities all follow by induction using the recursive definition of
pfaffians. We give the details for the first identity and leave the rest as an exercise
for the reader.

The base step of the induction follows from the fact that for n = 0 the correlator
is empty and therefore equal to 1. For the inductive step, assume the identity is
true for n — 1 and consider

2n + 2n +
<H(C(%)Z§" - b(zi))> = <(C(Z1)ZI" —b(z1)) [ (e(z0)2" - b(zi))>

2n + 2n +
-y z?k<ck1‘[(c<zi>z;" —b(zz->>> = z1“<bk1‘[<c<zi>z:" —b(zz->>>
E>1 i=2 Ng k>0 i=2 NS
2n . 2n +
=Y (-1’ H(c(zi)zfl —b(2)) Z (z{”fk*lzf + szilz;“m)
i=2 i=2 k>0
£ NS
+
2n . Zm + Zm 2n Zlm + Zm
=Y (-1) <11J> H(c(zz)zz_l —b(z)) ) = pf<]>
=2 21T %) i=2 i T2 J1<i<i<on
i#£] NS
2"+ zjm

= (—1)"pf( :

% & )1<i<j<2n

where the third equality follows from the anti-commutation relations {cg, b(z)} =
12F=1 and {by, c(2)} = 1z* and the fifth from the recursive definition of pfaffians.
U

The above correlation functions involve fermions and so it is unsurprising that
they are skew-symmetric with respect to permuting the z; variables. This skew-
symmetry can be compensated for by multiplying the above correlation functions
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with the Vandermonde determinant. In addition to being symmetric, the products
of the above correlation functions with the Vandermonde determinant also vanish
whenever 3 variables coincide. Symmetric polynomials with this property form an
ideal of the ring of symmetric polynomials. This ideal and generalisations thereof
were studied by by Feigin and Jimbo and Miwa and Mukhin [31]. This ideal is
spanned by Jack symmetric functions at parameter value t = —3 whose associated
partitions satisfy certain admissibility conditions. We refer the reader to [34, Sect.
3] for a detailed account of how to apply Feigin and Jimbo and Miwa and Mukhin’s
work to correlation functions and for the definitions of the notation used below. See
in particular the notation introduced in Definitions 3.1 and 3.4 for the admissible
partitions 6(™)(n1,ny) and €™ (n), and the involution of partitions [k — (™ (n)]
in Lemma 3.5 of [34], as they shall be used repeatedly in what follows.

Let B be some combination of 8y and bc fields, then we denote the combined
correlation functions by (B)¥ = <<B>q>§s, (B)g = ((B)")g and we abbreviate

+ +

((B))ns as (B)ys-

Lemma 23. Let n be a non-negative integer and q € C.

(1) In the Neveu-Schwarz sector,

2n +
[ (ot TT3(e) - 46)
i=1 NS
2n —_ 2n + 5
—zn n —
=n! sz‘ + A(z)<H(c(zl) - b(z,»))> =nl(-2) P5(2n>(0 0)( 1),
i=1 i=1 NS (31)
2n-+1 2n+1 +
H 72”A <'yl bo H c(z) — b(zz))>
i=1 NS
2n+1 2n+1 + L
=n! Hz*%A <b0H () — b(z >: —nl(=2)"" P om0 (27,
NS
and
2n 2n g+
Hzi—2n+1A(z)<fyg H(ﬁ(zi +w)e(z; +w) — b(z; + w))>
i=1 i=1 NS
2n
= (@), (D" TJ(zi +w)” Zﬁﬂszglamw<*% (322)
i=1
2n+1 2n+1 q;+
I1 =7 "A) <"+1b0 H (zi +w)e(zi +w) —b(2i+w))>
i=1 NS
+12n+1 71n+1 i (2 ) 3 L
= (9),,14(—1) H (7 +w) Z nt1—i P[QnJr1 c@nt1) (5] (1), (32b)
i=1 i=0
2n+1 2n+1 q;—
H Z—2n A(z <70 co H (zi + w)e(z; +w) — b(z; + w))>
i NS
2n+1

n+1 n i (2n+1 _
= (@), ()" T (i +w0) Zw“ &P ey (71, (320)

i=1 1=
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where the c( ) € C are non-zero constants.
(2) In the Ramond sector,

[T 0 TT0(e + wietes +0) - bGa o+ )
=1 =1 R

= (@), (=2 Tz +w) 2P 0 (571, (33)

i=1

2n+1 2n+1 q
[T 01208 TG+ w)eta + 0) = b + ) - o)

i=1 i=1 R
. 2n+1 1 3 1
= _(Q)n(_2)nw§ H (Zi =+ w) 2 P6(2n+l)(070) (zi ) (33b)
1=1

Proof. The main stepping stones to the above identities are the identities, proved
in Proposition 3.8 of [34],

1
A(z1,...,22,) pf Pé(gﬂ)(oo)(zl,...,z%),
Zi T %) ) 1<i<j<2n
L (31)
Zi + 2 _
A(zlv"'v'z?ﬂ)pf(u) P (2n)(1 0)(Zla"'722n);
% T %) ) 1<i<j<on
the translation invariance of PW,L)(0 0y’ that is,
PJ(gn)(O 0) (Zl +w,..., 2o, + ’IU) = ngm(o,o) (Zl, ceey 22n>§

and the Taylor expansion
P(;(2n)(1 0) (Zl +w,... 2+ w) = Z ( )P;2n)(l) (Zh sy Z2n)wn_i- (35)

The non-vanishing of the expansion coeflicients ngzn) was shown in the Remark

directly after Proposition 3.9 of [34]. Verifying the above formulae for correlation
functions now follows in exactly the same way as it did in Proposition 3.9 of [34], so
we give the details for first two cases of (32) only and leave the rest as an exercise
for the reader.

When multiplying out the product T2 (8(zi)c(2:) — b(2)) in

¢t
<’YO H c(zi) — b(ZZ))>

NS

the only summands which can contribute are those containing an equal number of
b and c fields, that is, n of each. These summands will also contain n 3 fields and
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so applying the second identity of Theorem 21 implies

2n s 2n +
<76L (B(zi)e(z:) — b(zz—))> = (q)n<l—[(0(zi)zi1 - b(zi))>

(=1 NS NS

Z; + 271
B (q)n(—l)"pf<J )
Ri — Zj o
1<i<j<2n

2n Zi + 25

)
% Zj>1§i<j§2n

where the second equality follows from the identities of Theorem 22. Multiplying
by the Vandermonde determinant and applying the second identity of (34) then
gives

o+ 2n
<%H (2 —b(zz>>> = (@, (0" [T Pi 1 ():

NS

Finally, translating all variables by w (recall that the Vandermonde determinant

is translation invariant), applying the Taylor expansion (35) and multiplying by

2 .
[17% 272" gives

mn om g+
[Tz7"AG <76L [ T8z + w)e(z + w) — b(z + w))>

i=1 i=1 NS

1)”1—[(22' +w) HZ QnHPagm(l o)(zl +w, ..,z +w)  (30)
=1

2n
_1)nU(ZZ+UJ)_1 Zown i 52771)P[2?1 - 6(271)(2)]( 71)'

The formulae for an odd number of 8(z;)e(z;) — b(z;) factors follow from the
even case by specialisation. Consider
2n41 2n41 ot
IT 72" Az, - z2ng1) (0T H (zi +w)e(zi +w) — bz +w))

NS

on+1 L\t
— H (1_ ) H z; nt A(Zl,--~722n+1)

. <,yg+1 (Z) kzoﬂkcl(zo 4wyt Y b0 + w) "%

151 k=0
- In+1 a;+
[T (B(zi + w)e(zi +w) — bz + w))>

i=1 NS
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Multiplying by z¢ and then taking the limit zyp — oo (or setting zy 1= 0 gives

a5+

2n+1 2n+1
IT 272" Az, - z2ng1) (90 o H (2; +w)c(z; +w) — b(z; +w)) ,
i=1 NS

while multiplying the right-hand side of (36) by zp and then taking the limit
zZp — 00 gives

2n+1
n+1 ndl—i (2n+2 _
(@)p41(—1) 1—! zitw) Zw e E " )P[2i+1 (@n+2) ()] (0721 Lo Z2n1+1)
n+1 2l ~1
= (@)py1(=1) H (zi +w)

- & 2 +2) 1 1

n+1— z n — _ _

Zw P[2n+1 e<2n+1>(z)]( v Zant)

where we have used the fact that the (2n + 2)th part of the partitions [2n + 1 —
¢+ (4)] is 0, so setting z; ' = 0 amounts to dropping the (2n + 2)th part of the
partition and considering the corresponding Jack polynomials in 2n + 1 variables.
(]

4. The proof of Theorem 10

In this section we prove Theorem 10 by evaluating the zero mode of the singular
vector on suitable candidate relaxed highest weight vectors and thereby calculating
the image of the singular vector in the Zhu algebras. The evaluation of these zero
modes boils down to evaluating inner products of symmetric polynomials of the

form
<P;3(z),ﬁ(l+z))\> , (37)

=1 n

where ) is a complex number depending on free fields weights, x is an admissible
partition, so that the Jack polynomial P;3 (z) is well defined, ¢ is positive rational
and the inner product is the integral inner product (26) with respect to which Jack
polynomials at parameter value ¢ are orthogonal. In order to evaluate this inner
product both the left and right argument need to be expanded in Jack polynomials
at parameter value t. The right argument expands as, see [25, Eq. (A.28)] with
X ==\,

)\t+ta ORI
D+ 1)+ ) V)

[I(1+ ) = e T

i=1 bep

where p runs over all partitions of integers of length at most n, b runs over all the
cells in the Young diagram of u, and a(b), £(b),a’(b) and ¢ (b) are the arm length,
leg length, arm colength and leg colength, respectively, of b. The left argument
satisfies an upper triangular decomposition P 3 (z) = PL (z) + X<n CmuPL (z),
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where the ¢, , are rational functions of ¢ and p < k denotes the dominance partial
ordering of partitions. The inner product therefore evaluates to

t

-3 T Zi A _ K 7At+ta/(b)7€/(b)
<P~ (z)«:l(”a) > = L e Gy v

i n<kK bep

(38)

n
AR A

Note in particular, that the coefficients ¢, do not depend on the exponent A. So
the inner product (37) is a polynomial in A and because the numerators of the
summands on the right-hand side of (38) depend only on arm and leg colengths,
the cells common to all partitions dominated by x will give rise to factors common
to the numerators of all summands and hence zeros in the parameter A common
to all summands. Finding these common zeros is key to the proofs below and we
shall find them using Lemma 3.2 of [34].

1. The case when v > v and k < —1

Throughout this section we assume that u,v are integers satisfying v > u > 2,
u—v € 2Z and ged(u, (v —v)/2) and that £ = y/u/v. We will prove Theorem 10
under the assumption v > u by using the screening operator Q; to construct the
singular vector of Vi, , and then evaluating the action of its zero mode on relaxed
highest weight vectors to deduce its image in the Zhu algebras. Note that for v > u,
the exponent (£72—1)/2 = (v —u)/2u in (24) is positive rational and will form
the Jack polynomial parameter.

Lemma 24. The singular vector of Vi, ,, as a subalgebra of F, is given by

Xuw = Q'Y (u—1)/&:NS),
where |(u — 1)/&; NS) is the highest weight vector of FF?LSA)/&.
To prove this lemma we consider both symmetric polynomials and their infinite-
variable limits, the symmetric functions. For easy visual distinction, we denote the
infinite alphabet of variables for symmetric functions by y = (y1,y2,...) and the
finite alphabet of variables for symmetric polynomials by z = (21, ..., 2, ). We shall
use both the infinite- and finite-variable inner products (-,-)" and (-, >f1, referring

to [25, App. A] for our conventions, as well as the identity (see [25, Eq. (A.16)])

m>1 m

T o220} gy ). £

where p,, is the m-th power sum and the Q} (y) are the symmetric functions dual
(with respect to (-,-)") to the Jack symmetric functions P (y).

A simple, but very useful, observation concerning the ring of symmetric func-
tions A is that it is isomorphic, as a commutative algebra, to the universal envelop-
ing of either the positive or negative subalgebra, .ﬁf or §); , of the rank 1 Heisenberg
algebra ;. We denote the corresponding isomorphisms by
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jYL:A—>(C[a1,ClQ,---]7 p,?:A—)C[a_ha_%w-]; v eC\ {0}
Pm = Yam, Pm 77 Y—m, |

We shall use these isomorphisms to identify inner products involving Heisenberg
generators with the symmetric function inner product (-, ~>t. For example, one
easily verifies in the power sum basis, hence for arbitrary f,g € A, that

(,9)" = (a|p, (N5 (9)]a), (40)

where the right-hand side is evaluated in the Fock space F,, for any ¢ € C and any
v € C\ {0}

Proof. Since ‘(u - 1)\/v/u;NS> is an 0sp(1|2) highest weight vector and Q[lufl]
is a module homomorphism, the image of ’(u - 1)\/v/u;NS> must be either a

singular vector or zero. By Theorem 17 the singular vector in F is unique and
therefore it is sufficient to show that Q v 1]‘ u—1)\/v/u; NS> is non-zero. We do

this by explicitly evaluating certain matrix elements and verifying that they are
non-zero.
Evaluating formula (24) for Q[lufu on |(u—1)/&NS) yields

QY| —1)/&;Ns) = | H(l)ﬁzm

i#]

T 2 2AG) (Blar)e1) — b)) -+~ (Brues)e(zur) — bzu)

i=1
—la_p, . dzy---dzy 1

m31 2100 Zu—1

To further evaluate this formula, we distinguish between u and v even or odd.
Suppose first that v and v are odd. Then, by the identities (31) in Theorem 23,

+

u—1 9 (utv)/2 ,y(u 1)/2
Hzi o A(z)<(u11)/2'(ﬁ( )C(Zl)_b(zl))“'(ﬂ(zu1)C(Zu1)—b(zu1))>
=1 NS

11 LJu=v)/2=-1p W 1)(00)( 71) :PES(ZA),

where & is the admissible partition £ = 6~ ((v —u)/2 4+ 1, (v —u)/2 + 1) and
( >1;1~_s denotes the combination of the 8v and bc correlation functions. The non-
vanishing of Q[lufl] |(u —1)/&;NS) then follows by evaluating the following matrix
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element as an integral of correlators:

(u—1)/2

(O:NS| o — 17)1/2, St (P () @ M — 1)/ NS)

(€2-1)/2
S[TI(-2) e R

i#£j 21 Zu_1
- <P;3(2), Pi/<f*2—1)(z)>2/(f72*1)
2/(€72-1) 2/(672-1) 2/(67%-1)
= (P02 P ) T 0
—

where the third equality uses the fact that Jack symmetric polynomials decompose
upper triangularly (with leading coefficient equal to 1) in terms of Jack symmetric
polynomials at different values of the parameter and that Jack symmetric poly-

nomials at parameter value 2/(£72 — 1) are orthogonal with respect to the inner
—2
product { , >f/§ -,
The case where u and v are even follows similarly by evaluating the matrix

element

(u=2)/2 B -
(O5NS| s aarbort (PY€ 70 ) ) QM = 1)/ Ns)
" 2/(€72-1)
- <P;3(Z)7pi/(5 71)(2)> 1
- » 2/(672-1)
- <Pi/(£ =) (2), P2/ 271>(Z)>u_1 20,

where k = 6D ((v —u)/2+2,(v—u)/2). O

Lemma 25. Up to an irrelevant scale factor, the polynomial g(h,%) of Theorem 9
is given by

T uj
g(h72) = 1—[ (2 - Si,j)? Sij = § - % (41)
(i,4)EKTS,

In particular, g(h,X) does not depend on h.

Proof. As stated in Theorem 9, the degree of the polynomial g(h, ¥) is bounded by
(u—1)(v —1)/2. We shall show that the factors (¥ —s; ;) of (41) divide g(h,X)
by showing that g(h, s; ;) vanishes independently of h. Since these factors saturate
the maximal degree of g and ¢ is non-zero by Theorem 8, they uniquely determine
g up to scaling.

Consider first the case when u and v are odd. The zero mode of the singular
vector maps the relaxed highest weight vectors |p; ¢; NS) and ¢o|p; ¢; NS) to mul-

tiples of ﬁéu_l)/2|p; q; NS) and ﬁéu_l)/QCO\p; q; NS), respectively. This mapping is
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non-zero if and only if the following matrix elements are also non-zero.

<p; a NS"7(()“71)/2QEUil]V((ufl)/é)a(w) ‘p; a NS>
g;t

= /<,Yéu1)/2 ﬁ(ﬁ(zz + w)C(Zi + w) — b(zl + ’LU))>
=t NS

<pa >dz1 cerdzy—1
2—1)/2 u—1 . — —1 49
—/H(l_) H(1+%) p/ghsz(u+v)/2 (42)

i#£] i=1 i=1
o+
le s dZufl
Zl DR Zu—l

u—1

[T V_aezi+w) Viu-1)/ea(w)|pa

i=1

A(Z)<7§”_”/Q TT(B: + w)e(zi +w) — bz +w))

i=1 NS

—2
(u—1)/2 w1l /e 2/(67°-1)
_ . (1=u)/2 —i . _3 ﬁ D
- Z v z<P[(v+u>/2—2—e<u—l>(z‘>] (=) ’H<1+ w) > ’

= 1=1 1

the second equality follows from the identities (32) in Theorem 23. By the argument
outlined at the beginning of Section 4, we need to identify the cells common to
all partitions dominated by [(v+u)/2—2— €=V (§)], i =0,...,(u—1)/2. The
parts of the admissible partitions [(v +u)/2 — 2 — e~V ()] are all bounded below
by the parts of [(v+u)/2—2—6%"D(1,0)] = 6@ V((v—u)/2+1,(v—1u)/2)
and so by [34, Lem. 3.2.(3)], the cells common to all partitions dominated by the
[(v+u)/2—2—€e®V ()] form the length u — 1 partition

v—1 v—1 v—1 v—u v—u v—u
P:{ ) 717 717"'7 :|7
2 2 2 2 2 2
that is, p1 = (v —1)/2=pa+ 1 and p; = p;—o + 1 for i = 3,...,u — 1. Therefore,
by (38), the zeros of

]‘[(5_22_ : (2’ 4 1) + 5_272_1(1’@) _ E’(b)) (43)

bep

are common to all the summands of (42). Up to irrelevant scale factors, this
polynomial can be rewritten as

52

H<§p+ % — %(6’(b) +1)+ = (é’ +2a(b) + 2))

bep
_H(j;sp 50/ (b)+1 2’(b)+2a’(b)+2)
bep
(v=1)/2 u3)/2 (v-1)/2—
= [TEsp—si2) [T TT(Esp = soiziroj—1)(Esp — s2i41.2i425)
j=1 i=1 j=1

(v—u)/2
1_[ (:tsp - Sufl,u+2j72)u

Jj=1
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where we recall that s, = j:(fp + %) are the respective eigenvalues of ¥ acting on
the relaxed highest weight vectors |p; ¢; NS) and cy|p; ¢; NS). So for (4,j) € KE)SU,
i < j we have that g(h,s; ;) = 0 and g(h, —s; ;) = 0. Since —s; ; = Sy—;—;, this
implies g(h, s; ;) = 0 for all (¢,7) € KIJ% Note we have used the fact that v > wu,
otherwise the ordered pairs (i,7), (u — ¢,v — j), with ¢ < j, would not cover the
entire Neveu—Schwarz Kac table.

Next, consider the case of even u and v. The action of the zero mode of
the singular vector acting on the relaxed highest weight vectors |p;q¢; NS) and
co|p; ¢; NS) is non-zero if and only if the following matrix elements are also non-
Z€ro:

<p; q; NS‘%?/Qbo Q[lu_l]V(u—n/s(w) ‘p; 4 NS>,

(u=2)/2  Alu-1] (44)
<p;q;NS)bovo“ Q1 Viu_1ye(w)co p;q;NS>~

Up to irrelevant factors involving ¢, both matrix elements evaluate to

-2
u/2-1 w1 e \ETD

3u/2-2 —i (u-1)/ p—3 zi\ ~P/¢
w! Z v <P[<v+u>/2—2—e<u—1><i)](Z)’H<1+w) '

=1 wu—1

As in the case of odd u,v we identify zeros by finding cells common to all Young
diagrams of partitions dominated by [(v +u)2—2—e®“(i)]. By [34, Lem. 3.2.(4)],

v v v v v—u v—u v—u
=|-—-1,-—-1,=-=2,——=2,... 1 1
p |:2 ) 2 ) 2 ) 2 ) ) 2 + ) 2 + ) 2 :|
is the partition of length u — 1 formed by these cells. The zeros of
1 1 ! 2 / !/
TT(p+=—<@®) +1) + (¢ +2d'(b) +2)
he 2 2 2
P
= T(Esp = svorrew2e0)42)
bep
w/2—1v/2—1 (v—u)/2
=TT T1(Esp—soi10ir0j-2)(Esp —soizivej- 1) [ [ (£5p — su-1,ut2j-2)
i=1  j=1 j=1

are therefore also zeros of the original matrix elements (44). As in the case for u
and v odd, this implies that g(h, s; ;) = 0 for all (i,7) € KI5. O

Lemma 26. Up to an irrelevant scale factor, the polynomial g-(h,Q) of Theo-

rem 9 is given by

(wj—vi)? — 42

Sv2

g-(h Q)= T @-ay) ay=

[(i,)eKy,

(45)

In particular, g, (h,Q) does not depend on h.
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Proof. As stated in Theorem 9, the degree of the polynomial g.(h, @) is bounded
by ((u—1)(v —1) —1)/2. We shall show that the factors (Q — ¢; ;) of (45) divide
g-(h, Q) by showing that g, vanishes independently of h at appropriate values of
Q. Since these factors saturate the maximal degree of g, and g, is non-zero by
Theorem 8, they uniquely determine g, up to scaling.

Consider first the case where u and v are odd. The zero mode of the singular
vector maps the relaxed highest weight vector |p; j; R) to a multiple of the vector
ﬂé“_l)/ 2 |p; 7; R). This action is non-zero if and only if the following matrix element
is non-zero:

<p;j; Ry 2 QM IV (4 1y jeya(w) p;j;R>

~[H-2)" e

U o (ute))2 (u—1)/2 1 ’ dzy---dzy 1
S k= A(2){ 0 [T(BGe(z) = b(z)) ) —————— (46)
i=1 i=1 R 21 Ru—1
Using the identities (33) of Theorem 23, this evaluates to
2/(672-1)
u—1 _p/E—
1 (u—1)/2 -3 Zi p/&-1/2
() (u-1)/2(=2) <Ps(u—l)((v—u)/2+1,(v—u)/2+1) CF 1_{ (H'J)
= u—1

As in the proof of Theorem 25, cells common to all Young diagrams of partitions
dominated by 6~V ((v —u)/2+1, (v —u)/2 + 1) can be used to identify zero of
the above inner product. By [34, Lem. 3.2.(1)] these cells form the length u — 1
partition

p_[vl U71U71,1U71,1 v—u+17v;u

1
2 72 2 ) T +]

and the zeros of (46) include the zeros of

[1 (£p+ Cream -2 _252 ﬂ’(b))

bep 2

1 1 2
= H(gp + - — (') +1)+ f—(e'(b) + 24/ (b) + 1))
bep 2 2 2
=1 = seyrremr2am1) = 1 (sp—sij)
bep (6,5)EKE,,
i<y

Since the above zeros do not depend on the v weight, they correspond to values
of @ at which the polynomial g.(h,Q) vanishes independently of h. Recall that
ap = %(sg - 1) and assume g, (h,d) = 0 for some d € C independent of h; then
gr(h,qp) is divided by

(2-1) =5 (s~ d) (s, +d),
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where +d are the square roots of 2d + 1. So if (s, — s; ;) divides g(h, qp), then
(sp + si,j) must do so also. Thus the product (s, — s;.5)(sp + si.5) = (2qp — 57, + 1)
= 2(gp — ¢, ;) divides g(h, ¢,). So since Q —g; ; divides g, for all i < j, (4,7) € KEU

. R . . . .
and every class in K, , has a representative of this form (assuming v > wu), this
proves the lemma for v and v odd.

Next consider the case when u and v are even; then the action of the zero mode
of the singular vector on a relaxed highest weight vector |p;j;R) is non-zero if and
only if the following matrix element is non-zero:

<p;J, el gt (w)V«u_l)/g)a(w) ’p;j; R>
-1)/2u—1

SJTI(-2) e

- <75”_2)/2 TT(3C + w)elz: +w) — bz + w>>c<w>> R R T R
R

il 21 Bu—1

Up to an irrelevant scale factor in j this evaluates to
o
3 - -p/§-1/2 2/
P5(u D((v—u)/2+1,(v—u /2+1) 1_{( w)
= u—1

By [34, Lem. 3.2.(2)], the partition formed by the cells common to the Young
diagrams of all partitions dominated by 6~V (¥5% 41,224 1) is

v v v v—u v—u
=|--1,-=-2,-=2,... 1, — +1].
p {2 72 72 ) ) 2 + K 2 J”}

Thus, the zeros of the matrix element (47) include those of

[1(sp = seoemrwmen) =TT (s =si5)-
ber (i) ek,
i<j

The remainder of the proof then follows as in the case of v and v odd. [

2. The case when u > v and k£ > —1

Throughout this section we will assume that u, v are integers satisfying u > v > 1,
u—v € 2Z and ged(u, (v —v)/2) and that £ = y/u/v. We will prove Theorem 10
under the assumption u > v by using the screening operator Qs to construct the
singular vector of Vj, , and then evaluating the action of its zero mode on relaxed
highest weight vectors to deduce its image on the Zhu algebras. Note that for
u > v, the exponent (£2 —1)/2 = (u —v)/2v in (25) is positive rational and will
form the Jack polynomial parameter. Throughout this section we will be using the
second free field realisation of Vi, in which £(2) = Vg4 (2).
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Lemma 27. The singular vector of Vi as a subalgebra of B, is given by

w,v?

amg<u“+”)w+¢xm$ (48)

[v 1]

Xu,p = %

where |(1 —v)&; (u — (w4 v)/2v)(0 + ); NS) is the highest weight vector of

]F(l—v)ga ® F(u—(1L+1))/21))(9+w) ® IFNS

Proof. Since the singular vector is unique by Theorem 18, it suffices to show that
(48) does not vanish. As in the previous section, we do this by verifying that certain
matrix elements are non-zero.

Expanding (48) as an integral of multiple copies of the screening field Qs(z)
gives

(£2-1)/2p-1
/Hl—%) [T a0

i#£] Zj =1
v—1

(B(zi)c(z;) — b(z:) HV u+v)/2u)(0+w)(zi)

i=1
T exp (6% pu(2)) |0 (u— “;”)<9+w);NS>W (49)

m>1 21 Zy—1

For u and v odd, we show that this is non-zero by computing the matrix element

uU+v

(1-0)6s (w0 ) (04088 ),

< (9+w) NS|p

(p2/(§2—1)( ))Q[QH}

where £ = 6"V(1 + (u—v)/2,1 + (u—v)/2). The above matrix element then
evaluates to

(52_1)/2 5 v—1
/ H<1 B ) P/ D () [T 5“2z
i#] ] i=1

v—1

H(ﬁ(zz‘)c(zi) —b(2i))

i=1
<u— u+U>(9+¢);NS>dzl'”dZ”1

2v 21 Zy—1

-<“;1w+¢yNs

v—1
: 11 V_(utv)/20) (0+0) (i)

The combined By weight of the ket and the V_((y4v)/20)(6+v)(2:) vertex opera-
torsis ((u —v)/2)(6 + v), so in order to reach the bra’s weight of ((u—1)/2)(64%),
the product of 8 and be fields needs to contribute ((v —1)/2)(6 + ), that is, the
only summands of [T"=} (8(zi)c(z:) — b(2;)) which contribute are those containing
B exactly (v —1)/2 times. Further, since 5(2) = Vo4 (2) and V_((uqv)/20) (04 (2)
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have regular operator product expansions with themselves and each other, the
above matrix element simplifies to

—1)/2 v—1
/H<1 — > Pi/(EQ*D(z) H 21‘2_(“+U)/2

i=1

it " dzy - -dzy—q
-A(2)<H(C(2i) - b(Zi))> 2171)
NS

=1 CrRy—1
(£2-1)/2
- -z 2/(67-1) () p=3(,-1) P42
/g(l Zj) P60 (5)pr (o) oL
= (P,
2/(£2-1
= (o) P (o)) 20

The case for u and v odd follows similarly by evaluating the matrix element

bopg_l(Péfl(y)) = v (u“;}”><0+w);NS>

and verifying that it is non-zero. [

<0;Z(9+¢);NS

Lemma 28. Up to an irrelevant scale factor, the polynomial g(h,¥) of Theorem 9
1s given by ‘ .
i ouj
gh,)= [ E—sip), sij =5 %y

(4,9)€KNS

In particular, g(h,X) does not depend on h.

Proof. This proof mirrors that of Theorem 25 but with the screening operator Q;
replaced by Qa, that is, we will show that the factors (X — s, ;) all divide g(h, X),
thus saturating the degree bound on g and determining g up to scaling.

Recall that by Theorem 15 we have F(yg1y)—y) = Wi as a 7 module and
o [p;§(0 + ) —¥;NS) and co|p; (0 + 1) — ¥;NS) are 0sp(1]2) relaxed highest
weight vectors. The zero mode of the singular vector shifts the 0sp(1]2) weights of
such relaxed highest weight vectors by (v — 1)a. For u and v odd, this means a
shift of ((uw —1)/2)(0 4+ ¢) in By weight, and for u and v even, it means a shift of
((uw—2)/2)(0 + ) in By weight and 1 unit of be weight.

Consider the case when u and v are odd, then the action of the zero mode of
the singular vector on the relaxed highest weight vectors |p; (6 + ¢) — ¢; NS) and
colp; (6 + ¥) — 1; NS) is non-zero if and only if the matrix elements

<p; (j+52)(68 4+ ) — 5 NS
fo—1]

2 V(i—v)tat(u—(utv)/20)0+p) (W)
p; J(0+) — s NS>
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and
ou—1
<p; (] + )(9+¢) w;NS‘

2
v—1
bo Q[Q ]V(1—11)§a+(u—(u-&-v)/2v)(0+d;) (w)CO
pid6-+0) - viNS)

are non-zero. Evaluating the first matrix element gives

oou—1
<p; (J + 2)(9+1/1) - w;NS‘
v—1
QN IV (1 vyéar (um(uto) 20 (044 ()

‘p;j(9+¢)—w;NS>
) (£2-1)/2y-1 \ epv=l
_ _ A Zi\*P 2 (utv)/2
/]‘[(1 Zj) (1+w) 1 A(2)

it 11 1
<<J+u 1)(0+¢)_¢;NS’
ﬁ(ﬁ(zi 4 w)e(zi + w) — bz + w))

T T Vetwro) 2000 (zi + w)
1=1

“V(u—(utv) /20) (043) (W)
J6 -+ ) w;NS>

le o dzv—l

1" 2y—1

The combined Sy weight of the ket and the vertex operators in the integrand is
(j+ (w—v)/2)(0 + 1) — 1), so in order to reach the bra’s weight of (j + (v — 1)/2)
- (6 + 1) the product of 8,b and c fields needs to contribute ((v —1)/2)(8 + ),
that is, after multiplying out the product, only summands containing (v —1)/2
copies of § will contribute to the matrix element. Thus, the matrix element inside

the integrand evaluates to

v—1 + v—1
<H (C(zz +w)(z +w) "t — bz + w))> wlutv)/2v—u 1_[(2z + w)(u“’)/z”
i=1 NS i=1
v—1 + v—1 2 (utv)/2v
= ( T (c(zi +w)(zi +w) ™! = bz +w)) ) w72 H(l-i- j)
i=1 NS i=1

Thus the total matrix element evaluates to
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< <] + 72 >(9+w) 1/1'NS‘
QY IV (1 —upat (um(utn) 20) (0) ()
‘p;j(9 + 1) — s NS>

(£2=1)/2 y— Ept(utv)/20 00 9 (q0)/2
o ")/2/1_[(1—) H( =) 1+

i#] i=1

— * zZ1---dz 1
'A(Z)<H(C(Zi+w)(zi+w)lb(zi+w))> dzy---dzyy

21 Zy—
NS 1 v—1

(5 —1)/2y— Ep+(u+tv)/2v—1
:(j)(vfl)/2< )(v 1)/2,(v— u/2/1_[(1_) H( )

i#£j

v—1 U*
. —(u—v)/2 (v—1)/2—i (v 1)p-3 —1ydzr - dazya
1112’;‘ Z w P[v 92— e(v— 1)(1)]( ) 21 Zy_1

(v—1)/2 )
_ w=D/2=i 0D

2/(€%-1)

i=1
v—1 Ep+(u+v)/2v—1
. -3
<P[(u+v)/2+2 e(w=1)( z) ’H( ) > ’

1= v—1

where the second equality makes use of the identities of (32). As in the proof
of Theorem 25, we can look for zeros common to all summands to find zeros of
the action of the zero mode of the singular vector by identifying cells common
to all Young diagrams of partitions dominated by the [(u+v)/2+ 2 — e~V (4)].
By [34, Lem. 3.2.(3)] these cells form the length v — 1 partition

_ u—1 u—1 1u—l uU—v uU—v uU—v
p= 5 ' 9 T

and the zeros common to all summands above include those of

52 —1 / §2 —1 /
H §p+ 5 ¢ (b) + Te (b)) = H(Sp - 54’(b)+2a’(b)+2,£’(b)+1)

bep bep
= JI (sp—sij)
(i.4) KNS,
i>j

The analogous matrix element coming from the action of the zero mode of the
singular vectors in the relaxed highest weight vector co|p; j(8 + ¥) — 1; NS) gives
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<p <J+2>(9+¢) Qﬁ;NS’
bo QY™ V(1 v)eat(u—(utv)/20)(0+w) (W)Co
‘p;j(9 +9) = NS>

2_1)/2 y— v
- “)/2/H<1 B >(§ )/ 1_[1(1 N ﬁ)§p+(u+v)/2v 1_[125_(“+v)/2

it i=1 w i=1

n 21 Zy—
i=1 NS 1 v—1

. A(Z)<v1:[(0(zi +w)(z; +w) " —b(z + w))> dar - dep

(v—1)/2
— Z w(v 1)/2—i (U 1)

_3 - Ep+(utv)/20—1
'<P[(u+v)/2+2e<v—1>(z (2), 1:[( ) >

v—1

2/(€2-1)

As above, the zeros common to all summands include those of

52 -1 / 52 -1 /
H Ep + 5 ¢ (b) + TE (b)) = H(_Sp — S0/(b) 20/ (1) 42,/ () +1)
bep bep

H (=sp — $i,5)-
(i,4) KRS,

i>j

Thus, g(h, s;;) = 0 independent of h for all (i,5) € K. Note that we have used
the fact that u > v, otherwise the ordered pairs (7, j) and (u—¢,v — j), with ¢ > j,
would not cover the entire Neveu—Schwarz Kac table.

For u and v even, the action of the zero mode of the singular vector on the
relaxed highest weight vectors |p;j(6 + ¢) — ¢; NS) and cg|p; j(6 + ) — ¥; NS) is

non-zero if and only if the matrix elements

< (j+42) (0+v)— lﬁNS‘onz 1—v)5a+(u—(u+v)/2v)(ew)(w)‘p;j(9+¢)—1/);NS>,

(93 (7+%) (0-+9) =5 N8| Q8 IV (1 apcattu(ure) 20y ) (w)co | p3 7 (6-+16) — 5 NS )

are non-zero. By the same reasoning as in the case of odd u and v above, these
matrix elements both evaluate to

v/2-1 2/(€2-1)

vzl Ep+(€7+1)/2-1
u/2—1 (u 1’)/2 —3
Zw / <H v 2— 6@,1)(1) ’H( ) >

= v—1
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By [34, Lem. 3.2.(4)], the cells common to all Young diagrams dominated by
[v—2— €1 ()] form the length v — 1 partition

u (3
=|-—-1,-—-1,...
P 2 a2 ’ )

The zeros common to all summands therefore include those of

H (isp — Ser(b)+2a/ (b)+2,ef(b)+1) .
bep

Thus, g(h, s;,;) = 0 independent of h for all (i,5) € K}5. O
Lemma 29. Up to an irrelevant scale factor, the polynomial g.(h,Q) of Theo-
rem 9 is given by

(wj—vi)® — 42
8v2

gr(hv Q) = H (Q - Ch',j): qi,j =

[(i,4))EKT ,

In particular, g-(h,Q) does not depend on h.

Proof. This proof mirrors that of Theorem 26 but with the screening operator
Q; replaced by Qs. For u and v odd, the action of the zero mode of the singular
vector on the candidate relaxed highest weight vector is non-zero if and only if the
following matrix element is non-zero:

< (J+2)(9+¢) w;R‘

v—1
QY IV (1 o) at(um(usn) 20) (0) ()
p;j(0+) — ;R

(-1)/2 -1 Cepu—1
— () /2 (v—l /2/1—[< ) 1—[ (1 + %)ﬁp H 23 (u+v)/2A(Z)
i=1

i#] i=1
<<y + —2 )(0 +) —
HV (utv) /20)( e+w>(zz +0)-V(u (utv) /20)(044) (W)

]jww) " >d21

21t Zy—1

B(zi + w)c(z; + w) — b(z; + w))
1

dzv—l
(1—u)/2( )(1)—1)/2

2/(&°-1)
vl £€pt+E?/2
<P6(§’ D ((u—v)/2+1,(u—v) /2+1)( )’H( ) > ’ (50)

= v—1

where the matrix element in the integrand is evaluated as in the proof of Theo-
rem 28 (that is, the only summands of the product of 8, b and c¢ fields which
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contribute are those containing (v — 1)/2 copies of ) and using the identities of
(33). As above in the proofs of Theorem 25, 26, and 28, we identify cells common to
all Young diagrams of partitions dominated by 6*=1 ((u — v)/2 4 1, (u — v)/2 + 1)
to find zeros. By [34, Lem.3.2.(1)] the cells form the length v — 1 partition

_ u—1 u—1 u—1 lu—l u—v+1u—v+1
P79 "9 T T Ty Th T '

The zeros of the matrix element (50) therefore include those of

[ e+ 5 -0+ 52 ew)

bep

2
ﬂ(ﬁp + % - %(é’(b) +2d/(b) +1) + %(e'(b) + 1))

(sp = ser2amyrremer) =  TT (sp—sig),
(6,5) €KY,
i>j

=
A

S

Also as in the proof of Theorem 26, (s, — s; ;) dividing g,(h, gp) implies that
(sp + 8ij) = (Sp — Su—rw—s) does so as well and thus ¢, — ¢; ; divides g, (h, q,) for
all (i,7) € KR i > j. Since u > v every class of Kiv has a representative of this
form, thus prbving the lemma for odd u and v.

For w and v even, one must consider the action of the zero mode of the yq
descendant of the singular vector. This action vanishes on the relaxed highest
weight vector |p; j(0 + ¢) — 1; R) if and only if the matrix element

<p; (U +452) (0 +v) —w;R’
v—1
b ]C(w)v(lfv)§a+(uf(u+v)/2v)(9+w)(w)

‘p;j(G + 1) — w;R>

vanishes. This matrix element evaluates to

2

Cou—2
<p; (J + >(9+¢) - ;R
v—1
Q[Q ]C(w)v(l—11)§a+(u—(u+1))/211)(9+w) (’IU)

'p;j(9+1/1) - w;R>
_ 7w17u/2(72)(v72)/2

2/(€%-1)
et N ép+E7/2
-3 Zi
' <P5(U1)((u—v)/2+1,(u—’u)/2+1) (2), II (1 + E) >
= v—1

The usual trick of looking for cells common to all Young diagrams of partitions
dominated by 8~V ((u —v)/2 + 1, (u — v)/2 + 1) gives the length v — 1 partition

®

u u u u u u—v u—v
==, =—1,-— —2 1,
p |:2’2 72 ) b 2 +7 2
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by [34, Lem. 3.2.(2)]. The zeros of the above matrix element therefore include those
of

H(Sp - Se'(b)+2a'(b)+1,e'(b)+1) = H (8p — $i,5)-
bep (6,5)EKE,,
i>7

As in the case of odd u and v this implies that g,(h,¢; ;) = 0 for all [(z,])] € KI;U.
O
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