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Abstract: The rank 1 bosonic ghost vertex algebra, also known as the Sy ghosts,
symplectic bosons or Weyl vertex algebra, is a simple example of a conformal field
theory which is neither rational, nor C»-cofinite. We identify a module category, denoted
category %, which satisfies three necessary conditions coming from conformal field
theory considerations: closure under restricted duals, closure under fusion and closure
under the action of the modular group on characters. We prove the second of these
conditions, with the other two already being known. Further, we show that category
% has sufficiently many projective and injective modules, give a classification of all
indecomposable modules, show that fusion is rigid and compute all fusion products.
The fusion product formulae turn out to perfectly match a previously proposed Verlinde
formula, which was computed using a conjectured generalisation of the usual rational
Verlinde formula, called the standard module formalism. The bosonic ghosts therefore
exhibit essentially all of the rich structure of rational theories despite satisfying none of
the standard rationality assumptions such as C,-cofiniteness, the vertex algebra being
isomorphic to its restricted dual or having a one-dimensional conformal weight 0 space.
In particular, to the best of the authors’ knowledge this is the first example of a proof of
rigidity for a logarithmic non-C;-cofinite vertex algebra.

1. Introduction

A vertex algebra is called logarithmic if it admits reducible yet indecomposable modules
on which the Virasoro L operator acts non-semisimply, giving rise to logarithmic sin-
gularities in the correlation functions of the associated conformal field theory. There is
a general consensus within the research community that many of the structures familiar
from rational vertex algebras such as modular tensor categories [1] and, in particular,
the Verlinde formula should generalise in some form to the logarithmic case, at least for
sufficiently nice logarithmic vertex algebras. To this end, considerable work has been
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done on developing non-semisimple or non-finite generalisations of modular tensor cate-
gories [2—4]. However, progress has been hindered by a severe lack of examples, making
it hard to come up with the right set of assumptions.

Ghost systems have been used extensively in theoretical physics and quantum algebra.
Their applications include gauge fixing in string theory [5], Wakimoto free field real-
isations [6], quantum Hamiltonian reduction [7] and constructing the chiral de Rham
complex on smooth manifolds [8]. Fermionic ghosts at central charge ¢ = —2 in the
form of symplectic fermions have received a lot of attention in the past [9—11], due to
their even subalgebra being one of the first known examples of a logarithmic vertex
algebra. In particular, they are one of the few known examples of C-cofinite yet loga-
rithmic vertex algebras [12—14]. This family also provides the only known examples of
logarithmic C,-cofinite vertex algebras with a rigid fusion product [12,15].

Here we study the rank 1 bosonic ghosts at central charge ¢ = 2. One of the motiva-
tions for studying this algebra is that it is simple enough to allow many quantities to be
computed explicitly, while simultaneously being distinguished from better understood
algebras in a number of interesting ways. For example, the bosonic ghosts are not Co-
cofinite and they were shown to be logarithmic by D. Ridout and the second author in
[16], in which the module category to be studied here, denoted category .%, was intro-
duced. The main goals of [16] were determining the modular properties of characters in
category .% and computing the Verlinde formula, using the standard module formalism
pioneered by D. Ridout and T. Creutzig [17-19], to predict fusion product formulae.
Later, D. Adamovi¢ and V. Pedi¢ computed the dimensions of spaces of intertwining
operators among the simple modules of category .% in [20], which turned out to match
the predictions made by the Verlinde formula in [16]. Here we show that fusion (in
the sense of the P (w)-tensor products of [21]) equips category .% with the structure of
a braided tensor category. This, in particular, implies that category .% is closed under
fusion, that is, the fusion product of any two objects in .% has no contributions from
outside .# and is hence again an object in .% . We derive explicit formulae for the decom-
position of any fusion product into indecomposable direct summands, and we show that
fusion is rigid and matches the Verlinde formula of [16].

A further source of interest for the bosonic ghosts is an exciting recent correspondence
between four-dimensional super conformal field theory and two-dimensional conformal
field theory [22], where the bosonic ghosts appear as one of the smaller examples on the
two-dimensional side. Within this context the bosonic ghosts are the first member of a
family of vertex algebras called the B, algebras [23,24]. The B ,-module categories are
conjectured to satisfy interesting tensor categorical equivalences to the module category
of the unrolled restricted quantum groups of s(. It will be an interesting future problem
to explore these categorical relations in more detail using the results of this paper.

The paper is organised as follows. In Section 2, we fix notation by giving an introduc-
tion to the bosonic ghost algebra and certain important automorphisms called conjugation
and spectral flow; construct category .%, the module category to be studied; and give two
free field realisations of the bosonic ghost algebra. In Section 3 we begin the analysis
of category .# as an abelian category by using the free field realisations of the bosonic
ghost algebra to construct a logarithmic module, denoted P, on which the operator L
has rank 2 Jordan blocks. We further show that P is both an injective hull and a projective
cover of the vacuum module (the bosonic ghost vertex algebra as a module over itself),
and classify all projective modules in category .%, thereby showing that category .# has
sufficiently many projectives and injectives. In Section 4 we complete the analysis of cat-
egory .% as an abelian category by classifying all indecomposable modules. In Section
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5 we show that fusion equips category .% with the structure of a vertex tensor category,
the main obstruction being showing that certain conditions, sufficient for the existence
of associativity isomorphisms, hold. We further show that the simple projective modules
of % are rigid. In Section 6 we show that category .7 is rigid and determine direct sum
decompositions for all fusion products of modules in category .%. In Appendix A we
review an argument by Yang [25], which provides sufficient conditions for a technical
property, called convergence and extension, required for the existence of associativity
isomorphisms. We adjust the argument of Yang slightly to remove certain assumptions
on module categories. This adjusted argument proves Theorem 5.7, which should also
prove useful for the generalisations of category .% to other vertex algebras such as those
constructed from affine Lie algebras at admissible levels.

2. Bosonic Ghost Vertex Algebra

In this section we introduce the bosonic ghost vertex algebra, along with its gradings
and automorphisms. We define the module category which will be the focus of this
paper. We also introduce useful tools for the classification of modules and calculation
of fusion products, including two free field realisations. Note that we will make specific
choices of conformal structure for all vertex algebras considered in this paper and so will
not distinguish between vertex algebras, vertex operator algebras and conformal vertex
algebras or other similar naming conventions.

2.1. The algebra and its automorphisms. The bosonic ghost vertex algebra (also called
By ghosts) is closely related to the Weyl algebra. Their defining relations resemble each
other and the Zhu algebra of the bosonic ghosts is isomorphic to the Weyl algebra. The
bosonic ghosts are therefore also often referred to as the Weyl vertex algebra. Due to
these connections, we first introduce the Weyl algebra and its modules before going on
to consider the bosonic ghosts.

Definition 2.1. The (rank 1) Weyl algebra 2l is the unique unital associative algebra with
two generators p, g, subject to the relations

[p.ql=1, @2.1)

and no additional relations beyond those required by the axioms of an associative algebra.
The grading operator is the element N = gp.

Definition 2.2. We define the following indecomposable 2(-modules:

(1) C[x], where p acts as 3/dx and g acts as x. Denote this module by V.

(2) C[x], where p acts as x and g acts as —d/dx. Denote this module by cV.

(3) C[x, x~'1x*, 1 € C\Z, where p actsas d/9x and g acts as x. Note that shifting A by an
integer yields an isomorphic module. Denote the mutually inequivalent isomorphism
classes of these modules by Wﬂ, where u € C/Z, u # Z and \ € pu.

(4) C[x, x~'1, where p acts as 3/dx and g acts as x. Denote this module by Wg This
module is uniquely characterised by the non-split exact sequence

0—V— W, —cV—0. (2.2)
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(5) Clx, x~'1, where p acts as x and g acts as —3/dx. Denote this module by W_g. This
module is uniquely characterised by the non-split exact sequence

0—cV— W, —V—0. (2.3)

A module on which N = gp acts semisimply is called a weight module. Note that N
acts semisimply on all modules above.

Proposition 2.3 (Block [26]). Any simple A-module on which N acts semisimply is
isomorphic to one of those listed in Definition 2.2, Parts (1) — (3).

Definition 2.4. The bosonic ghost vertex algebra G is the unique vertex algebra strongly
generated by two fields 8, y, subject to the defining operator product expansions

1
y(@)B(w) ~ pa—— B2)Bw) ~ y @)y w) ~ 0, (2.4)

and no additional relations beyond those required by vertex algebra axioms.

The bosonic ghost vertex algebra admits a one-parameter family of conformal structures.
Here we choose the Virasoro field (or energy momentum tensor) to be

T(z) = =)y (2):, (2.5)

thus determining the central charge to be ¢ = 2 and the conformal weights of 8 and y to
be 1 and 0, respectively. The bosonic ghost fields can thus be expanded as formal power
series with the mode indexing chosen to reflect the conformal weights.

BRI =) Bz y@ =) m " (2.6)
nez nez

The operator product expansions of § and y fields imply that their modes generate the
bosonic ghost Lie algebra ® satisfying the Lie brackets

[Vm, Bul = 8m+n,017 [Bus Bnl = [V, Yl = 0, m,n € Z, 2.7

where 1 is central and acts as the identity on any G-module, since it corresponds to the
identity (or vacuum) field.
Within G there is a rank 1 Heisenberg vertex algebra generated by the field

J(2) =:B(@)y(2):. (2.8)

A quick calculation reveals that J is a free boson of Lorentzian signature, not a conformal
primary, and that J defines a grading on § and y called ghost weight (or ghost number),
that is,

T()J(w) ~ -l + AC +3J(w)

J(Z)J(w)Nm’ z—w)3 (z—w? z-w’

J@Bw) ~ fﬂ—wj) T @y (w) ~ ;y_(’:). (2.9)

Note that for the distinguished elements 8, y, J, and T we suppress the field map
symbol Y : G — Gz, z~']. For generic elements A € G we will use both Y (A, z) and
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A(2) to denote the field corresponding to A, depending on what is easier to read in the
given context.

We make frequent use of two automorphisms of &. The first is spectral flow, which
acts on the & modes as

o By =PBut:  vn=vure, 1=1 (2.10)

The second is conjugation which is given by

CIBn = Vn,» Cvn = _ﬂns cl=1. (211)
These automorphisms satisfy the relation
col =0 tc. (2.12)
At the level of fields, these automorphisms act as
o'B(x) =Bz’ o'y =y@7,
oI =J@+0z7", T =T@E -z - Lew - D172,
cB(z) =y(2), cy(z) =—B(2),
cJ(z)=—J(@)+1z7!, cTR) =T +3dJ()+J@)z . (2.13)

The primary utility of the conjugation and spectral flow automorphisms lies in construct-
ing new modules from known ones through twisting.

Definition 2.5. Let M be a G-module and « an automorphism. The a-twisted module
aM is defined to be M as a vector space, but with the action of G redefined to be

A@)am=a Y (AR)m, AeG, meM, (2.14)
where the action of G on the right-hand side is the original untwisted action of G on M.

Remark. Due to being algebra automorphisms, spectral flow and conjugation twists both
define exact covariant functors. Further, the respective ghost and conformal weights
[j, h] of a vector m in a G-Module M transform as follows under conjugation and
spectral flow.

ol i, hle [ =€ h+0j — Lo+ D),
c:[j, hl+ [1—j, hl. (2.15)

Since Cz,Bn = —f, and 02)/,1 = —y,, we have M = M, for any G-module M. We
shall later see that spectral flow has infinite order and thus the relations (2.12) imply that
at the level of the module category spectral flow and conjugation generate the infinite
dihedral group.

Theorem 2.6. For any G-modules M and N, conjugation and spectral flow are compat-
ible with fusion products in the following sense.

oMK o™N = o™ (MK N),
cCM KN = co MK N). (2.16)
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The behaviour of spectral flow under fusion was proven for vertex algebras with finite
dimensional conformal weight spaces in [27, Proposition 2.4]. However, the proof does
not rely on this fact, and so we can apply the result to G-modules, as in [20, Proposition
3.1]. The behaviour of conjugation under fusion was proven in [20, Proposition 2.1],
where conjugation was denoted by o and spectral flow by py. There the automorphism g
corresponds to o ~'¢ = co here. These formulae mean that the fusion of modules twisted
by spectral flow is determined by the fusion of untwisted modules, a simplification we
shall make frequent use of.

2.2. Module category. Every G-module is a -module, however, the converse is not
true (consider for example the adjoint &-module). The category of smooth &-modules
consists of precisely those modules which are also G-modules. Such modules are also
commonly called weak G-modules and we shall use these terms interchangeably. Unfor-
tunately the category of all smooth modules is at present too unwieldy to analyse and so
we must invariably consider some subcategory.

In this section we define the module category, which we believe to be the natural
one from the perspective of conformal field theory, because it is compatible with the
following two necessary conformal field theoretic conditions.

(1) Non-degeneracy of n-point conformal blocks (chiral correlation functions) on the
sphere.
(2) Well-definedness of conformal blocks at higher genera.

Condition (1) can be reduced to the non-degeneracy of two and three-point conformal
blocks. The non-degeneracy of two-point conformal blocks requires the module cat-
egory to be closed under taking restricted duals, while non-degeneracy of three-point
conformal blocks requires the module category to be closed under fusion (as, for exam-
ple, constructed by the P (w)-tensor product of Huang-Lepowsky-Zhang). Conformal
blocks at higher genera can be constructed from those on the sphere provided there is
a well-defined action of the modular group on characters. Thus Condition (2) requires
characters to be well-defined, that is, for all modules to decompose into direct sums of
finite dimensional simultaneous generalised Jy and L eigenspaces. On any simple such
module both Ly and Jp will act semisimply. Further, the action of Jy is semisimple on
a fusion product if Jy acts semisimply on both factors of the product. We can therefore
restrict ourselves to a category of Jp-semisimple modules without endangering closure
under fusion. We cannot, however, assume that Lo will act semisimply in general.

The main tool for identifying and classifying vertex operator algebra modules is Zhu’s
algebra. Sadly Zhu’s algebra is only sensitive to modules containing vectors annihilated
by all positive modes. Any simple such module is a simple module in the category called
Z below. We will see that Z is closed under taking restricted duals, however, as can be
seen later in Section 6, category Z is not closed under fusion. Further, it was shown in
[16] that the action of the modular group does not close on its characters. Thus a larger
category is needed, which will be denoted .% below. It was shown in [16] that the action
of the modular group closes on the characters of .% and strong evidence was presented
that fusion does as well. We will see in Section 6 that category .% is indeed closed under
fusion and that it satisfies numerous other nice properties.

The definition of the module categories mentioned above requires the following
choice of parabolic triangular decomposition of &.

&t = span{Bi,, y+rn : n > 1}, &0 = span{1, Bo, Yo0}. 2.17)
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This decomposition is parabolic, because & is not abelian and thus not a choice of Cartan
subalgebra. The role of the Cartan subalgebra will instead be played by span{1, Jo},
which is technically a subalgebra of the completion of U (&) rather than &.

Definition 2.7.

(1) Let G-WMod be the category of smooth weight ®-modules, that is the category
whose objects are all smooth (or weak) G-modules M (we follow the conventions
of [28] regarding smooth modules) which in addition satisfy that Jy acts semisimply
and whose arrows are all &-module homomorphisms.

(2) Let Z be the full subcategory of G-WMod consisting of those modules M € G-
WDMod satisfying
e M is finitely generated,

e B acts locally nilpotently, that is, for allm € M, U (QS+) m is finite dimensional.

(3) Let .7 be the full subcategory of G-WMod consisting all finite length extensions of
arbitrary spectral flows of modules in % with real Jy weights.

The 2(-modules of Definition 2.2 induce to modules in category %.

Definition 2.8. Let M be a 2-module, then we induce M to a G-module Ind M in Z
by having &7 act trivially on M, By and ¥y act as —p and ¢, respectively, and &~ act
freely. We denote

(1) V = Ind V, the vacuum module or bosonic ghost vertex algebra as a module over
itself.
(2) ¢V = o~V = Ind ¢V, the conjugation twist of the vacuum module.

(3) Wy = Ind W, with » € C/Z, A # Z.
4) WE = Ind Wi

Note that due to the simple nature of the  commutation relations (2.7) Ind M is simple
whenever M is, that is, the modules listed in parts (1) — (3) are simple.

Proposition 2.9.

(1) Any simple module in X is isomorphic to one of those listed in Parts (1) — (3) of
Definition 2.8.

(2) Any simple module in F is isomorphic to one of the following mutually inequivalent
modules.

o'V, o'W,, (e€Z reR/Z, 1+ (2.18)

(3) The conjugation twists of simple modules in .F satisfy
co'V=o "W, o'W, Zo"W_,, (e€Z AeR/Z, A#Z. (2.19)
(4) The indecomposable modules \/\73E satisfy the non-split exact sequences

0—V— W, — o'V —0, (2.20a)

0— o'V — W, —V—o0. (2.20b)

This proposition was originally given in [16, Proposition 1], however, we give it again
here for completeness.
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Proof. To show Part (1), we use that & is precisely the category of weight modules
visible to Zhu’s algebra [29]. That is, the simple modules in % are in bijection with
simple weight modules over the Zhu algebra. Further the Zhu algebra of G is isomorphic
to the Weyl algebra 2(. Therefore the simple modules of % are classified by the simple
modules given in Proposition 2.3. Specifically, every simple module in Z is isomorphic
to the simple quotient of an induction of on of the simple modules listed in 2.2, that is,
the module listed in Parts (1) — (3) of Definition 2.8.

Part (2) now immediately follows from Part (1), because, by definition, the simple
modules of .% are just spectral flows of those in Z.

To show Part (3), consider first the case when ¢ = 0, where the identification can be
easily verified by direct computation. The identities for general £ then follow from the
dihedral group relation (2.12).

Finally Part (4) follows from the exact sequences in Definition 2.2 and the fact
that induction preserves exactness. Restricting to the conformal weight O spaces of
these induced sequences recovers the initial exact sequences for modules over the Weyl
algebra. So since the Weyl algebra sequences were non-split the induced sequences must
be too. O

We shall show in Proposition 3.2 that, up to spectral flow twists, the indecomposable
modules W are the only indecomposable length 2 extensions of spectral flows of the

vacuum module. In Section 4 we extend the indecomposable modules W to infinite
families of indecomposable modules.

2.3. Restricted duals. As mentioned above, conformal field theories require their repre-
sentation categories to be closed under taking restricted duals. They are also an essential
tool for the computation of fusion products using the Huang-Lepowsky-Zhang (HLZ)
double dual construction [21, Part IV], also called the P (w)-tensor product, and so we
record the necessary definitions here.

Definition 2.10. Let M be a weight G-module. The restricted dual (or contragredient)
module is defined to be

)
= @ Hom (33}, C).
h,jeC
Hom (M{,ﬁ (C) —meM: (Jo— jym=0, (Lo—h)"m =0, n>>0}, (221)
where the action of G is characterised by
(Y(A, ), m) = (¢, Y(A, 2)°Pm), AeG, yeM, meM, (2.22)

and where Y (A, 7)°PP is given by the formula
L 2\ ko 1
Y(A, )PP =Y (ez ! (—z‘ ) A, z” ) ) (2.23)

Proposition 2.11. The vertex algebra G and its modules have the following properties.

(1) The modes of the generating fields and the Heisenberg field satisfy
W= —Bons V= Vens In =800 — . (2.24)
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(2) The restricted duals of spectral flows of the indecomposable modules in Definition
2.8 can be identified as

(ofv)/ ~ o1ty (GZW;\)/ ~ W, (afwgt)/ = o—tWE, (2.25)

(3) Denote by * the composition of twisting by C and taking the restricted dual, then
(o) =o', (oWi) =oWi, (W) Zo'Ws.  26)
(4) Let A, B € F and £ € Z, then the homomorphism and first extension groups satisfy

Hom (A, B) = Hom (CA, ¢B) = Hom (O‘Z.A, G[B) = Hom (B, A’) = Hom (B*, A*),
Ext (A, B) = Ext (A, ©B) = Ext (oA, B ) = Ext (B, ) = Ext (B%, 4%) . (2.27)

Proof. Part (1) follows immediately from Definition 2.10.

Part (2): Since oV is simple, (O’ZV)/ is too, due to taking duals being an invertible
exact contravariant functor. Further, by the action given in Definition 2.10 it is easy to
see that B,, n > €+ 1 and y,,, m > —€ act locally nilpotently and therefore (o¢V)" is
an object of both 0 ~¢% and o ~!~*%. Thus, (O'EV)/ =gy,

Similarly, since O’ZW)\ is simple, (O‘[WA)/ is too. The modes B,, n > £+ 1 and
Ym,» m > 1 — € act locally nilpotently and therefore (o“W;)" is an object of o ~*%.
Further, for Jo homogeneous m € O’EWA and ¢ € (GZW)L)/, consider

(Joy,m) = (., (1 — Jo)m). (2.28)

Thus, (0‘W;)" = o ~tW_;.

Finally, the duals of aeWgE follow from that fact that the duality functor is exact and
contravariant, and by applying it to the exact sequences (2.20).

Part (3) follows from composing the formulae of Part (2) with the conjugation twist
formulae of Proposition 2.9.

Part (4) follows from ¢, o and ' being exact invertible functors, the first two covariant
and the last contravariant. O

2.4. Free field realisation. We present two embeddings of G into a rank 1 lattice algebra
constructed from arank 2 Heisenberg vertex algebra. We refer to [30] for acomprehensive
discussion of Heisenberg and lattice vertex algebras.

Let H be the rank 2 Heisenberg vertex algebra with choice of generating fields v, 6
normalised such that they satisfy the defining operator product expansions

V() (w) ~ 0(2)0 (w) ~

(z —w)?’ (z = w)?’
By a slight abuse of notation we also use i and 6 to denote a basis of a rank 2 lattice
Lz = spangz{y, 8} with symmetric bilinear lattice form corresponding to the above
operator product expansions, that is (¥, %) = —(0,0) = 1 and (¢,0) = 0. Let
L = spang{y, 0} be the extension of scalars of Lz by R, K = spany{y + 0} the
indefinite rank 1 lattice generated by w +60 and K* ={AL € L : (A, k) € Z, Vk € K}.

V()0 (w) ~0.  (2.29)
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We denote the Fock spaces of H by F,, A € L, where the zero mode of a Heisenberg
vertex algebra field a(z), a € L acts as scalar multiplication by (a, A). To any vector
p|A) of Iy, where p is any product of negative index modes of ¥/, 6, we assign the vertex
operators V (p|A), z) : Fy = Fpaallz, 27z given by the expansion

V(pln), 2) = €2 [T exp (%ﬂ) Y (pl0),2) [ Jexp (—%z‘") . (230)

m>1 n>1

where Y (p|0), z) is the field associated to p|0) € H, and where e* € C[L] is the basis
element in the group algebra of L corresponding to A € L and satisfies the relations

(b, €] =8n0 (b, 1) €, €)= A +u). (2.31)

We abbreviate V (|1), z) as V, (2). It is well known that, after specialising the formal
variables to complex numbers satisfying |z1| > |z2| and |z2]| > |z1 — z2|, the product
and iterate of vertex operators are equal when evaluated on Fock spaces, that is,

V(pla), z) V(gln). z2) = V.V (pIA), 21 — 22) qli), 22) - (2.32)
Finally, let Vg be the lattice vertex algebra extension of H along K . The lattice modules
Frn=ED%. AeKk*/K, (2.33)

AEA

are simple modules for Vg . It will occasionally be convenient to label the lattice modules
by a representative A € A rather than the coset itself, that is I, = 5. Note also that
our notation differs from conventions common in theoretical physics literature. There,
fora € L, V, (z) would be denoted by :?): and a(z) by da(z).

Proposition 2.12.

(1) The assignment

B) = Vory (1), 7@ = Y (@Vgy (2): (2.34)
induces an embedding ¢\ : G — V. Restricting to the image of this embedding,

Vg -modules can be identified with G-modules as

Fey oWy, Fa=o®V* "MW, 4y, AeL/K, (A, ¥ +6) € Zand (A, ) #Z,
(2.35)
where (A, V) is the coset in R/Z formed by pairing all representatives of A with .

(2) The assignment

B(2) = Y () Vosy (2):,  ¥(@) = Vogy (2) (2.36)

induces an embedding ¢, : G — V. Restricting to the image of this embedding,
V kg -modules can be identified with G-modules as

F(w = O‘EWE, FA = O'(A’XIH-G)W(AAP),
AeL/K, (A, y+0)eZ and (A, V) #Z, (2.37)

where (A, ) is the coset in R/Z formed by pairing all representatives of A with .
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The embeddings are well known and the identifications of V g -modules with G-modules
follow by comparing characters and was shown in [31, Proposition 4.7] and [20, Propo-
sition 4.1].

Remark. Itis well known that there is a natural choice of semisimple module category for
the vertex algebra Vg for which the lattice modules Fp, A € K*/K give an exhaustive
list of representatives for simple isomorphism classes of simple objects. Fusion products
furnish this module category with the structures of a braided monoidal category which is
isomorphic to the category of finite dimensional K*/K graded vector spaces. The braid-
ing and associativity isomorphisms €2, F' form abelian 3-cocycles whose cohomology
classes classify the inequivalent braiding and associativity structures. In the notation of
[30, Chapter 12], 2, F can be expressed in terms of the pairing (, ) on L and a choice
of section s : K*/K — K¥*, that is, a right inverse to the canonical projection map
m: K* — K*/K such that w o s = idg+/k (different choices of s yield cohomologous
results)

Q(a, B) = eiﬂ(s(a),s(ﬁ))’ F(a, B,y) = eiﬂ(S(a),S(ﬁ+y)—S(ﬁ)—S(V))’ o, B,y € K*/K

(2.38)
Note that in [30] it is assumed that K is full rank in L and hence K*/K is a finite group,
however this assumption is not needed for the cohomological arguments regarding the
braiding and associativity structures. For a general lattice, F includes an additional factor
dependent on a choice of lattice two-cocycle (unique up to cohomology). Fortunately as
K is rank one and even this 2-cocycle can be chosen to be trivial. Here K* = Z x R,
where Z corresponds to the integer span of ¥ — 0 and R to the real span of K. Hence
K*/K =27 x R/Z. 1f we denote by X € [0, 1) the unique representative of x € R/Z in
the half open unit interval, then a choice of section s is given by the formula

s(ar, a) = (a1, @), (a1, a2) € Z x R/Z. (2.39)
Resulting in
Qa, B) = eTPHBT)  py B, y) = e (Brn-FTE)
a=(a,a2), = (B1,B2). vy = V1, v2) € Z x R/Z. (2.40)

Redefining (€2, F) by rescaling by the coboundary dk(a, B,y) = (ei”ﬂl‘Tz_i”"‘lE,
e_i”"“(ﬁﬁn_ﬂrﬁ)) of the 2-cochain k(a, B) = e 1A (see [30, Chapter 12] for
details regarding coboundary conditions) yields

Qa, B) =% F(a, B,y) =1, (2.41)

and we see that the intertwining operators of Vg lattice modules can be normalised in
such a way as to have trivial associators.

Theorem 2.13.

(1) Let 81 = Res Vy, (z), then ker (81 Vg — IR/,) = im ¢, where ¢ : G — Vg is
the embedding of Proposition 2.12.(1), that is, 81 is a screening operator for the free
field realisation ¢y of G. Further the sequence

-~-i>]F_,/,i>IFoi>]F¢i>-~- (2.42)

is exact and is therefore a Felder complex.
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(2) Let 8o = Res V_y, (2), then ker (82 : Vk — F_y) = im ¢, where ¢, : G — Vg
is the embedding of Proposition 2.12.(2), that is, 87 is a screening operator for the
free field realisation ¢, of G. Further the sequence

2 E, 2 2E, 2 (2.43)

is exact and is therefore a Felder complex.

Proof. We prove part (1) only, as part (2) follows analogously. The operator product
expansion of Vy, (z) with the images of 8 and y in Vg are

Vy (@) p(w) ~0,  Vy (@ yw)~ —VL(wl, (2.44)
(z—w)

which are total derivatives in z implying that 8; = Res Vy, (z) is a screening operator

and that im ¢; C ker 8. Therefore, §; commutes with G and hence defines a G-module

map Fy — Fy. The identification (2.35) implies Fy = oW, and [y, = GZW(;. By

comparing composition factors we see that the kernel must be either im ¢p; = 'V or all

of Fo, so it is sufficient to show that the map 8 : Fo — Fy is non-trivial. A quick
calculation reveals that

Si1 |-y —0) =|-0), (2.45)

and thus 8 is not trivial. By comparing the composition factors of the sequence (2.42)
we also see that the sequence is an exact complex if each arrow is non-zero. Finally, the
arrows are non-zero because

S|—y +mb) = |mb),  Vm e Z. (2.46)
O

Remark. The existence of Felder complexes will not specifically be needed for any of
the results that follow, however, it is interesting to note that the bosonic ghosts admit such
complexes. These complexes were crucial in [16] for computing the character formulae
needed for the standard module formalism via resolutions of simple modules.

3. Projective Modules

In this section we construct reducible yet indecomposable modules P on which the L
operator has rank 2 Jordan blocks. We further prove that the modules o¢P and ‘W),
are both projective and injective, and that in particular the o*®P are projective covers
and injective hulls of o*V for any £ € Z. We refer readers unfamiliar with homological
algebra concepts such as injective and projective modules or extension groups to the
book [32] and recall the following result for later use.

Proposition 3.1. For a module R which is both projective and injective, the Hom-Ext
sequences terminate. That is, if we have the short exact sequence

0—A—R—B—0, (3.1)

for modules A, B. then this implies that the following two sequences are exact, for any
module M.

0 — Hom (M, A) —> Hom (M, R) —> Hom (M, B) — Ext (M, A) —> 0,
(3.2)
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0 — Hom (B, M) — Hom (R, M) — Hom (A, M) — Ext (B, M) — 0.
(3.3)

Furthermore, Hom (R, —) and Hom (—, R) are exact covariant and exact contravariant
functors respectively.

This proposition assists with the calculation of Hom and Ext groups, when all but one
of the dimensions in the sequence are known. Using the fact that the Euler characteristic
(the alternating sum of the dimensions of the coefficients) of an exact sequence vanishes,
there is only one possibility for the remaining group.

Proposition 3.2. The first extension groups of simple modules in .F satisfy

. I, k=t =1
k L _

dim Ext (U V., o \7) = [O, otherwise

dim Ext (akW,\, M) — dim Ext (M akWA> —0, (3.4)

where .. € R/Z, L #Z, k, ¥ € Z and M is any module in .%. In particular the simple
modules o*W), are both projective and injective in F.

Proof. To conclude that oW, is projective in .# it is sufficient to show that
dim Ext (W, M) = 0 for all simple objects M € .#. Injectivity in .%# then follows
by applying the * functor and noting that W;* = W,. Let M € .% be simple, then a
necessary condition for the short exact sequence

0—M—>N—W, —0, MeF (3.5)

being non-split is that the respective ghost and conformal weights of W, and M differ
only by integers. For simple M this rules out M = o*V or M = O'ZWM, Hw # A. So we
consider M = o(W,\. Assume £ = 0, let j € XA and let v be a non-zero vector in the
ghost and conformal weight [ j, 0] space of the submodule M = W, € Nandletw € N
be a representative of a non-zero coset in the [ j, 0] weight space of the quotient N/W;.
Without loss of generality, we can assume that w is a Jp-eigenvector and a generalised
Lo-eigenvector. A necessary condition for the indecomposability of N, is the existence
of an element U in the universal enveloping algebra U (&) such that Uv = w. Since v
has minimal generalised conformal weight all positive modes annihilate v, thus Uv can
be expanded as a sum of products of By and yy with each summand containing as many
Bo as yp factors, that is, Uv = f(Jp)v can be expanded as a polynomial in Jy acting on
v. Since N € .Z, Jy acts semisimply, hence f(Jy)v o v. Since v is not a scalar multiple
of w, this contradicts the indecomposability of N. Thus the exact sequence splits or,
equivalently, the corresponding extension group vanishes.

Assume M = o“W; with £ # 0, then by applying the * and o functors, we have
Ext (WA, O'EW)L) = Ext (UZW)L, W;L) = Ext (W;L, O'_ZW)L). Thus the sign of £ can be
chosen at will and we can assume without loss of generality that £ > 1. Further, from
the formulae for the conformal weights of spectral flow twisted modules (2.15), the
conformal weights of W, and o*'W),_differ by integers if and only if £- A = Z. Let j € A
be the minimal representative satisfying that the space of ghost weight j in ‘W) has
positive least conformal weight. The least conformal weight of the ghost weight j — 1
space is a negative integer, which we denote by —k. See Figure 1 for an illustration of
how the weight spaces are arranged. Let v € N be a non-zero vector of ghost weight
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j and generalised L eigenvalue 0, and hence a representative of a non-trivial coset of
ghost and conformal weight [/, 0] in W;, = N/o*W;.. Further let w € o'W; c N
be a non-zero vector of ghost and conformal weight [j — 1, —k]. Both v and w lie
in one-dimensional weight spaces and hence span them. If N is indecomposable, then
there must exist an element U of ghost and conformal weight [—1, —k] in U (&), such
that Uv = w. We pick a Poincaré-Birkhoff-Witt ordering such that generators with
larger mode index are placed to the right of those with lesser index and y,, is placed to
the right of g, for any n € Z. Thus Uv = Zle UDy;v, where U is an element of
U (&) of ghost and conformal weight [0, i —k]. In W, yp acts bijectively on the space of
conformal weight O vectors, hence there exists a v € N such that ypv = v. Since at ghost
weight j the conformal weights of N are non-negative, we have 3,0 = 0,n > 1 and thus
Uv =% UDyipd =35, UDyyyd = 0, contradicting the indecomposability of
N.

Next we consider the extensions of spectral flows of the vacuum module. By
judicious application of the * and o functors, we can identify Ext (akV, O’ZV) =
Ext (V, Jk_ZV) = Ext (V, O’Z_kV). So without loss of generality, it is sufficient to
consider the extension groups Ext (V, JEV) or equivalently short exact sequences of the

form
0—0"V—osM-—V—0, LeclZs Mec.Z. (3.6)

Let 0Q € o*V € M denote the the spectral flow image of the highest weight vector
of V and let w € M be a Jy-eigenvector and a choice of representative of the highest
weight vector in V = M/o*V. We first show that these sequences necessarily split if
£ # 1. Assume ¢ = 0, then the exact sequence can only be non-split if there exists a
ghost and conformal weight [0, 0] element U in U (&) such that Uw = actQ — bo,
a,b € C,a # 0. Without loss of generality we can replace U by U = U — b1 to obtain
Uw = ac‘SQ. Since the conformal weights of V are bounded below by 0, they satisfy
the same bound in M and 8,0 = y,,0 = 0,n > 1, so Uw can be expanded as a sum of
products of By and yy acting on w, with each summand containing the same number of
Po and yy factors. Equivalently, Uw can be expanded as a polynomial in Jy acting on w.
Since w is a Jy-eigenvector Uw « w. Since w is not a scalar multiple of o¢<2, Uw=0
contradicting indecomposability, and the exact sequence splits.

Assume ¢ > 2. The ghost and conformal weights of o*Q are [—¢, —@]. Fur-
ther, from the spectral flow formulae (2.15), one can see that the weight spaces of

ghost and conformal weight [—1, 4] of o*V vanish for & < %H and similarly

the [1, h] weight spaces of o*V vanish for h < &2(“2)_ Since we are assuming

> 2, w > 0. Thus y,0 = Bpw = 0, n > 1. If M is indecomposable, there
must exist a ghost and conformal weight [—£, _WQ_H)] element U in U (&) such that
Uw = o‘Q. Since the conformal weight of U is —¢, every summand of the expansion
of Uw into B and y modes must contain factors of y, or 8, with n > 1 and we can
choose a Poincaré-Birkhoff-Witt ordering where these modes are placed to the right.
Thus Uw = 0, contradicting indecomposability and the exact sequence splits.

Assume ¢ = 1, then o W provides an example for which the exact sequence does
not split and the dimension of the corresponding extension group is at least 1. We show
that it is also at most 1. Let w and o €2 be defined as for £ > 2. By arguments analogous
to those for £ > 2, it follows that the [1, 2] weight space vanishes for # < 0 and the
[—1, k] weight space vanishes for & < —1. Thus f,0 = yp410 = 0, n > 1. The
[—1, —1] weight space of oV is one-dimensional and is hence spanned by o Q. If M is
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U -
B ,// O'KW,l
Y0
W), ]

Fig. 1. This diagram is a visual aid for the proof of the inextensibility of the simple module W), € %,
A €R/Z,r # 7Z.Here £ > 1, £ - A = Z. The nodes represent the (spectral flows of) relaxed highest weight
vectors of each module. Weight spaces are filled in grey. Conformal weight increases from top to bottom and
ghost weight increases from right to left.

indecomposable, there must exist a ghost and conformal weight [—1, —1] element U in
U (&) such that Uw = o Q. Thus, Uw can be expanded as f(Jo)y1w = f(0)y10 = a2,
where f(Jo) is a polynomial. Hence the isomorphism class of M is determined by the
value of yjw in the one-dimensional [—1, —1] weight space and dim Ext (V, o V) = 1.

0

Armed with the above results on extension groups, we can construct indecomposable
modules ‘P € %, which will turn out to be projective covers and injective hulls of
otv.

Proposition 3.3. Recall that by the first free field realisation ¢ of Proposition 2.12,

we can identify Feoy = GHIWJ. Define the 81-twisted action of G on F_y, @ Fo by
assigning

B(z) = ¢1(B(2)) = Vyso (2),

V_p(z V_
(@) > $1(y(2) — i(2)=:w<z)v_¢-e(z):— i(Z), 3.7)

and determining the action of all other fields in G through normal ordering and taking
derivatives, where any vertex operator V), (z) whose Heisenberg weight ) is in the coset
[Y] = [—0] is defined to act as 0 on Fo and as usual on IF_y,.

(1) The assignment is well-defined, that is, it represents the operator product expansions
of G, and hence defines an action of G on F_y, @ Fo, where @ is meant as a direct
sum of vector spaces without considering the module structure. Denote the module
with this 8 -twisted action by P.

(2) The composite fields J(z) = :(2)y (2): T(z) = —:B(2)dy(2): act as

J@ = 91/ (@) = —0(2),
Vo @ _ @i -0@% ¥R -0@  Vy @)
z 2 2 z

T(z) = ¢1(T(2) +
(3.8)
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|- —6)
Y1 oV

Bo B-1

16)

Fig. 2. The composition factors of P with the nodes representing the spectral flows of the highest weight

vectors of 6V for —1 < £ < 1. The arrows give the action of ® modes on the highest-weight vectors of each
factor. In this diagram, ghost weight increases to the left and conformal weight increases downwards. Note
that there are two copies of 'V, illustrated by a small vertical shift in their weights.

The zero mode Jy therefore acts semisimply and L has rank 2 Jordan blocks. The
vectors |—yr), |—y — 0), |0), |0) € P satisfy the relations

Bol=v) =10), vil=¥)=—|=¥ =6), wld) =—-0),
B-1l=¥ —0) =10), Lol—=y) =|0). (3.9)

(3) The module P is indecomposable and satisfies the non-split exact sequences

0— oW, —P—W; — 0, (3.10a)
0— W; — P — o W) — 0, (3.10b)

which implies that its composition factors are o'V and V with multiplicities 1 and
2, respectively.
(4) P is an object in F.

See Figure 2 for an illustration of how the composition factors of P are linked by the
action of G.

Proof. Part (1) follows from [33], where a general procedure was given for twisting
actions by screening operators. The field identifications (3.8) of Part (2) follow by eval-
uating definitions introduced there, while the relations (3.9) follow by applying the field
identifications.

To conclude the first exact sequence of Part (3) note that the action of B and y
closes on Fo = o Wy, because V_g (z) acts trivially and quotienting by o leaves only
F_y =W,.

To conclude the second exact sequence, let €2 be the highest weight vector of 'V and let
o“Q be the spectral flow images of 2. Then |0) € Fy = a—lw(; can be identified with
Q in the V composition factor of o~ W, and |~ —6) can be identified with o 2 in the
o'V composition factor. Further, |[—) € F_y, = W, can be identified with € in the V
composition factor and |#) can be identified with ¢ ~'Q in the o 'V composition factor.
See Figure 2 for a diagram of the action of 8 and y modes on P and how they connect the
different composition factors. It therefore follows that |0) generates an indecomposable
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module whose composition factors are o~V and V, with V as a submodule and o~V
as a quotient. The module therefore satisfies the same non-split exact sequence (2.20) as
W does and since the extension groups in (3.4) are one-dimensional, this submodule is
isomorphic to W{. After quotienting by the submodule generated by |6), the formulae
above imply that the quotient is isomorphic to o W and the second exact sequence of
Part (3) follows.

Part (4) follows because Jy acts diagonalisably on P and because P has only finitely
many composition factors all of which lie in #Z or o Z. O

Theorem 3.4. For every { € Z the indecomposable module o*P is projective and injec-

tive in %, and hence is a projective cover and an injective hull of the simple module
14

o“V.

Proof. Since spectral flow is an exact invertible functor, it is sufficient to prove projec-
tivity and injectivity of P, rather than all spectral flow twists of P. We first show that
P is injective by showing that dim Ext (W, P) = 0 for any simple module W € 7.
Following that we will show P* = P, which, since * is an exact invertible contravariant
functor, implies P is also projective.

A necessary condition for the non-triviality of such an extension is ghost weights
differing only by integers. We therefore need not consider extensions by ‘W, A # Z,
S0 we restrict our attention to short exact sequences of the form

0—P—M—c'V—0. (3.11)

If the above extension is non-split, then there must exist a subquotient of M which is a
non-trivial extension of o*V by one of the composition factors of P. By Proposition 3.2
the above sequence must split if [£| > 3 and we therefore only consider |£| < 2.

If ¢ = 2, then the composition factor of P non-trivially extending o>V must be o V. If
the extension is non-trivial, then this subquotient must be isomorphic to oZW(; . Further,
if 022 is the spectrally flowed highest weight vector of o2V and |- — 6) € P (see
Figure 2) is the spectrally flowed highest weight vector of the o'V composition factor of
P, then B_»0°Q = a|—y — 0), a € C\ {0}. The relations (3.9) thus imply

al0) = ap_1| — ¥ — 0) = ap_1B-20>Q = ap_-10°Q. (3.12)

However, ,8_1029 has conformal and ghost weight [—1, —2] and this weight space
vanishes for both P and o2V, Thus B— 1022 and hence a = 0, which is a contradiction.

If £ = 1, then the composition factor of P non-trivially extending ¢V must be V.
There are two such composition factors in P. Any such non-trivial extension must be
isomorphic to o Wy . If the non-trivial extension involves the composition factor whose
spectrally flowed highest weight vector is represented by |[—/), then B_j0 Q = a|—),
a € C\ {0}. The relations (3.9) thus imply

al0) = aPol — V) = aPoB-102 = af_1Boo 2. (3.13)

However, oo 2 = 0, so a = 0, which is a contradiction. If the non-trivial extension
involves the composition factor whose spectrally flowed highest weight vector is repre-
sented by |0), then there would exist a € C\ {0} such that 8_10 Q2 = a|0). But then, by
the relations (3.9), B_1 (6 2 — a) |-y — 0) = 0. Hence (0 2 — a) |-y — 0) generates
a direct summand isomorphic to o'V, making the extension trivial.

If £ = 0, then the composition factor of P non-trivially extending V must be oV
or 0 'V, If there is a subquotient isomorphic to a non-trivial extension of V by o =1V,
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that is, isomorphic to W,,, then there exists a € C \ {0} such that o2 = a|6). But
then, by the relations (3.9), Bo (2 —a) |#) = 0. Hence (2 — a) |0) generates a direct
summand isomorphic to V, making the extension trivial. An analogous argument rules
out the existence of subquotient isomorphic a non-trivial extension of V by o~ 1V.

The cases £ = —2 and £ = —1 follow the same reasoning as £ = 2 and £ = 1,
respectively.

Now that we have established that P is injective, we can apply the functors
Hom (W, , —) and Hom (c' W}, —) to the short exact sequences (3.10a) and (3.10b),
respectively, to deduce dim Ext (W, 0 W) = 1 = dimExt (6 W§, W¢). The inde-
composable module P is therefore the unique module making the short exact sequences
(3.10a) and (3.10b) non-split. By applying the functor * to these exact sequences, we
see that P* also satisfies these same sequences and hence P = P*. This in turn implies
Ext (P, —) = 0 and hence that o*P is projective for all £ € Z. O

4. Classification of Indecomposables

In this section, we give a classification of all indecomposable modules in category .%.
We already know any simple module is isomorphic to either W, or ¢V, and we
also know that the o'W, are inextensible due to being injective and projective in .7.
We now complete the classification by finding all the reducible indecomposables which
can be built as finite length extensions with composition factors isomorphic to spectral
flows of V. To unclutter formulae, we use the notation M,, = ¢"M for any module M.
The classification of indecomposable modules in .% closely resembles the classification
of indecomposable modules over the Temperley-Lieb algebra with parameter at roots
of unity given in [34] and also the classification of indecomposable modules over the
(1, p) triplet model given in [35].

The reducible yet indecomposable modules constituting the classification are the
spectral flows of the projective module P, and two infinite families. These two families,
denoted B and T, m, n € Z, n > 1, are dual to each other with respect to *, meaning
(BM)* = T, and further satisfy the identifications B' = T' = V, B> = oW,
and 7% = o W§. The superscript m is the number of composition factors or length of
the module. As a visual aid, we represent these indecomposable modules using Loewy
diagrams.

/\ ; 2
SO

Here the edges indicate the action of G and the vertices represent the composition
factors. Recall the generating vectors u = |—), [ = |0), r = |—¥ —0), d = |0) for
the composition factors of P in Figure 2 constructed from the first free field realisation
Proposition 2.12.(1). We denote their spectral flow images by u,, = o"u, [, = "1, r, =
o"r, d, = o"d. The letters labelling these vectors have been chosen according to the
position of their corresponding composition factor in the Loewy diagram below.
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Since .% has sufﬁmently many projectives and mJectlves, every indecomposable
module is isomorphic to some quotient of a finite sum of indecomposable projective
modules and to a submodule of a finite sum of indecomposable injective modules. We
therefore define the two families of reducible yet indecomposable modules, B’ and 77,
as certain images or coimages of homomorphisms from projective to injective modules.
We prepare the necessary notation, For m € Z and k € Z+, let

k—1 k—1 k
PITX =D Pusai. JTi 1 =P Purzinr. PIT1 = P Punsar.
i=0 i=0 ]
k—1
JIT2+ = EB Poi2is1s
i=0
k—1 k—1
PIBY] = @D Pmszier,  JIBN] = @ Puszio  PIBE = @D Pusais1,
i=0 i=0 i
k
JBE = D Psai. 4.1)
i=0

As the P[], J[] notation suggests, the above modules will be shown to be projective covers
and injective hulls of the T and B modules. Further, forn € Zlet w,f : P, = P,41bethe
module homomorphisms uniquely characterised by ;" (u,) = L1 and ¥, (u,) = ry—1.
Note that these homomorphisms satisfy the relations

Yy o Vi =0, Y1 OV = Vi1 0 U (4.2)

in fact ker 1//;5 L; = im 1//35. Finally, consider the module homomorphisms [M] :
P[M] — J[M], which, for M being any of the indecomposables above, are given by
the formulae

k—1 k—1

2% - 2t
1r[j[“"rm 1= 1//; + Z 1/jm+2i + 11[/-r-:t+2i’ vl ‘T * df + wm+2k + Z ¢m+21 + wm+21’
i=1 i=1
k=1 k-1
2% - - 2+l -
VB =Y, + Z 1p;wZi—] + Vil 1/f[‘Bm+ 1= Z Vaiel + 1'[/:p—1+2i+1' (4.3)
i=1 i=0

Definition 4.1. For m € Z and k € Z.o, we define the following indecomposable
modules

= imy[Th] = coimy[TX],  BE =imy[BE1=coimy[Br].  (4.4)
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Example. Consider the example of ‘74.

Vi V3
\ / \ YT /, RN S
\771\ P V[ D Vl Ps —_— v P Vo ® Vz P3 V4
\\\ x/, \\\ }// \ / \

v A%

The thick arrows above indicate the edges of the Loewy diagram of the coimage
and image. The repeated composition factors V| and V, in the domain and codomain,
respectively, each contribute one factor to the image and coimage and one to the kernel
and cokernel as can be seen in the diagrams below.

coimage image
r1+ l3
ro + lz
kernel cokernel
ro—1b

ANVAN ”‘\”/\

In the cases of the coimage and the cokernel above, the indicated vectors are to be
thought of as representatives of their equivalences classes in their respective quotients.

Theorem 4.2. Any reducible indecomposable module in % is isomorphic to one of the
following.
Pwm. Bh, T, mneZ, n=>2. 4.5)

The remainder of this section will be dedicated to proving the above theorem. For
any module M, we recall the following two well known substructures. The first is the
maximal semisimple submodule of M, called the socle and which we denote soc M.
The second, called the head, is the maximal semisimple quotient of M, defined to be
the quotient of M by its radical (the intersection of its maximal proper submodules),
which we denote hd M. We also let JJM] and P[M] denote the injective hull and the
projective cover of M respectively. We then have the following standard homological
algebra result.

Proposition 4.3. For any module M € .7, we have

Hom (V,,, M) = Hom (V,, soc M) , Hom (M, V,,) = Hom (hd M, V,,)), (4.6)

and

JIM] = J[socM],  P[M] = P[hd M]. 4.7)
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Corollary 4.4. The heads and socles of the ‘3'1,‘1 and Bﬁi are given by

k
2k ~ 2k ~ 2k+1 ~
hd T5 = P Visai,  soc Ty @vm+2,+1, hd T3+ = € Vi,
k_
2k+1 ~
soc Tof*! = B Vinsais»
k— k—1
2k ~ 2k ~ 2k+1 ~
hd B, = @anm, soc B, = @Vm+2i» hd B, = @Vm+2i+la

soc B+ = @ Vons2is (4.8)

and the dimensions of Hom groups involving V,, by the following table.

el a3 7 7

dim H v, — k S . k—1 5 X k—1 S . k—1 P .
im Hom (V;,, —) Zi:() n,m+2i Z[:O n,m+2i Z,‘=0 n,m+2i+1 Z —0 %n,m+2i+1
. k—1 k—1 k k—1

dim Hom (—, V) Zi:O S m+2i+1 ZI:O 5n.m+2i+1 Zi:O 511,m+2i Z ‘Sn m+2i

Thus, for M being any of the ‘Ti‘n and B’,‘n in Definition 4.1, P[M] and J[M] are the
projective cover and injective hull of the indecomposable module M, respectively.

Proof. The Loewy diagrams for the ‘J',’; and fB’,‘n immediately suggest the heads and
socles. For example for ‘3'(5) and BS we have the following.

\/\/ W/\/\

hd T°

They can, of course, also be easily determined from the calculations similar to those
in the example above Theorem 4.2. The dimensions of the Hom groups in the table
above, and the projective cover and injective hull formulae then immediately follow by
Proposition 4.3. o

Lemma 4.5. For M being any of the ‘.T,/j, and Bfn in Definition 4.1, the projective and
injective presentations of M are characterised by the following.

M 32k+1 3%1]( f]‘rznk+1 Trznk
ker (P[M] — M) B! B | T2k+3 72k |
coker (M — J[M]) Brznkf? Blznk 1 7r2nk+11 T,%lkﬂ

Proof. Observe that we can precompose any of the homomorphisms ¥ [M] by any
automorphism A of the domain P[M] that consists of a non-zero rescaling chosen inde-
pendently on each direct summand. Since this is a precomposition by an automorphism,
the kernels of ¥ [M] and ¥ [M] o A are isomorphic. Similarly we can postcompose by
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any automorphism B of the codomain J[M] that consists of a non-zero rescaling, cho-
sen independently on each direct summand. In summary, the homomorphisms ¥ [M]
and B o ¢[M] o A have isomorphic images and isomorphic kernels. Appropriately cho-
sen pre- and postcompositions hence allow us to freely rescale each summand in the
formulae (4.3). Hence we can define the morphisms

k=1 k—1
2k - —rep2k+ - -
W[Tm 1= wrtt + Z _wm+2i + w;l+2i’ W[Tm * I= w;; - wm+2k + Z _wm+2i + w;w
i=1 m+i=1
k—1 k—1
T2k - - T rp2k+1 -
VIBAT = ~Viar + D Vimazit = Yszis VIBAT =D Vs + Vit 4.9)
i=1 i=0

We prove the ‘J'ik column of the lemma above, the remaining columns follow by analo-
gous arguments. First the kernel of w[m%f ]. Note that P[‘I,znk 1= J[Tfnk_l] and hence the

domain of g[/[‘I,%f ] is equal to the codomain of W[Tﬁf_l] and hence these two homomor-
phisms can be composed. A direct computation using the composition relations (4.2)
then shows that ¥ [T2%] o Y[T2* ] = 0 and hence ker ¥[T2¢] D im [T 1. Finally,
im J[U’nzf_ = imy [‘T,%lk_1 1= U’nzf_] . By inspection we also see that both ker ¢ [‘T,%,k ]and
im J[U’i"_ 11 have 2k composition factors and hence ker ¥ [731]‘] =im W[U’i"_l 1= ‘Trznk_l .
To compute the cokernel of Y [‘J',an ], note that J[Tl’nzf] = P[‘J’g{: 1]. An analogous argument

to the above then proves coker y[T2¢] = T2 . o

Combining all of the results above we can now prove Theorem 4.2.

Proof of Theorem 4.2. The idea is to show that any extension of the T,’jl and Bﬁl decom-
poses into a direct sum of the modules listed in (4.5). In particular it is sufficient to only
consider extensions by V, (as either a submodule or a quotient). We classify the ‘J’fn
modules and the classification of the 351 follows from an analogous argument.

We first consider T3 as this module constitutes a special case that need to be con-
sidered separately form the other ‘J",;. Recall that we have the respective injective and
projective presentations

0— T — Pyt —> Vst — 0, 00— T2 | — Ppu®Ppsa — T2 —> 0. (4.10)

Applying the Hom (V,,, —) functor to the injective presentation yields (recall Proposition
3.1) the long exact sequence

0 —> Hom (V,, 731) —> Hom (Vy, Piys1) —> Hom (Vy, Vipy1) —> Ext (Vy, ‘7,3,,) — 0,

(4.11)
which implies dim Ext (\7,,, ‘J',3n) = dim Hom (V,,;, V;us1) — dimHom (V,,, Ppy1) +
dim Hom (Vn, ‘J'fn) = &n.m+1. Up to isomorphism there therefore exists exactly one
indecomposable module with V,,,| as a quotient and ‘3'31 as a submodule. The projective
module P11 an example of this extension and hence no new indecomposable has been
constructed. Similarly, applying the Hom (—, V,)) functor to the projective presentation
above and computing dimensions yields dim Ext (T3, V) = 8p.m—1 + 8pms1 + Snma3-
The cases n = m — 1 and n = m + 3 respectively correspond to 'Bfnfl and Tfn, how-
ever, n = m + 1 requires closer inspection. This final case corresponds to the extension
constructed from the non-split exact sequence

3
m+1

0— Vs — T2@B,, — T —0, (4.12)
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where the second arrow is characterised by the generating vector (the m + 1-fold spectral
flow of the highest weight vector of V) to any linear combination with non-zero coef-
ficients of the two corresponding generating vectors of the two V,,;; summands of the

socles of T3 and B>, |. A brief calculation reveals that the quotient of 72, & B3 .| by

the image of 'V, is isomorphic to 3’31 and it is the projection to this quotient that makes
up the third arrow in the exact sequence above. Hence no new indecomposables have
been constructed.

Next we consider ‘J',an“, k > 2. The injective and projective presentations are given

by
k—1

2k+1 2k—1
0— T — P Puszins — Ty — 0,
i=0

k
0— T — PP — T — 0. (4.13)
i=0

Again we can compute the dimensions of Ext groups by applying the Hom (V,,, —) and
Hom (—, V,) and obtain

k—1 k+1
dim Ext <V"’ Tr%tkH) = Z 8n,m+2ia dim Ext (Tr2nk+1’ vn) = Z 8n,m+2i—1 .
i=0 i=0
(4.14)
The non-vanishing Ext groups correspond to the respective non-split exact sequences
0— T, g2l g 2U-DH Ly i — 0, i=0,... k-1,
0 —> Voszi1 — TH @B g2l o0 j=0,... k+1, (4.15)

where T and B are to be interpreted as the 0 module.
Similar computations for ‘J',znk, k > 1 yield the Ext group dimensions

k k—1
dim Ext (v,,, T,an) = Sumezi.  dimExt (‘J’fn", v,,) = Sumizic1, (4.16)
i=1 i=0

which correspond to the non-split exact sequences

0— T - P2 gD Ly i —0, i=1,...k
0— Vosaiog — T2 @B DM Lg% 0, i=0,...k+1. (417

Extensions of the ‘Tfjl modules therefore only yield indecomposable already accounted
for in the list (4.5). The extensions of the B modules are computed analogously O

We end this section with some characterisations of the classified indecomposable
modules which will prove helpful in later sections.

Corollary 4.6. The B, T and P indecomposable modules are uniquely characterised by
the following non-split exact sequences.

0—>V—>B"—>‘I?_l—>0, 0—>B’11_1—>‘J'”—>V—>0, (4.18a)
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0 —> Vy, — B+, g2, 0— T — g2+l Ly, —50,
(4.18b)
0— B 1 B2 v, | —0, 0—> Vo —> T — g2n=l _
(4.18¢)
O—>B;72—>B”—>Bz—>0, O—>‘72—>‘J'”—>‘J'£’72—>0,
(4.18d)
0 — B2l _, p2n+l ‘J’%n_l —0, 0— ‘B%n_l — g2+l qgl2n=1_ g,
(4.18e)
0— B3 ,—B" 82 0 0T T T3 ,—0,
(4.18f)
0— B2 — P — B2, —0, 0— 72, —-P—72—0. (4189

Proof. Sequences (4.18a), (4.18b) and (4.18c) follow from the one-dimensionality of
the Ext groups in the proof of Theorem 4.2. We illustrate the procedure by which the
remainder of the exact sequences can be seen to be non-split, by focussing on the first
sequence of (4.18d), starting with the projective presentation of B2.

0— B — P — B> — 0 (4.19)

We apply the contravariant functor Hom (—, ’Bg_z) to obtain the following long exact
sequence.

0 — Hom (%2, $§_2> — Hom <CP1, Bg_z) — Hom (le, 3;‘2> — Ext <$2, 3;‘2> — 0,
4.20
which evaluates to ( :

0-0-0- C— BExt (ﬁz, Bg‘2> ) 4.21)

Therefore dim Ext (BZ, Bg_z) = 1, with the nontrivial extension given by (4.18d). The
uniqueness of the remaining non-split exact sequences follows analogously, where we
determine Ext (M, N) by applying the functor Hom (—, N) to the projective presentation

for the module M or by applying Hom ()M, —) to the injective presentation of the module
N. |

Proposition 4.7. The evaluation of the * functor of Proposition 2.11 on reducible inde-
composable modules is given by

P =P, (B =T0, (T8 =B (4.22)

Proof. The evaluation of the * functor on the B and T modules follows inductively from
the characterising sequences (4.18a), with the base step given by Vi = V,,. The self
duality of P is a consequence of Proposition 3.3.(3) and the fact that (W3)" = W, as
argued above. O
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5. Rigid Tensor Category

In this section we prove that fusion furnishes category .% with the structure of a rigid
tensor category and define evaluation and coevaluation maps for the simple projective
modules to verify that these modules and maps satisfy the conditions required for rigidity.
We refer readers unfamiliar with tensor categories or related notions such as rigidity to
[36].

Theorem 5.1. Category F with the tensor structures defined by fusion is a braided
tensor category.

This theorem follows by verifying certain conditions which were proved to be suffi-
cient in [21], and [37]. To this end, we recall some necessary definitions and results.

Definition 5.2. Let V be a vertex algebra and let M be a module over V. Let A < B be
abelian groups.

(1) The module M is called doubly-graded if both M and V are equipped with second
gradations, in addition to conformal weight & € C, which take values in B and A,
respectively. We will use the notations M) and Min] to denote the homogeneous
spaces with respect to the additional grading or generalised conformal weight, respec-
tively, and denote the simultaneous homogeneous space by Mm = MY N M.
The action of V on M is required to be compatible with the A and B gradation, that
is,

v VO c VD gy MO c MU eV neZ i, je A, keB, (5.1

and
1eVi), weV), (5.2)

where 1 is the vacuum vector and w is the conformal vector.

(2) The module M is called lower bounded if it is doubly graded and if for each j € B,
MEI i = 0 for Re h sufficiently negative.

(3) The module M is called strongly graded with respect to B if it is doubly graded; it is
the direct sum of its homogeneous spaces, that is,

()
M =P M. (5.3)
heC
JEB

where the homogeneous spaces M% are all finite dimensional; and for fixed % and j,

J\/[E}jllk] = 0, whenever k € Z is sufficiently negative. The vertex algebra V is called
strongly graded with respect to A if it is strongly graded as a module over itself.

(4) The module M is called discretely strongly graded with respect to B if all conformal
weights are real and for any j € B, h € R the space

)
G}Mm (5.4)
heR
h<h

is finite dimensional.
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(5) For j € B, let C;(M)Y) = spanc{u_p,w € MY : u € Vpp,h > 0, w € M}.
A strongly graded module M is called graded Ci-cofinite if (M/Cy (M) is finite
dimensional for all j € B.

Definition 5.3. Let A < B be abelian groups. Let V be a vertex algebra graded by A and
let My, M, and M3 be modules over V, graded by B. Denote by M3{x}[log x] the space
of formal power series in x and log x with coefficients in M3, where the exponents of x

can be arbitrary complex numbers and with only finitely many log x terms. A grading

compatible logarithmic intertwining operator of type (MIM%VEZ) is a linear map

Y : M; — Hom(M,, M3){x}[log x]
my>Ymp,x) = (mp), x """ (logx)* (5.5)
5>0
teC
satisfying the following properties.
(1) Truncation: For any m; € M;,i =1,2,ands >0
(m1) g sm2 =0 (5.6)
for sufficiently large k € Z.
(2) L_;-derivation: For any m| € Mj,

d
Y(L—_ymy, x) = —Y(my, x). (5.7
dx
(3) Jacobi identity:

x;'s (x‘

—X2 + X1

X0

_x2> Y (v, x1)Y (m1, x2) ma = x5 '8 ( )y (my,x2) Y (v, x1)m;

+x; Is ( xzx()) Y (Y (v, xo)m1, x2) ma,
(5.8)

where Y denotes field map encoding the action of V on either M;, M, or M3 and §
denotes the algebraic delta distribution, that is the formal power series

8<y_x>22(>( 1)? s r S‘ r. (59)
< ref

5s>0

(4) Grading compatibility: For any m; € ME""’), jieB,i=12teCands >0

(m), ma € MY (5.10)

Definition 5.4. Let A < B be abelian groups. Let V be a vertex algebra graded by A
and let M and M, be modules over V, graded by B. We define the following properties
for functionals ¢ € Hom(M; ® M3, C).

(1) P(w)-compatibility:
(1) Lower truncation: For any v € V, v,y = 0, for any sufficiently large n € Z.
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(2) Forany v € Vand f € C[r,t~!, (¢t~ — w)™!] the identity
vf Oy = v (fF@) ¥ (5.11)

holds. Here ¢, means expanding about ¢ = 0 such that the exponents of ¢ are
bounded below and the action of VQ C[z, =, ¢~ —w)"or V® C((r)) on
is characterised by

(g, my @ma) = (¥, 140 Ty (vVPPg(t ™)) my @ ma) + (W, my ® 1y (vPPg(t™ 1)) my),

(5.12)
where m; € M;, v € V, g € C[t, 1 (t’] —w)™1, T, replaces ¢t by t + w,
VoPP — gt 'L (—12)Loyr=2, and (assuming v has conformal weight h) vt"m; =

Un—h+1M; .
Denote by COMP (M, M>) the vector space of all P(w)-compatible functionals.
(2) P(w)-local grading restriction:
(1) The functional ¥ is a finite sum of vectors that are both B-homogeneous and L
generalised eigenvectors.
(2) Denote the smallest subspace of Hom(M; ® M;, C) containing ¢ and stable
under V ® C[z,t~!] by My . Then My, must satisfy forany r € C, b € B

dim (My(7]) <00, and  dim (My () =0, (5.13)

for sufficiently large k € Z.
Denote by LGR (M, M3) the vector space of all P(w)-local grading restricted func-
tionals.

Define M &M, = COMP (M, M>) NLGR (M, My).

Remark. The variable w in P(w) denotes the insertion point of the tensor product
constructed in [21], where it is usually denoted z and hence the tensor product is referred
to as the P (z)-tensor product.

Theorem 5.5 (Huang-Lepowsky-Zhang [21, Part IV, Theorem 5.44, 5.45, 5.50]). Let
A < B be abelian groups. Let V be a vertex algebra graded by A with a choice of
module category € which is closed under restricted duals and let M, M, € € be
graded by B. Then COMP (M|, My) and M{NM, are modules over . Further, if
MiEM; € €, then M1 KM,y = (M1EM,)' .

In [21] M1 KM is originally defined as the image of all intertwining operators with
M and M as factors, but it is then shown that this is equivalent to the definition given
above. The construction of fusion products through Definition 5.4 is sometimes called
the HLZ double dual construction. In addition to the primary reference [21], the authors
also recommend the survey [38], which relates this construction of fusion to others in
the literature.

Theorem 5.6 (Huang-Lepowsky-Zhang [21, Part VIII, Theorem 12.15], Huang [37,
Theorem 3.1]). For any vertex algebra and module category € satisfying the condi-
tions below, fusion equips category € with the structures of an additive braided tensor
category.

(1) The vertex algebra and all its modules in € are strongly graded and all logarithmic
intertwining operators are grading compatible. [21, Part Ill, Assumption 4.1].
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(2) € is a full subcategory of the category of strongly graded modules and is closed
under the contragredient functor and under taking finite direct sums [21, Part IV,
Assumption 5.30].

(3) All objects in € have real weights and the non-semisimple part of Lg acts on them
nilpotently [21, Part V, Assumption 7.11].

(4) € is closed under images of module homomorphisms [21, Part VI, Assumption
10.1.7].

(5) The convergence and extension properties for either products or iterates holds [21,
Part VII, Theorem 11.4].

(6) For any objects My, My € €, let M, be the doubly graded V-module generated by
a B-homogeneous generalised L eigenvector v € COMP (My, M»). If M, is lower
bounded then M, is strongly graded and an object in € [37, Theorem 3.1]. Here the
action of Ly is defined by (5.12), given in Definition 5.4.

Conditions (1) — (4) of Theorem 5.6 hold by construction for category .#, so all that
remains is verifying Conditions (5) and (6).

Theorem 5.7. Let A < B be abelian groups, let V be a doubly A-graded vertex operator
algebra and let V be a vertex subalgebra of VO Further, let Wi, i =0,1,2,3,4 be
doubly B-graded \-modules. Finally let Y1, Yo, Y3 and Y4 be logarithmic grading com-

patible intertwining operators of types (W?/,V%\M)’ (Wz}?%q)’ (W4W(ﬂ)/\7;) and (W?N%A?z)
respectively. If the modules W;, i = 0,1, 2,3 (note i = 4 is excluded) are discretely
strongly graded, and graded C-cofinite as \l-modules, then Y1, Y satisfy the con-
vergence and extension property for products and Y3, Ya satisfy the convergence and

extension property for iterates.

The above theorem follows from the proof of [25, Theorem 7.2], however, in [25]
some assumptions are made on the category of strongly graded modules (see [25,
Assumption 7.1, Part 3]) which do not hold for G. Fortunately, the proof of Theo-
rem 5.7 does not depend at all on any categorical considerations or even on the details of
the intertwining operators Y; beyond their types. It merely depends on certain finiteness
properties of the modules W;. We reproduce the proof of Yang in Appendix A, with
some minor tweaks to the arguments, to show that the conclusion of Theorem 5.7 holds,
without making any assumptions on the category of all strongly graded modules.

Lemma 5.8. The convergence and extension properties for products and iterates holds

for F.

Proof. 1If, in the assumptions of Theorem 5.7, we set V = G and grade by ghost weight,
so that A = Z, then the modules of % are graded by B = R. We further choose
V = GO, that is, the vertex subalgebra given by the ghost weight 0 subspace of G. The
lemma then follows by verifying that all modules in .% are discretely strongly graded
and graded C|-cofinite as modules over V.

All modules in .% are discretely strongly graded by ghost weight j € R. To prove
this, we need to check that the simultaneous ghost and conformal weight spaces are
finite dimensional and that every ghost weight homogeneous space has lower bounded
conformal weights. The simultaneous ghost and conformal weight spaces of objects in
Z and therefore also those of o*Z are finite dimensional by construction. Thus, since
the objects of .Z are finite length extensions of those in o*%, the objects of .% also
have finite dimensional simultaneous ghost and conformal weight spaces. Similarly we
have that the objects in .# are graded lower bounded and therefore discretely strongly
graded.
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Next we need to decompose objects of .%# as V-modules,. It is known that V is
generated by {:6(z) (3"y(z)):, n > 0} and is isomorphic to Wiioo = W3 _2 @ H
where W3 _ is the singlet algebra at ¢ = —2 and H is a rank 1 Heisenberg algebra
[39,40]. Note that the conformal vector of W1, is usually chosen so as to have a central
charge of 1. Since we require V to embed conformally into G, that is, to have the same
conformal vector as G and the central charge of G is 2, we choose conformal vector
of our Heisenberg algebra J{ so that its central charge is 4 (the conformal structure of
W3, 2 is unique). Fortunately, this does not complicate matters, as the simple modules
over JH are just Fock spaces regardless of the central charge or conformal vector. The
tensor factors of Wiy decompose nicely with respect to the free field realisation of
Proposition 2.12.(2). The Heisenberg algebra J{ is generated by 6(z) and the singlet
algebra W3 _; is a vertex subalgebra of the Heisenberg algebra generated by ¥ (z).

We denote Fock spaces over the rank 1 Heisenberg algebras generated by i and
0, respectively, by the same symbol J,, where, the index u € C indicates the respec-

tive eigenvalues of the zero modes y¢ and 6y. All simple V= Wii00 modules can be
constructed via its free field realisation as V; y) ® J(;. 9) [41, Corollary 6.1], where
Vi.,v), as a W3 _p-module, is the simple quotient of the submodule of F; ) gener-
ated by the highest weight vector. The homogeneous space (06\7)(] )i simple, as a
V-module [39, Lemma 4.1], see also [42,43]. Recall from Proposition 2.12.(2) that with
K = spang{y, 0} and A € L/K, we can construct the simple projective G-modules as
o VWA ) = Fa. To identify the homogeneous space (U(A"/’J’Q)W(A,w))m asa

V-module, we use the fact that J (z) = —6(z), thus the R-grading on IF 5 is given by the
eigenvalue of —6y. Therefore, for j € R,

)
() -
(o(A"/”@)W(A,w)) = FY = (@%,w)@%,e))
AEA

_ 1T+ ®F—j. JeE(AY),
—{0, iy, O

For (A, ¥ +0) + j ¢ Z, F(a,y+6)+;j 1s irreducible as a W3 > module, by [44, Section

3.2], see also [45, Section 5. Thus, (c@V*DWx 1)) = Fx proy; © F_,; =
Via,p+6)+j ® T_j. The finite length modules of W3 _» are all Cy-cofinite [46, Corollary
14], as are J(-modules, since Fock spaces have Cj-codimension 1. Therefore all V-
modules appearing as the homogeneous spaces of modules in .% are C-cofinite and the
lemma follows. o

Lemma 5.9. Let M, My be modules in %, let W be an indecomposable smooth (or
weak) G module and let Y be a surjective logarithmic intertwining operator of type

w
(Ml, Mz)’

(1) The logarithmic intertwining operator Y is grading compatible and the module 'W is
doubly graded.

Q) IfFMy € k%, My € 'R, then W € F and W has composition factors only in
ot % and o*-1%.

(3) If My has composition factors only in o* % and o*~' %, and has composition fac-
tors only in 0'% and o*~'%, W € F and W has composition factors only in
olttrig 3 <i <.
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Proof. Due to the compatibility of fusion with spectral flow, see Theorem 2.6, it is
sufficient to only consider k = ¢ = 0. We prove Part (1) first. Let M, M, be modules
in % . Let v € G be the vector corresponding to the field J(z) and take the residue with
respect to xo and x1 in the Jacobi identity (5.8). This yields

JoY (my1, x2) mpy =Y (my, x2) Joma +Y (Jomy, x2) ma. (5.15)

Hence, since the fusion factors M; are graded by ghost weight, the fusion product will
be too. This means that the intertwining operator will be grading compatible and W must
be doubly graded.

Next we prove Part (3). Assume that M;, M, have composition factors only in %
and 0 ~'%. Note that J,, n > 1 acts locally nilpotently on any object in .% and that
Bu—t, Vare» n > 1 act locally nilpotently on any object in 6*% (recall that local
nilpotence is one of the defining properties of ot# ). We first show that J,,, Bu+1, ¥, 1 >
1 acting locally nilpotently on M, M, implies that J,, Bn+3, ¥u, 7 = 1 act locally
nilpotently on W. Let & be the conformal weight of v = B, y or J, multiply both sides
of the Jacobi identity (5.8) by x(ljx'f”' ~!. n,k € Z and take residues with respect to xo
and x1. This yields

k k .
Z (S) (- 1)Sxivn—s9 (my, x2) my = Z (S) (—l)sxf_“é (m1, X2) Vp—f+sm2

s>0 s>0
s—n+k—nh
+ - n—k+h—s—1
S (T e
s>0
Y (Vs—phake1m1, X2) M. (5.16)

Set v = y (and thus &7 = 0) and k = 0 in (5.16) to obtain

yad (m1, x2)my =Y (1, x2) yama + ) <S : ”)(—1)%3‘3—1% (Vs1m1, X2) ma.
s=0
(5.17)

This implies the local nilpotence of y,,, n > 1 onY (my, x2) my from its local nilpotence
on m and m;. Next consider v = J (and thus # = 1) and k = 1 in (5.16) to obtain

(Jn = x2Ju—1) Y (m1, x2) ma =Y (my1, x2) (J — x2Jy—1) m2

+ Z (S ; n)(—l)sxg_s_l’é (Js+1m1, x2) my.
s=0
(5.18)

Since Ji, k > 1 is nilpotent on both m and mj, we see that J, — x2J,,_1 is nilpotent
for n > 2. Recall that the series expansion of the intertwining operator

Y (my, xp)my =Y (m1)q.omaxy' ' (logxz)’ (5.19)

teC

s>0
satisfies a lower truncation condition, that is, for fixed s, if there exists au € C satisfying
m,sy 7 0, then there exists a minimal representative ¢ € u + Z such that m¢ 5 # 0
and m 5y = 0 for all t' < t.Since J,, — xJ,_ is nilpotent on Y (m 1, xp) my it is also
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nilpotent on the leading term m; ). By comparing coefficients of x, and log x; it then
follows that J,, n > 2 acts nilpotently on m s and by induction also on all coefficients
of higher powers of x;. To show that J; acts locally nilpotently, assume that m| has
Jo-eigenvalue j and setn = 1, kK = 0in (5.16) to obtain

JiY (my1, x2) my =Y (my, x2) Jima +x2jY (my, x2) mp

-2
+Z<—1)S<SS )le—sy(fsml,xz)mz. (5.20)

s>1

Thus J; — x2j is nilpotent, which by the previous leading term argument implies that
Ji is too. Finally, consider v = § (and thus 4 = 1) and k = 2 in (5.16) to obtain

(ﬂn = 2x2Bu-1 +x%,3n—2) Y (my, x2)my = (my, x2) (,Bn = 2x2Bu-1 +x%,3n—2) m3

s — 1 )
£y (T " )(71)%;’—‘*—29 (Bssami. x2) m3.

N
s>0

(5.21)

By leading term arguments analogous to those used for J,, this implies that 8, acts
locally nilpotently for n > 4.

Consider the subspace V C ‘W annihilated by 8,43, ¥u, n > 1. Then V is a module
over four commuting copies of the Weyl algebra respectively generated by the pairs
(Bo, Y0), (B1,v-1)s (B2,y-2), (B3, y—3). Further, V is closed under the action of
Ju, n > 1 and restricted to acting on V/, the first few J,, modes expand as

J3= B3y, =P +Biv-1, Ji=pyo+By-1+B3v-2. (5.22)

‘We show that on any composition factor of V at least three of the four Weyl algebras have
a generator acting nilpotently and that thus the induction of such a composition factor is
an object in one of the categories ol R, =3 <i<0.Let CoQC1®C>,QC3 be isomorphic
to a composition factor of V, where C; is a simple module over the Heisenberg algebra
generated by the pair (8;, y—;). Since J1, J2, J3 act locally nilpotently on V they must
also do so on Cp ® C1 ® C2 ® C3 using the expansions (5.22). If we assume that neither
B3 nor yp act locally nilpotently on C3 and Co, respectively, that is there exist c3 € C3
and ¢o € Cy such that U (83) ¢3 and U () ¢g are both infinite dimensional, and choose
c1, 2, to be non-zero vectors in C1 and Cy, respectively. Then U (J3) (co®c1 ® c2 ®¢3)
will be infinite dimensional contradicting the local nilpotence of J3. So assume B3 acts
locally nilpotently but yy does not, and let c3 € C3 be annihilated by 83 and cy, ci, ¢2
be non-zero vectors in Cyp, Ca, C3, respectively. On this vector J, evaluates to

J2(co®c1 ®er ®c3) = yocp @ 1 @ faca ® c3. (5.23)

By the same reasoning as before, unless either 8, or yy act nilpotently, we have a
contradiction to the nilpotence of J», so B> must act nilpotently on c2. Repeating this
argument for J; and assuming 8c2» = 0 we have a contradiction to the nilpotence of J;
unless B; acts nilpotently. The composition factor isomorphic to Co @ C; ® C; ® C3
thus induces to an object in Z. Repeating the previous arguments, assuming that yq acts
locally nilpotently but 83 does not, implies that y_; and y_, must act locally nilpotently
to avoid contradictions to the local nilpotence of Ji, J>, J3. Such a composition factor
would induce to a module in o ~3Z. Finally assume both 83 and yy act locally nilpotently,
then analogous arguments to those used above applied to the action of J; imply that at
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least one of B, or y_; act locally nilpotently. Such a composition factor would induce
to an object in 0 ~2% or o~ %, respectively.

The final potential obstruction to W lying in .% is that such a submodule might not be
finite length. However, if W had infinite length, it would have to admit indecomposable
subquotients of arbitrary finite length, yet by the classification of indecomposable mod-
ules in Theorem 4.2, a finite length indecomposable module with composition factors
only in ol®, —3 <i <0has length at most 5. Therefore W € .%.

Part (2) follows by a similar but simplified version of the above arguments. J, and
¥, continue to satisfy the same nilpotence conditions as above, however for § one needs
to reconsider (5.16) with k£ = 1 to conclude that 8, n > 2 is nilpotent. The remainder
of the argument follows analogously. O

Proof of Theorem 5.1. We verify that the assumptions of Theorem 5.6 hold, in numerical
order. Theorem 5.6 thus implies that category .7 is an additive braided tensor category.
Additionally, since category .% is abelian, it is a braided tensor category.

(1) All modules in category .# are strongly graded by ghost weight j € R. Further, by
Lemma 5.9.(1), all logarithmic intertwining operators are grading compatible.

(2) By Proposition 2.11, category .# is closed under taking restricted duals. Closure
under finite direct sums holds by construction, since category . is abelian.

(3) The modules in .# have real conformal weights by definition. The only modules
on which the non semi-simple part of L acts non-trivially are ¢ P,,, for which it
squares to zero.

(4) Closure under images of module homomorphisms holds by construction, since cat-
egory .# is abelian.

(5) The convergence and extension properties hold by Lemma 5.8.

(6) Since the P (w)-tensor product is right exact, by [21, Part IV, Proposition 4.26], and
since category % has sufficiently many projectives, that is, every module can be
realised as a quotient of a direct sum of indecomposable projectives, we can with-
out loss of generality assume M; and M, are indecomposable projective modules,
as Condition (6) holding for projective modules implies that it also holds for their
quotients. Further, due to the compatibility of fusion with spectral flow, we can pick
M; and M, to be isomorphic to W, or P. Let v € COMP (M, M) be doubly
homogenous and assume that the module M, generated by v is lower bounded.
By assumption, the functional v therefore satisfies all the properties of P(w)-local
grading restriction except for the finite dimensionality of the doubly homogeneous
spaces of M,,. We need to show the finite dimensionality of these doubly homoge-
neous spaces and that M, is an object in .#. Since M, is finitely generated (cyclic
even) it is at most a finite direct sum. To see this, assume the module admits an infinite
direct sum. Then the partial sums define an ascending filtration whose union is the
entire module. Hence after some finite number of steps all generators must appear
within this filtration, but if this finite sum contains all generators, it must be equal
to the entire module and hence all later direct summands must be zero. Denote the
direct summands by M, ;, i € I, where [ is some finite index set. By [21, Part IV,
Proposition 5.24] there exists a smooth G module W, ; such that W:),l. =M, ;anda

surjective intertwiner of type (M\f”j(/[z). Hence, by Lemma 5.9,'W,,; € .%. In partic-

ular, since category .7 is closed under taking restricted duals and all its objects have

finite dimensional doubly homogeneous spaces, we have M, ; € .% and M, € .Z.

O
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Remark. Note that the above proof did not make any use of M, being lower bounded to
conclude that M, € .# and that membership of category .% implies lower boundedness.

Lemma 5.10. For A € R/7Z, A # 7Z, the fusion product c*W, R c*W_j has exactly
one direct summand isomorphic to o“*=1P.

We will prove the above lemma by showing that W, N'W_, has exactly one sub-
module isomorphic to P. This requires finding linear functionals which satisfy P (w)
compatibility. This is very difficult to do in practice, since (5.11) needs to be checked
for every vector v € V. Fortunately there is a result by Zhang which cuts this down to
generators. Zhang originally formulated the theorem below for a related type of fusion
product called the Q(z)-tensor product, so we have translated his result to the P(w)-
tensor product, which we use here.

Theorem 5.11 (Zhang [47, Theorem 4.7]). Let A < B be abelian groups. Let \V be a
vertex algebra graded by A with a set of strong generators S and let My and My be
modules over V, graded by B. A functional € Hom(M; ® My, C) is said to satisfy
the strong lower truncation condition for a vector v € V, if there exists an N € N such
that for all n,m € Z, withm > N, we have

"M — w)'y = 0. (5.24)

Then v € Hom(M;| @ My, C) satisfies the P(w)-compatibility condition if and only if
it satisfies the strong lower truncation condition for all elements of S.

We further prepare some helpful identities.
Lemma 5.12. Let M|, My € %, m; € M;, i = 1,2, and v € COMP (M, M), then

we have the identities.

(Jutr, my @ ma) =8, 0(4, m @ ma) — ) (_in>w_’1_i<w, Jimy @ ma)

i>0
—(¥,m @ J_yma), ne€Z, (525)

(Lo, mi @ ma) = (¥, Lom; @ ma) + w(y, L_ym @ ma) + (¥, m; @ Loma),
(5.26)

—k — .
(B —w) ym @ma) ==Y ( ; ")w*k*"*’ (¥, Burim1 ® ma)

i=0
-> (’Z)(—w)"fi (Y, m1 ® Bi—k—nm2), k,neZ, (5.27)
i=0

—k—n—-2
i

(e —w) " my @ma) =) (

i=0

)w*"*"*”w, Vriatmi @ ma)

+ Z C)(—w)"*i(l/f, mi ® Vi—k—n—1m2), k,neZ. (5.28)

i=0
Proof. These identities follow by evaluating (5.12) for the fields g, y, J and T'. O

Proof of Lemma 5.10. We shall use the HLZ double dual construction of Definition 5.4.
By the compatibility of fusion with spectral flow, Theorem Theorem 2.6, it is sufficient
to consider the case £ = k = 0. Note since o' P is both projective and injective, it
must be a direct summand if it appears as either a quotient or a subspace. Further, by
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Lemma 5.9, all composition factors must lie in categories o', i =—1,0. This implies
that the composition factors of W; W _; must all lie in 6'%, i = 0, 1. Note further,
that (0 ~'P)’ = P and so we seek to find a copy of P within W, IW_;. We do so by
considering a certain characterising two dimensional subspace of P. For a G-module M
consider the subspace

KMy=meM : Bym=ypeym=Jm=Jym =0, n> 1}. (5.29)

From the expansions of 7T'(z) and J(z) in terms of the fields § and y, it follows that
for any m € K(M), L%m = L,m = Jym = 0, n > 1. In particular, in the notation
of Figure 2, K (P) = span{|0), |—v)} and thus K (P) is two dimensional and L¢ has
a rank 2 Jordan block of generalised eigenvalue O on this space. Further, P is the only
indecomposable module with composition factors in categories o' %, i = 0, 1 admitting
L Jordan blocks. The remaining indecomposable modules with composition factors in
categories o', i =0, 1 all have K (M) subspaces of dimension zero or one.

Lety € Hom (W), ® W_y, C) satisfy S5 (1= —w)"yy = yk* ¢~ —w)'y =0
for all m > 1. Thus by Theorem 5.11, i satisfies the P (w)-compatibility property and
Bn¥ = Ym+1¥ = 0, m > 1. If in addition ¢ is doubly homogeneous, then  lies in
W, N'W_,. By assumption the left-hand sides of (5.27) and (5.28) vanish for k& > 1.
These relations imply that the value of ¢ on any vector in W, ® W_, is determined by
its value on tensor products of relaxed highest weight vectors, because negative modes
on one factor can be traded for less negative modes on the other factor. For example, for
k=1, n=01in (5.27), we have the relation

-1 )
(Y, m1 @ p_ima) = — Z( ; >w1’<1ﬁ, Bimi ® ma). (5.30)

i>0

Letus; € W4, j € £ be achoice of normalisation of relaxed highest weight vectors
satisfying u+ ;| = you;. This implies Bou+; = & ju 1+ ;. Since the negative 8 and y
modes act freely on the simple projective modules W, and W_,, there are no relations
in addition to those coming from A5 (=1 — w)"y = pt**" (¢! — w)*y = 0 for all
m > 1. Thus there is a linear isomorphism

(Y € WMymW_ : By = yus1¥ =0, n > 1} — Hom (spancf{u; @ u_;}, C).
(5.31)
Clearly, K (W, IW_,)isasubspaceof {ty € W, "W_, : B¢ = Yur1¥ =0, n > 1}
and so we impose the remaining two relations, the vanishing of Jy and Jj, via (5.25).
The vanishing of Joyr implies

O0={Jov,u; @u_j) =V, u; @u_;) — (¥, Jou; Qu_;) — (¥, u; @ Jou_;)
=1 —=j+D)Y,uj @u_;). (5.32)

Thus v vanishes on u; ® u_; unless i = j — 1. The vanishing of J1y implies
Qj =D u; Qui—j)— j{¥,ujr1 Qu_j)+ (1 — j){(Y,uj_1 Qua_j) =0, (533)
where we have used J_ju1—; = (y—1B0 + B-1v0) u1—;. Thus ¥ is completely char-

acterised by its value on a two pairs of relaxed highest weight vectors, say u; ® ui_;
and u ;1 ® u_;. Therefore, the subspace K (W, RW_,) is two dimensional. Next we
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show that that Lo has a rank two Jordan block on it when acting on this space. Let
v e K (W RW_,). If ¢ # 0, then there exist a, b € C, not both zero, such that

(Wouj®ui_j)=a, (Y.uj ®u_j)=b. (5.34)
The evaluation of Loy onu; @ u1—j and u 41 @ u_; is then
(Loy,uj @ui—j) = jla—>b), (Loy,ujr1 Qu_j)=—jla—>b). (5.35)

Therefore if @ # b (a choice which we can make as K (W, N'W_,) is two dimensional),
the vectors ¥ and Ly are linearly independent and span K (W;XW_j,), which also
shows that L has a rank two Jordan block. O

Remark. In [16, Section 7] the above fusion product was computed using the NGK
algorithm up to certain conjectured additional conditions. In light of the survey [38]
explaining the equivalence of the HLZ double dual construction and the NGK algorithm,
the authors thought it appropriate to supplement the NGK calculation of [16] with an
HLZ double dual calculation here.

Proposition 5.13. Forall ¢ € Z and » € R/Z, A # Z, the simple module o*W;, is rigid
in category %, with tensor dual given by (a’Z\/V)L)v =ol=tw_,.

Proof. Recall that an object M in a tensor category is rigid if there exists an object MY
(called a tensor dual of M) and two morphisms ep¢ : MY KM — Vand ipg : V —
M X MY, respectively, called evaluation and coevaluation, such that the compositions
; -1
M= VEM 2SN (MR, MY) By, M2 ME,, (MY B, M) ZXMREV=M, (5.36a)
MY = MY RY EY MY R, (ME, M) D> (MY 8y, M) B, M 2 vRM7 =Y,
(5.36b)

yield the identity maps 1y¢ and ly¢v, respectively. Here wy, wy are distinct non-zero
complex numbers satisfying |wy| > |wi| and |wz| > |wy — wy]; X, indicates the
relative positioning of insertion points of fusion factors, that is, the right most factor will
be inserted at 0, the middle factor at w and the left most at w;; Technically there exist
distinct notions of left and right duals and the above properties are those for left duals.
We prove below that M = ‘W), is left rigid. Right rigidity follows from left rigidity
due to category .% being braided.

For M = o'W, we take the tensor dual to be MY = o1 ~¢W_, and we will construct
the evaluation and coevaluation morphisms using the first free field realisation (2.34)
given in Proposition 2.12.(1). In particular, we have

GKW)\ = Fio+v)+e=Dy 0176\/\7_)L =F_0+v)—ty, L€Z, AeR/Z, L #Z.
(5.37)

We denote fusion over the lattice vertex algebra Vi of the free field realisation by X
to distinguish it from fusion over G. Recall that the fusion product of Fock spaces over
the lattice vertex algebra Vg of the free field realisation just adds Fock space weights.
Thus the fusion product over Vg of the modules corresponding to o*W; and o' ~*W_,
is given by

Fos@spr—ty B Fagprece-ny = Foy Wy (5.38)

Therefore we have the Vx-module map Y : F_j@4y)—ey xff Fr@+py+e—tyy — F_y
given by the intertwining operator that maps the kets in the Fock space ) g+y)+—1)y
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to vertex operators, that is, operators of the form (2.30). Since Vg-module maps are
also G-module maps by restriction and since the fusion product of two modules over a
vertex subalgebra is a quotient of the fusion product over the larger vertex algebra, Y also
defines a G-module map F_)L(Q_H/,)_gw X F)L(g_,_l/,)_,_(g_]),/, — F_I/, = Wa Furthermore,
the screening operator §; = ¢ Vy, (z) dz defines a G-module map 8 : F_,, — Fy with
the image being the bosonic ghost vertex algebra G. Up to a normalisation factor, to be
determined later, we define the evaluation map for M = o“W;, to be the composition
of Y and the screening operator 8.

e =80Y : MKM— V. (5.39)

To define the coevaluation we need to identify a submodule of M X MY isomorphic
to V. By Lemma 5.10, we know that M X M" has a direct summand isomorphic to P,
which by Proposition 3.3 we know has a submodule isomorphic to V. It is this copy of
V which the coevaluation shall map to. Since V is the vector space underlying the vertex
algebra G and any vertex algebra is generated from its vacuum vector, we characterise
the coevaluation map by the image of the vacuum vector.

—1

s
iv: Q—>[0) —> | —¥) —> V(i—iypaii—ne W) | — j¥ — (j — 0F)
LN $., 81 @ V(i—tyy+(j—np W) | — jy — (j — 0)O)dz, (5.40)

where the first arrow is the inclusion of V into Fyp = W, C P, 81_1 denotes picking
preimages of 81 and j the unique representative of the coset A satisfying 0 < j < 1.
Note that the ambiguity of picking preimages of 8 in the second arrow is undone by
reapplying 8; in the fourth arrow and hence the map is well-defined. This map maps to
Fo, which is a submodule of P as shown in Proposition 3.3.

Note that since the modules M and M"Y considered here are simple, the compositions
of coevaluations and evaluations (5.36) are proportional to the identity by Schur’s lemma.
Rigidity therefore follows, if we can show that the proportionality factors for (5.36a)
and (5.36b) are equal and non-zero.

We determine the proportionality factor for (5.36a) by applying the map to the ket
[ — DY+ —00) € Fryro+¢—1)0 = o “W;. Following the sequence of maps in
(5.36a) we get

IG=Dy+( —00) = 0) X[ — Dy +( —0)b)
— f S1 @ Vii—ny—i—0s W2) V_jy_(j—pg W) |(j — DY — (j — £)0)dz
wi,w2

— jé jg 81(22) 81 (21) V(j—1)y+(i—0)p (W2) V_jy—_(j—e)s (W1)
, Wi Jwp, w2
[(j — DY +(j — 0)0)dz1dza, (541)

where fo, ws denotes a contour about 0 and w, but not wy, fwl, ws denotes a contour

about w; and w; but not 0, and where we have used the fact that the integration contours
lie in domains in which the product and iterate of the vertex operators are equal. The
proportionality factor is obtained by pairing the above with the dual of the Fock space
highest weight vector, which we denote by an empty bra (|. Evaluating these matrix
elements requires the associativity isomorphisms for replacing products of intertwining
operators with their iterates. This is a characterising property of associativity isomor-
phisms for vertex operator algebra module categories, see [21, Part VII, Theorem 10.6].
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The intertwining operators we are considering here are all lattice intertwining operators
with lattice modules as codomains. Further, all lattice module endomorphisms are scalar
multiples of the identity, therefore the associativity isomorphisms are also scalars. By
the remark after Proposition 2.12, these intertwining operators can be normalised such
that the associativity scalars are 1. Note that this does not imply that the associativity
isomorphisms are trivial on all of category .%, just that they can be scaled away when
only considering lattice modules that are isomorphic to simple G modules in the free
field realisation. The proportionality factor from (5.36a) is therefore given by the matrix
element

I(wy, wp) = ?é. f (181 (z2) 81 (z1) V(j—1yy+(j—ye (W2)
0,wy Jwy,wy
V_jy—G—o W) |(j — DY + (j — £)8)dz1dza
= f(wi, wz)% f (22 — Zl)Zé_l(Zz —w2) Nz —wy)
0,w; Jwi,wy
z{_l(m —w2) "N (z) —wy) Fdzidzo

= f(wy, wz)(% 2z —w) "Nz —wi) TV dz
0,w
% M= wo) Nz —wi) Yz
wi,wy

- % @ —wy) Nz - wl)_jdz}£ d@—w) Nz - wl)_jdz>, (5.42)
0,w; wi, w2

where , ‘ _ .

F(wi, wa) = (wy — wy)* +](1—2£)wéj—1)(21—15—1)wf +j(1-26) (5.43)
Note that the second equality of (5.42) is where the associativity isomorphisms are used
to pass from compositions (or products) of vertex operators to their operator product
expansions (also called iterates). For intertwining operators, associativity amounts to
the analytic continuation of their series expansions and then reexpanding in a different
domain. On the left-hand side of the second equality the intertwining operators (or here
specifically vertex operators) are in radial ordering, while on the right-hand side they
have been analytically continued and then reexpanded as operator product expansions.
By an analogous argument the proportionality factor produced by the sequence of maps
(5.36b) is the matrix element

I(wy, wp) = ?{ ?{ (181 (z2) 81 (z1) V_jy—(j—0)0 (W2) V(j—1yy+(j—0)6 (W1)
0,w; Jwi, w2
I—jv — (j — 0)f)dz1dza

= f(wi, wz)(fi) Z(z—w) Nz —w)Vdz
,W1
7§ Nz —wo) TNz —w) Tz
wi,w2
- yg y PNz —w) Nz — wy) Tz
y{ Z@—w) Mz - wl)—f'dz). (5.44)
wi,w2

Since both matrix elements are equal, I (wy, w2) = I (w1, wy), rigidity follows by
showing that they are non-zero.
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We evaluate the four integrals appearing in 7 (w1, wz). We simplify the first integral
using the substitution z = wix.

% 2z - wz)j*](z —wy)Vdz
0,wq

. i . Jj—1
= —wj_lun% xI(1—x)~/ (1 — ﬂx) dx

2

0,1 wy
y . 1 ) j-1
= — (62’”-’ — 1) w57]w1 / x/(1—=x)"/ (1 - ﬂx> dx
0 wy
- (ez’”'f - 1) wilwy B +j,1—j)2F, (1 42 ﬂ), (5.45)
w2

where the second equality follows by deforming the contour about 0 and 1 to a dumbbell
or dog bone contour, whose end points vanish because the contributions from the end
points are O (g'*/) and O(e'~/) respectively, and 0 < j < 1; and the third equality is
the integral representation of the hypergeometric function and B is the beta function.
Similarly,

f zj_l(z — wz)-/_l(z — wl)_-idz
0,w1
- (627”'./ _ 1) wi ™' B(j, 1= j) 2 F) (1 — gL %) . (5.46)

For the integrals with contours about w; and w» we use the substitution z = wy — (w2 —
w1)x and then again obtain integral representations of the hypergeometric function.

fﬁ Zjil(z—wz)jfl(z—wl)*jdz
wi, w2

= (=7 (2 = 1) wi B (1= )y Fy (1 — i L M) ,

w

f @z —w) Nz —wy)Vdz

wi, w2

= (=1 (¥ = 1) wiB (j. 1= )y F (—j, Ji l; M) L (547)

w

Note that for the three integrals above, the end point contributions of the contour also
vanish due to being O(¢/) and O(g!~/) for 0 and 1 respectively.
Making use of the hypergeometric and beta function identities

2Fy (1—M»1+M;2; ﬂ>=ﬂzF1 (—M,u;l;l—ﬂ>,
wi w2 w

wr wr
2Fi|\1l—pw,s 51— —= )= Fi{l—p,ul;,—),
w1 wi

U
Bl+u,1—p)=uBu,1—pn) = ,
sin(7r )

(5.48)
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the proportionality factor I (wi, wy) simplifies to

: . 2 5. 72 =1
iy w9) = (=) g (@70 - 1) 03/ T D)

.. wy — Wi Lo w2
2P\ —j, s ——— ) 2P (1= 05— . (549
w) w1

Since j ¢ Z, I (w1, wy) can only vanish, if one of the hypergeometric factors does. We
specialise the complex numbers wi, wa, such that wy = 2w;. Then,

ra)yrm

r(1-§)r(%+§)

and the relationship between contiguous functions implies

.. w1 ..
ya <l—j,j;l;w—2> = Fi(1-j,j;1:3)= #0, (5.50)

2F) (—j,j; I; wz%”) =3 QF1(1=jjilig) 2 Fi(=j. 1+p 15 5))

(5.51)

= LG)ro £0. (5.52)

J 1, J
Thus 7 (w1, wy) # 0 and we can rescale the evaluation map by 7 (w1, wz)_l so that the

sequences of maps (5.36) are equal to the identity maps on M and M". Thus o*W); is
rigid. O

6. Fusion Product Formulae

In this section we determine the decomposition of all fusion products in category .%.
A complete list of fusion products among representatives of each spectral flow orbit is
collected in Theorem 6.1, while the proofs of these decomposition formulae have been
split into the dedicated Subsections 6.1 and 6.2. To simplify some of the decomposi-
tion formulae we introduce dedicated notation for certain sums of spectral flows of the
projective module P. Consider the polynomial of spectral flows

n
fa@)=Y o*1 nez, 6.1)
k=1
and let
n
Q"= f(0)P =P Py, nel (6.2)
k=1
Further, let
m+n—1

P =0t =010 = P N Praar,
r=1

N, =min{r,m,n,m+n —r}, m,n,k € 7. (6.3)
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Theorem 6.1.

(1) Category F under fusion is a rigid braided tensor category.

(2) The following is a list of all non-trivial fusion products, those not involving the fusion
unit (the vacuum module V), in category % among representatives for each spectral
flow orbit. All other fusion products are determined from these through spectral flow
and the compatibility of spectral flow with fusion as given in Theorem 2.6.

Since .7 is rigid, the fusion product of a projective module R with any indecomposable

module M is given by

REM = HIM: §] RKS, (6.4)
8

where the summation index runs over all isomorphism classes of composition factors of
M and [M : 8] is the multiplicity of the composition factor 8 in M.
Forall ., u e R/Z, A, p, .+ # 7Z,

Wi W, = Wiy @ 0 Wi,

(6.5)
W, ’IW_, Zo~ P
Form > n > 1, we have the following fusion product formulae.
4BZm+l X BZn+l ~ 32m+2n+1 o ern,n ‘j«2m+l X ‘3«2n+1 ~ ‘J~2m+2n+l P QT,n
32m+l X 32?1 ~ 13211 o Qqn,n <J'2m+l X rJQl’l o~ 7211 ey ern,n
.BZm X an ~ B%Z_] fa 32’1 D Qlin—l,n .«J'Zm X TZn ~ ‘I%;'Ln_l fa ‘J~2n o QI;’l—l,n
(6.6a)
72m+l X 32n+1 ~ :J-'%Zl—zn+1 D Qm+l,n 32m+1 X :J-2n+l ~ 3%1111—2n+1 e Qm+l,n
T2m X %2n+1 o~ (‘T%Zl D qm.n BZm X (J~211+1 ~ g%}rfln ® qmn
(J~2m X 32}1 ~ Qm,n BZm X :J~2n ~ Qm,n (66b)

We split the proof of Theorem 6.1 into multiple parts. Theorem 6.1.(1) is shown in
Proposition 6.4. The fusion formulae (6.5), (6.6a), (6.6b) are determined in Propositions
6.2,6.9 and 6.10 and Lemma 5.10 respectively.

Remark. The fusion product formulae of Theorem 6.1 projected onto the Grothendieck
group match the conjectured Verlinde formula of [16, Corollaries 7 and 10], thereby
proving that category .7 satisfies the standard module formalism version of the Verlinde
formula. It will be an interesting future problem to find a more conceptual and direct
proof for the validity of the Verlinde formula, rather than a proof by inspection.

6.1. Fusion products of simple projective modules. In this section we determine the
fusion products of the simple projective modules.

Proposition 6.2. For A, u € R/Z, A, u, A + u & Z, we have

Wi KW, = Wiy, @ o'Wy (6.7)
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Proof. Since W), and W,, both lie in category %, we know, by Lemma 5.9, that the
composition factors of the fusion product lie in categories % or o~ %. Further, since
J(z) is a conformal weight 1 field, its corresponding weight, the ghost weight, adds
under fusion. Therefore the only possible composition factors are W; 4, and U_IWHM.
Since these composition factors are both projective and injective, they can only appear as
direct summands and all that remains is to determine their multiplicity. In [20] Adamovié
and Pedi¢ computed dimensions of spaces of intertwining operators for fusion products
of the simple projective modules. In particular, [20, Corollary 6.1] states that

M
di =1 6.8
im <WA, WM> , (6.8)

if M is isomorphic to O'ZWM.M, £ = 0, —1. Thus the proposition follows. O

Remark. To prove the above proposition directly without citing the literature, we could
have used the two free field realisations in Section 2.4 to construct intertwining operators
of the type appearing in equation (6.8), thereby showing that the dimension of the
corresponding space of intertwining operators is at least 1. This was also done in [20].
An upper bound of 1 can then easily be determined by calculations involving either the
HLZ double dual construction (similar to the calculations done in Lemma 5.10) or the
NGK algorithm.

Proposition 6.3. For . € R/Z, A # 7, we have
Wy KRW_, = o~ (6.9)

Proof. By Proposition 5.13, W, is rigid and hence its fusion product with a projective
module must again be projective. Further, by Lemma 5.9, all composition factors must
lie in categories o‘%, £ = —1, 0. Finally, since ghost weights add under fusion, the
ghost weights of the fusion product must lie in Z. Thus the fusion product must be
isomorphic to a direct sum of some number of copies of o ~!P. By Lemma 5.10, we
know there is exactly one such summand. O

Proposition 6.4. Category .7 is rigid.

Proof. Category .% has sufficiently many injective and projective modules, that is, all
simple modules have projective covers and injective hulls, and all projectives are injective
and vice-versa. Further, the simple projective modules oW are rigid and generate the
non-simple projective modules under fusion, so all projective modules are rigid. Catefory
Z is therefore a Frobenius category and hence any for short exact sequence with two
rigid terms (whose duals are also rigid) the third term is also rigid. This implies that all

modules are rigid and hence so is category .%. O
Corollary 6.5. Let M, N € .Z, then
MRIN = (MXN)*. (6.10)

Proof. Due to rigidity, the tensor duality functor ¥ defines an equivalence of categories
and is therefore exact. Further, the tensor duality functor satisfies

MYRNY = (MEN)Y. 6.11)

This also implies that V) = V_;. We see that the tensor dual M" agrees with o (M)
on all simple modules in .%. As both (—)" and o (—)’ are exact contravariant invertible
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functors and all reducible indecomposable objects are uniquely characterised by the
non-split exact sequences (4.18) with 1-dimensional corresponding extension groups,
it follows by induction in module length that MY = o (M/ ) for any module in Z.
Recalling (—)* = ¢ (=)', we further have M* = ocM". Theorem 2.6 then implies

M*RN* = (6cMY) K (0cNY) Z ocMEN)Y = (M EN)*. (6.12)

O

6.2. Fusion products of reducible indecomposable modules. In this section we calculate
the remaining fusion product formulae involving indecomposable modules in .%. The
main tool for determining these fusion products is the fact that category .7 is rigid by
Proposition 6.4. Hence fusion is biexact and projective modules form a tensor ideal.
We begin by calculating certain basic fusion products from which the remainder can be
determined inductively.

Lemma 6.6.
T2 KB = Py,
B2 X B2 =~ B2 @ B2,
PRTP=T 0T (6.13)

Proof. Taking the short exact sequence (2.20a) for W = 731 and fusing it with Wy =
’Bz_l yields the short exact sequence

0— Wy — WRW; — o'W, — 0. (6.14)
Similarly, fusing the short exact sequence (2.20b) for W, with W yields
0 — o 'Wf — Wy KW — W — 0. (6.15)

If either of the above exact sequences splits there is a contradiction, because if 0_1\/\76r
and Wg are direct summands of Wg X Wy, (6.14) is not exact, and if Wy and
U’IWS are direct summands, (6.15) is not exact. Hence both sequences must be
non-split. From (4.18g) in Corollary 4.6, we know that dim Ext (G_IWE Wy ) =
dim Ext (W{, U_IW{)) = 1. There is only one candidate for the middle coefficient

of these exact sequences, namely o ~!P. Thus the first fusion rule follows. The other
. . . + .
two fusion products by are determined by fusing W, with the short exact sequences

for W(j)t. The extension groups corresponding to these fused exact sequences are zero-
dimensional and hence the sequences split and the lemma follows. O

We further prepare the following Ext group dimensions for later use.

Lemma 6.7. The indecomposable modules 7"+, B2 . B> and B, satisfy

2n+1’
dim Ext (72"“, 23’;,,+1) — dim Ext ('132”, g;) =1 (6.16)
The corresponding extensions are given by T*"*"*1 and B¥"+" respectively.
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Proof. We start with the following presentation of T2**1
0 — T2 — P[] — 72— 0. (6.17)

Applying the functor Hom (—, B . l) yields

0 —> Hom (‘J’Z"”, Bg’nH) —> Hom (P[’J’Z’”l], B’Z",Hl)

—> Hom (722, By, ) — Ext (7718}, ) — 0. (6.18)

The first coefficient vanishes due to T2+ and B . having no common composition
factors. The second coefficient can be shown to vanish using the projective cover for-
mulae in Lemma 4.5 and reading off Hom group dimensions from the Loewy diagrams.
For the third coefficient, the only composition factor common to both T72**? and Bt
is V2,41, which occurs as a quotient for T21+2 and a submodule for B .1 so this gives
rise to a one dimensional Hom group. The vanishing Euler characteristic then implies

that dim Ext (‘.]’2"”1, B, 1) = 1 as expected. Furthermore, we can examine T2*"*1 to
see that it has a BY} submodule which yields T2+1 when quotiented out, therefore this
is the unique extension characterised by Ext (‘3'2"“, Bt )

We can follow the same procedure starting with the projective presentation of B>" to

obtain the following exact sequence
0 —> Hom (32”, 31;1) — Hom (P[an], B’fn)
—> Hom (B}, B4, ) — Bxt (B>, 84, ) — 0. (6.19)

The dimensions of the Hom groups follow by the same arguments as above, and then
dim Ext (Bz”, Bg”n) = 1 follows from the vanishing of the Euler characteristic. Simi-
larly, we see that B2™* provides an extension of B> by B7, and must therefore be the
unique one. O

We can now determine fusion products when one factor has length 2 and the other
has arbitrary length.

Lemma 6.8. The fusion products of length 2 indecomposables with any indecomposable
of types B or T satisfy the following decomposition formulae. For n > 1,

B R B? = B2 @ Qf T RT? =72 e Qf
B RBT =B, @B Q] TR =T, 0T 69
B KT =73, Q" TR B =Bl @ Q"
B KT = Q" T K B2 = Q" (6.20)

Proof. We prove the left column of identities. The right column then follows from
Corollary 6.5 and applying the * functor. We start with the short exact sequence from
(4.18e) satisfied by B2+!,

0 —> :B2n71 N 32n+1 N 3‘%”_1 — 0. (6.21)
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We then take the fusion product with B2,
0— B IRB2 — B KB — Py, —> 0. (6.22)

Because Py, is projective, the sequence splits and we have the recurrence relation
B B = (B M BY) @ P (6.23)

Then, the first fusion product formula of the lemma follows by induction with B! =V
as the base case.

We next consider the short exact sequence (4.18c) satisfied by B>"*2 and fuse it with
B? to obtain

0 —s B QB2 _, g2 g R2 B%rﬂl — 0, (6.24)
which evaluates to
0— B> Ql — B*?RB> — B}, — 0. (6.25)

Since 9Qf isinjective, itis a direct summand of B2+2K B2, Further, Ext (B% el 32) =0,
as the composition factors are seperated by at least two units of spectral flow, and
dim Ext (V,, V,,,) for |[n — m| > 1. Hence the sequence splits and we obtain the second
fusion product of the lemma.

For the final two fusion products, we perform the same exercises with different exact
sequences. For the third and fourth fusion products we use (4.18d), with odd and even

length respectively. Fusing with 72 gives the short exact sequences
0— B 'RT? — BRI — P — 0,
0— BXNI? — B RT? — P — 0. (6.26)
In both cases, the sequences split because P is projective. O
We now use Lemma 6.8 to prove the fusion product formulae (6.6a) of Theorem 6.1.

Proposition 6.9. The fusion products of indecomposable modules of types B and T with
themselves satisfy the decomposition formulae below, form > n > 1.

32m+1 X 32n+1 ~ 32m+2n+1 @ ern,n rIZm+l X rI2n+1 ~ 72m+2n+1 @ ern,n
BZm+1 X .BZn ~ an e Qlln,n ‘J«2m+l X ‘3~2n ~ :J~2n @ ern,n
B2m X B2n ~ B%:Ll @ .BZW ® ern—l,n rJ~2m X rI2n ~ .:T%’r;lil D TZn > ern—l,n
(6.27)

Proof. We prove the left column of identities. The right column then follows from
Corollary 6.5 and applying the * functor. First, for both superscripts odd, we take two
short exact sequences from (4.18d) and (4.18e) for B2*1 and fuse with B¥"*! to find

0 —> ‘B%n_l X 32m+1 N an+l X 32m+] N BZ oy Q)ln N 0’

0— B IRB¥ — B R — 77 L, e | — 0. (6.28)

Now comparing these exact sequences, and using the fact that P is projective, we find
that the sequences cannot both split, as they would give different direct sums. For the
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first short exact sequence, we use Lemma 6.7, to find dim Ext (Bz, B%’"*z"’l) =1,

with the extension being given by B2"+21+1

formulae inductively to get

so we can determine the fusion product

.BZm+] X 33 ~ (BZm+3 ® Qm,
BZm+l X $5 ~ .BZm+5 ey (1 +O'2> rlna

m
2m+1 2n+1 ~ m2m+2n+l1 2m+2n+1 s
B @ B! = g2l g (R Op, | = B g O (6.29)
k=1
We can deduce the remaining rules from short exact sequences that relate even and odd

Bs. Firstly, we take the two short exact sequences (4.18d) and (4.18f), and fuse them
with B2+ to get

0— B KRB — B RBM — B2 Al — 0,

0— B3, ®9 ., — BM™IRBM2 __ g2 p 0. (6.30)
Either of these exact sequences splitting would lead to a contradiction, hence both must be
non-split. Further, by Lemma 6.7 we find dim Ext (Bz, B%”) = dim Ext (%2", B%n) =
1, with the corresponding non-split extension given by B2**2. Therefore

B R B2 = B Q" (6.31)
Finally we fuse (4.18c) with B%" to find

2m+1 2 2m+2 2 2
0— B KB — B RB" — By

| — 0. (6.32)

For m > n, dimExt (B3",,, B*") = 0, which follows because the composition fac-

tors are separated by at least two units of spectral flow and Ext (V,,V,) = 0 for
|[n — m| > 1, the above sequence splits. In the case when m = n — 1, we have that
Ext (CB%Z_I, Vk) = 0 for all the composition factors of B2 that is, O<k<2n-1).

Hence dim Ext (3%2—1’ 32") = 0 and the above sequence again splits. Thus,

.BZm+2 X an ~ 32;1

2m+

@B e, m=n-—1. (6.33)
O

Proposition 6.10. The fusion products of indecomposable modules of types B and T
with each other satisfy the decomposition formulae below, form > n > 1.

72m+1 X 32n+1 ~ ‘:rg;n—ZnH ® Qm+1,n 32m+1 X T2"+1 ~ .B%:::—Znﬂ e Qm+1,n
rIZm X g2n+l ~ T%Zl D qmn BZm X :J~2n+l ~ B%y ® qm.n
TR B = QM B R T = QM (6.34)
Proof. We prove the left column of identities. The right column then follows from

Corollary 6.5 and applying the * functor to each module. We start with sequences (4.18e)
and (4.18d) for odd length B, and fuse them with T2Zm+1 6 find

0 — T g2t Pl g g2l 92 e Qy — 0,  (6.35)

n
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0 — TP ot mel g g2l B2 @ Q" — 0. (6.36)

Specialising to n=1 we have

m
0—> g2l _, Pl g p3 g2 g @62’”1? — 0, 6.37)
k=1
m
0— 3" — P RB — B} @ PP — 0. (6.38)
k=1

Since P is projective, its spectral flows must appear as direct summands in the middle
coefficient of the above exact sequences. Thus,

m+1
Tl B3~ A @ EB o*=lp — 4 @+l (6.39)
k=1

Therefore the module A satisfies the exact sequences

0— T S AeP — T? — 0,

0— T3 — A® Pryy — B3, — 0. (6.40)

Because either of these sequences splitting would lead to a contradiction and the cor-
responding extension groups are one-dimensional, the sequences uniquely characterise
the fusion product. Proceeding by induction, we obtain

T2m+l X 4B3 ~ :J-%m—l D Qm+l,
‘:]'2m+1 X BS ~ T£m73 D (1 +02) Qm+1,
(.sz-'-l IX an+1 ~ T%ZL_Z’H‘I @ Qm+1’”, (641)

Next we take two short exact sequences from (4.18c) and (4.18a), for T2m and fuse them
with B21 to get

0 —> 3%nm+_11 N rIZm X 32n+1 _ T§Zn—2n—l @ Q" s (),

0— Bi™ g Q)" — PR BI — B 0. (6.42)
Again either of these sequences splitting would lead to a contradiction, and by Lemma
6.7, dim Ext (‘Tg;”*z”*l, 3%:1"*_11) = 1, with the extension being given by ‘I%Z’, so the

second fusion rule follows. Finally, fusing (4.18f) with B2 we have

0 —> :J~2m—2 X 4B2n —_ rJ-'Zm X 32" N ng_z N O7 (643)
m

(J~2m X BZn ~ @ ng72 = qQmn, (6.44)
k=1
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Appendix A. Sufficient Conditions for Convergence and Extension—Proof of The-
orem 5.7

In this section we give a proof of Theorem 5.7 by reviewing reasoning presented by Yang
in [25] and showing that certain assumptions on the category of strongly graded modules
(see [25, Assumption 7.1, Part 3]) are not required, if one only wishes to conclude that
convergence and extension properties hold. Instead all that is required is that the modules
considered satisfy suitable finiteness conditions. This appendix closely follows the logic
of [25, Sections 5 & 6] and also [48, Section 2].

Throughout this section let A < B be abelian groups. Further, let V be an A-
graded vertex algebra with a vertex subalgebra V. C V@ In this section only, all
mode expansions of fields from a vertex operator algebra V will be of the form
Y(v,2) = ZneZ Upz ! regardless of the conformal weight of v € V, that is, v,
refers to the coefficient of z7"~! rather than the one which shifts conformal weight by
—n.

Definition A.1. Let Wy, W, W, W3, Wy be B-graded V-modules.
(1) We say that two B-graded logarithmic intertwining operators Y1, Yo of respec-
tive types (W?/}?%4), (Wr%g) satisfy the convergence and extension property for

products if for any a1, a>, € B and any doubly homogeneous elements w;, € W,

w3 € Wi, w; € WE“"), i = 1,2, there exist M € Z>o, r1, ..., "M, S1,...5u € R,
Ui, ...Uupm,V1,...vy € Zso and analytic functions fi(z), ..., fm(z) on the disc
|z| < 1 satisfying

wtw; +wtwy +s; > N, foreachk=1,..., M, (A1)

where N € Z depends only on the intertwining operators Y1, Y and a; + ap, such
that as a formal power series the matrix element

(wg, Y1 (wi, z1)Y2 (w2, z2)w3) (A.2)

converges absolutely in the region |z1| > |z2| > 0 and may be analytically continued
to the multivalued analytic function

M
> @1 — 22)™ (log z2)"* (log(z1 — 22))™ fi (%) (A.3)

k=1
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in the region |z2| > |z1 — 22| > 0.

(2) We say that two B-graded logarithmic intertwining operators Y1, Yo of respective
types (le%\?s) , (W?/’V‘{Nz) satisfy the convergence and extension property for iterates
if for any a, a3, € B and any doubly homogeneous elements w, € W, w; €

Wi, w; € Wl(a"), i = 2,3, there exist M € Zso, F1,..., "M, 81,---5u € R,
Ui, ...UM, V1,...0y € Zso and analytic functions fi(z), ... fu(z) on the disc
|z| < 1 satisfying

wtwy + wtwsz +s; > N, foreachk=1,..., M, (A4)

where N € Z depends only on the intertwining operators Y1, Y> and as + a3, such
that as a formal power series the matrix element

(wh, Y1 (Y2 (wr, z1 — z2)w2, 22)w3) (A.5)

converges absolutely in the region |z2| > |z1 — z2| > 0 and may be analytically
continued to the multivalued analytic function

M
z

> 225 (log z1)" (log 22)™ fi (i) (A.6)

k=1

in the region |z1| > |z2| > 0.

Consider the Noetherian ring R = C[zf] , z%l ,(z1— 22)_1]. Then for any quadruple
of B-graded V-modules Wy, W1, Wy, W3, and any triple (a1, az, a3) € B3, we define
the R-module

T@.@.w) — pg (W6)(01+a2+a3) ® ng) ® Wgn) ® \/\7%13)7 (A7)

where all the tensor product symbols denote complex tensor products. We will gen-
erally omit the tensor product symbol separating R from the V-modules. The moti-
vation for considering this module is that for any B-graded module W4 and any pair

of grading compatible logarithmic intertwining operators Y1, Y» of respective types
(W?N(\)/w) and (W;N%;) it produces matrix elements via the map ¢y, y, : 7@1-92:43) —

Zi’(C ({z2/z1}) [zf—Ll, zzﬂ], where / is the combined conformal weight of w(), w1, w2, w3
and C ({x}) is the space of all power series in x with bounded below real exponents (the
modules W;, i =0, 1, 2, 3 will always have real conformal weights below), defined by

by, y, (f (21, 22)wy @ wi @ wa @ w3)
= 1(f (z1, 22)(wy, Y1 (w1, 21) Y2 (w2, 22)w3), (A.3)

where ¢ : R — (C[[zg/zl]][zitl, zitl] is the map expanding elements of R such that the
powers of z, are bounded below. This in turn justifies considering the submodule

J@ra2a3) — spanp {A (v, wh, wi, w2, w3), B (v, wh, Wi, wa, w3),
¢ (v, w(, wi, wa, w3) D (v, wy, Wi, w2, wg) e T .

veV, wpe (Wp) ™ w e W, i =123}, (A9
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where the generators

A (v, wy, wi, wa, w3) = —wH O VWi @ Wy @ w3
—1
+Z ( L )(—zl)kvil_kw(’) Qw @ wy ® w3
k=0

-1
- Z ( X )(—(Zl —2) " w) @ wi ® vewr ® w3

k>0
-1 —1—k,
—Z X (=z1) wy @ wi @ wy ® vpws,
k>0
B (v, wy, wi, w2, w3) = —wy @ w1 O V_jwr @ W3
-1 k% ’
Z X (=22)" v wy ® w; @ w2 @ w3
k=0

—1 ,
> ( B )(—(11 —22)) " up ® nw ® wr ® ws
k>0

> (%

@(v,w(/),wl,wg,w3) =vi,w

+
- (—22) " wh @ w1 ® wa ® Vw3,

Qw @ v_1wr ® w3

/
0
- (_ )ZflikWé)@Ukwl ® wr ® w3

-1\ _,_
25 7w @ wi ® vews ® w3 — wh @ w1 ® wy ® v_jws,

D (v, wp, wi, w2, w3) = v_jWH @ Wi @ V_ W2 ® W3

-1 -1 Lo _on\Lo -1
—Z(k Awp@et b (=) u (%) e Hw @ m @ ws
k=0

-1
_ Z ( ' )Zglikwé ® w)

k>0
1 Lo _N\Lo _ -1
®e2 b (—z%) Uk (—z2 2) e 2 Ly @ w;
—wy ® wi ® wy @ v* ws, (A.10)

are preimages of the relations coming from residues of the Jacobi identity for intertwining
operators and where v} : W. — W’ denotes the adjoint of vx : W; — W;. Hence

J(@1,42,:33) jes in the kernel of ¢y, y, for any choice of intertwining operators Y1, Y, of
the correct types.
Next consider the doubly homogeneous space

(a1,a2,a3) __ 7\ (a1 +ax+as) (ay) (az) (a3)
ny = T Re(Wo)p, ® Wiy, ® W), @ Wa)pyy
ro,r1,r2,r3€R
ro+ri+r+ry=r

(A.11)
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to construct the subspaces

Fr(T(alqaz,as)) — 1_[ T[(Sc]tl,azsaz)’

s<r

Fr(‘](alqtlzqas)) = Jlana,a3) A Fr(T(al-,az,az)). (A.12)

These define filtrations on T (@1:92:43) gnd J (@1.02,a3) respectively, since Fj (T (@1-a2:03)y =
F.(T'@1-@2.43)y and F,(J@1-02:93)y < F,.(J@1.02.03)) jf g < roand |, g F(T(@1-a2:a3)) —
T(@1.02.03) gpd UrelR F,(J(“l’az"”)) = J(@.92.a3) Note thatif the W;,i = 0, 1, 2, 3 are

(a1,az,a3)
T

discretely strongly graded, then is a finite sum of finite dimensional doubly

(a1,a2,a3)
Ty

homogeneous spaces tensored with R. Hence is a finitely generated free R-

module. Further, F, (T (*1-92:93)) is also a finite sum and hence also a finitely generated
free R-module. Finally, the ring R is Noetherian and so the submodule F, (J (41:92:43))
is also finitely generated.

Proposition A.2. Let the V—m_odules W;, i =0, 1,2, 3 bediscretely strongly B-graded
and B-graded C1-cofinite as \/-modules, then for any a1, ay, a3 € B there exists M € 7,
such that for any r € R

F,(T<u"“2‘u3)) C Fr(J(al,u2,u3))+FM(T(11171124,113)) and T (@1-42,a3) C J(@a2,a3) +FM(T(a"a2’a3)).
(A.13)

Proof. By assumption the modules W;, i = 0,1,2,3 are B-graded C;-cofinite as
V-modules, that is, the spaces

CiO@W = spanc{v_pw € M@D : ye V[h]h >0,w e M} (A.14)

have finite codimension in M@ for M = 'W;, i = 0, 1, 2, 3. Thus MEZ; c Ci(M)@
for sufficiently large conformal weight 2 € R and hence there exists M € Z such that

@ T[(na]uaz,a.s) cC (Wb)(aﬁazﬂu) ® W(lm) ® ng Q Wgaz)
n>M

n (Wé)(a1+a2+a3) ® Cl (Wl)(al) ® Wéaz) ® W:(;B)
+ (Wé)(a1+a2+a3) ® Wﬁal) ®C (Wz)(az) ® Wéas)
+ (Wp) ) @ Wi @ W @ ¢ (W)@ . (AL15)

We prove the first inclusion of the proposition by induction on r € R. If r < M,
then the inclusion is true by F,(T(%-%2:93)) defining a filtration. Next assume that
F (T@a2a)y « F (j@.a2.6)) ¢ . (70@.02.83)) s trye for all r < s € R for
some s > M. We will show that any element of the homogeneous space T[i‘]’"“z’“”
can be written as a sum of elements in Fy(J©@1-%2:@)) and Fy (T (@1-92:93))  Since
s > M, this homogeneous element is an element of the right-hand side of (A.15).
We shall only consider the case of this element lying in the second summand of the
right-hand side, as the other cases follow analogously. Without loss of generality we

can assume the element has the form w) ® v_jw; @ wy ® w3 € T[gl’az’“”, where

w, € (Wé))(a1+az+a3), w; € Wgai),i =1,2,3,v € V), h > 0. By computing the
degrees of the summands making up A(v, wf), w1, wy, wi3) in (A.10) we see that the
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three sums over k all lie in Fy_; (T(@1-92:3))  F,_,(J@1-a2:03)) 4 Fy. (T @1.02.:43)) apd
that A(v, wy, wi, wa, w3) € F,(J@-a2:a3)) Further,

wy @ v_jw @ wr @ wz = —A(v, wy, Wi, w2, W3)
-1
+Z < L )(—m)kv}?w{) QW ® wy ® w3
k>0
-1 —1—k_,/
—Z r (—=(z1 — 22)) Wy @ w1 @ vkwr ® w3
k>0
-1
- Z < r )(—Zl)_l_kw(/) QWi @ wr @ vrwz. (A.16)
k>0

Thus w6 ®v_1w; Qwy @ws lies in the sum F (J @1:92:83)) 4 (T @1 ’“2’”3)) and the first
inclusion of the proposition follows. The second inclusion follows from F, (T (@1:42:43))
and F,(J (‘“*“2’“3)) defining filtrations.

T(@1,a2,a3) _ U F, (T @-@2®)y - U (Fr(‘](al,az,as)) + FM(T(al,az,as)))
reR reR

— <U Fr(.l(a"az’a3))> + FM(T(al’az’a3)) — Jlanaz,a3) FM(T<a"a2’a3)).
reR
(A.17)

O

Corollary A.3. Let the V-modules W;, i = 0,1, 2,3 be discretely strongly B-graded
and B-graded C-cofinite as V-modules.

(1) The quotient R-module T *1-92:93) / J(@1.:42,03) s finitely generated.
(2) For any representative w € T “-%:%) e denote its coset in T (@1-42:%) / J(@1,02,03)

by [w]. Let wy € (Wb)(a'+a2+a3) and w; € Wfa") i = 1,2,3, and consider the
submodules of T(*1:92:43) / J(@1.02.43) gjyen by

M = spang{[wy ® Lj;lwl Qwr®@w3] @ j € Zx>o},
M; = spang{[wo ® w1 ® L jwp ® w3] : j € Zso}. (A.18)
Then My and M; are finitely generated, in particular, there exist m,n € Z>o and
ar(z1,22), be(z1,22) € R, 1 <k <m, 1 < £ < n such that
[wo ® L™ w; ® wr ® w3l +a1(z1, 22)[wo ® L™ ' wi @ wy @ w3]
+o-tam(z1, 22)[wo ®@ wi @ wy ® w3] =0,
[wo ® w1 ® L" jwy ® w3] + b1 (21, 22)[wo @ w1 ® L'f]]wz ® ws]
+ -+ bp(z1, 22)[wo @ w1 @ wr @ w3] = 0. (A.19)
Proof. Since R is a Noetherian ring, Part (1) holds if 7 (41:42:43) / j (41,42.43) i jsomorphic

to a subquotient of a finitely generated module over R. By Proposition A.2 we have the
inclusion and identification
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T(al,tlz,as)/](al,azm) C (](al,azm) + FM(T(”"‘U"B))) /J(al,az,as)

~ FM(T(“"”Z"”))/ (FM(T(ﬂIs“La3)) N ‘](141,612,6!3)) . (A20)

Thus 7 (@1:42:43) / J(@1,62,63) j5 jsomorphic to a subquotient of the finitely generated mod-
ule Fy(T@1-92:43)y and Part (1) follows. Part (2) is an immediate consequence of Part
(1) and the fact that a submodule of a finitely generated module over a Noetherian ring
is again finitely generated. O

Theorem A.4. Let the V-modules W;, i = 0,1, 2,3 be discretely strongly B-graded
and B-graded C-cofinite as \I-modules, let W4 be a B-graded \I-module and let Y1, Y,
be logarithmic grading compatible intertwining operators of types (W?/,V(\)/\u)’ (WZV%N;)’
respectively. Then for any homogeneous elements w(’) € Wf), w; € W;, i =1,2, 3, there
exist m,n € Zxo and ax(21,22), be(z1,22) € R, 1 <k <m, 1 < £ < n such that the
power series expansion of the matrix element

(wg, Y1 (wi, z1)Y2 (w2, 22)w3) (A.21)

is a solution to the power series expansion of the system of differential equations

m 3m—1
— + , +-+ , =0,
o ai(z1, z2) P am(z1, 22)¢
n n—l¢
ot +b1(z1, 22) b +o+bp(z1,22)¢0 =0, (A.22)

in the region |z1| > |z2| > 0.

Proof. Let a1, as, a3 be the respective B-grades of wi, w, w3, then we can assume
that the B-grade of w(/) is a; + ap + a3, because otherwise the matrix element van-

ishes and the theorem follows trivially. Recall the map ¢y, y, : T@-2:4)

Z}fc ({z2/z1}) [zfEl , zfz], defined by the formula (A.8). Since J (#1-92:93) lies in the kernel
of ¢y, y,, we have an induced map

581,‘52 . T(a1,a2,a3)/](a1,az,a3) — lel(c (z2/21}) [Z]il, Zziz]. (A.23)

The theorem then follows by applying Ey |y, to therelations (A.19) of Corollary A.3.(2),
using the L_; derivative property of intertwining operators and expanding in the region
lz1] > |z2] > 0. o

Systems of differential equations of the form (A.22) have solutions very close to the
expansion required if their singular points are regular, see for example [49, Appendix
B]. A sufficient condition, whose validity we shall verify shortly, for regularity at a given
singular point is that the coefficients a;, b; in the system (A.22) have poles of degree
at most m — i and n — j respectively. Such singular points are called simple (see [49,
Appendix B] for the general definition). The singular points relevant for the convergence
and extension property for products are z; = z and (z1 — z2)/z2 = 0.

We need to consider new filtrations in addition to those considered previously. Let
R = (C[ZI—LI, zzﬂ], then R, = (z1 — ) "R, neZ equips R with the structure of a
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filtered ring in the sense that R, C Ry, if n <m, R = J,,cz, Rn and R, - Ry C Ry
The R-module T @1-92:93) can then also be equipped with a compatible filtration

R.(r@reay = [T R® (W)™ ™ @ Wil ® Wo)iiZ) ® Wa)i). reR,

n+ho+hy+hy+hs<r
hieR

(A.24)
in the sense that R,(T@-@®))y c Ry(T@-@®)) if yr < 5 T@L@2@) —
U, cg R (T@1:42:99)) and R, - R, (T@-92:43)) C R, (T@-42:93))  Further, let R,
(Jlara.a)y — R (T @.02.a3)y O jlai.az.a3)

Proposition A.5. Let the V—m_odules W;, i =0, 1, 2,3 bediscretely strongly B-graded
and B-graded C-cofinite as \I-modules. Then for any a1, ay, a3 € B there exists M € 7,
such that for any r € R

Rr(T(al’az‘a3)) c Rr(J(a"az’a3)) + FM(T<a"a2’a3))
and T(@-a2.a3) — jlana.az) FM(T(”I’QZ’%)). (A.25)

Further, T (@1:42:@3) / J(@1,02,63) s finitely generated.

Proof. The proof of this proposition mimics the proof of Proposition A.2 once one has
verified that the elements A (i, w(, wi, w2, w3), Bu, wy, wi, wa, w3), Cu, wy, wi, wa,
w3) and D (u, w(’), w1, wa, wi) liein Ry, (J), where # is the sum of the conformal weights
of u, wy, wi, w, ws. O

We also need to consider the R-module U (“1-92:43) = R ® (Wé)(mwzw}) ® Wial) ®
ng ® Wg‘m and denote by U [(ra]l 42:43) the subspace of conformal weight € R. Thus

.an, _ (ay,az,az)
U(a1 az,az) _— Hre]R U[r]l 2,d3 .

Lemma A.6. Let the V-modu_les W;, i = 0,1,2,3 be discretely strongly B-graded
and B-graded Cy-cofinite as \I-modules. For any ay, az, a3 € B and any doubly homo-

EZ;]*“““), wi € (W) let h = Y, hi, let i be the

smallest non-negative representative of the coset h + 7 and let my € Ry (J(@-%2:3)),
mr € Fy(T@1-%2:3)Y pe vectors satisfying

/ /
geneous vectors w, € (WO)

wy @ w; @ wr ® w3 =my +mr. (A.26)

Then there exists S € R such thath + S € Z>p and (z1 — 2)"*Smy e U@a2.a3),

Proof. Note that the existence of the vectors m j, m7 is guaranteed by Proposition A.5.

Choose S € R such that 1 + S € Z=( and such that for any r < —S§, T[(r?,az,aﬁ =0.

Such an S must exist, since the conformal weights of T(@1:92,a3) are bounded below
by assumption. By definition, R, (T (*1-%2:93)) is spanned by elements of the form (z1 —
22) " f(z1, 22)Wo ® Wi ® Wy ® W3, where f € Rand n + Y ; wtw; <r.The number
S was therefore chosen such that (z; — z2) ™S R, (T (@1-:@2:@3)) < [(@1,42:43) \whenever
r + S € Z. Now, by assumption,

mr=wy,®w @ wr ® w3 —my. (A.27)

The right-hand side of this equality lies in Ry, (T “1:92:93)) by construction and therefore
so does the left-hand side. Hence (z; — z2)"*Smp € U@-a2:43) O
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Theorem A.7. Let the V-modul_es W;, i = 0,1,2,3 be discretely strongly B-graded
and B-graded Ci-cofinite as V-modules, let W4 be a B-graded \/-module and let

Y1, Y2 be logarithmic grading compatible intertwining operators of types (W?N(W)Au)

(Wr}‘{m), respectively and consider the system of differential equations of Theorem
A.4. For the singular points z1 = 7o and (21 — z2)/z2 = O there exist coefficients
ar(z1, z22), bi(z1,22) € R such that these singular points of the system of differential
equations (A.22) satisfied by the matrix elements (A.21) are regular.

Proof. We consider first the singular point z; = z2. By Proposition A.5 and Lemma
A.6, for any k € Zx( together with a vector w) ® Lk_lu)l Q@ wy @ wy € T(@-a2.a)
where the w; are doubly homogeneous vectors of total conformal weight 4 € R, there
exist m(Jk) € Ry (J(@1-42:03)y apd mgc) € Fy (T'@92:@3)y gych that

wh @ LK jwi @ wy @ ws = mP +mP. (A.28)

Let & be the smallest non-negative representative of the coset i + Z. Then, by Lemma
A.6, there exists S € R such that 2 + S € Z=¢ and (z1 — zg)h+k+sm¥<) e U@a.a3) apd

thus (z1 — zg)h+k+sm¥() € Ur<m U[(ra]"az’”’g). Since the V-modules W; are discretely
(a1,a2,a3)

strongly B-graded and B-graded C-cofinite, [ [, ,, U ] is a finite sum of finitely
generated R-modules and hence also finitely generated. Thus, since R is Noetherian,
the submodule generated by the (z1 — z2)"**+S mg), k € Z> is also finitely generated.
Hence there exists an m € Zs( such that {(z; — zg)h””smg() c0<k<m-—1}is

a finite generating set for this submodule and subsequently there exist cx(z1, z2) € R
such that

m—1
@ — 2" SmI 3 a1 ) @1 — @) SmlE = 0. (A.29)
k=0
Therefore,
m—1
wy ® L™ 1w @ wyr ® w3 + Z (21, 22)(z1 — 22)F " w) ® LY jwi @ wa ® w3
k=0

m—1
= m(J'") + Z cr(z1, zz)m(Jk). (A.30)
k=0
Thus in the quotient module 7 (#1-@2:@3) / 7 (@1,42,3) '\ye obtain (where we again use square
brackets to denote cosets)
m—1
[wy ® L™ jwy @ wy @3]+ Y ck(z1.22) (21 — 22)" " [w) ® LK ywy @ wy @ w3] = 0,

k=0
(A.31)
)

since m;” € J (a1.a2.a3) By a similar line of reasoning there exists an n € Zsp and
dy(z1, 22) € R such that

m—1
[wo ® wi @ L™ jwr @ w3] + Z de(z1,22)(z1 — 22) " wh @ wy ® LX jwy @ w3] = 0.

£=0
(A32)
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Applying the map ¢y, y, defined by (A.8) and using the L_ property for intertwining
operators will then result in a system of differential equations for which z; = z> is a
simple, and hence regular, singular point.

To show the regularity of the singular point (z; — z2)/z2> = 0, we introduce new
gradings on R and T (“1:92:%3) 'We assign degree —1 to the variables z1, z», thus giving R
a Z grading and then grade T (“1-92:%) by adding R-degrees and conformal weights. This
implies that the elements A (v, w,, w1, w2, w3), B(v, wy, wi, w2, w3), C(v, wy, wi, wa,
w3) and D(v, w(’), wi, wp, w3) are homogeneous with respect to this new grading
if their arguments are doubly homogeneous. The new grading therefore descends to
T(@1.a2,03) ) J(@1.a2.03) Fyrther, for doubly homogeneous elements w), wy, wy, w3, the
elements

Wy L* jwi ®@wa@wsl, [wi@wi®LE jwy@wz] € T@42:3)  jlara2as) = (A 33)

are also homogeneous. Thus the coefficients cx(z1, z2), d¢(z1, z2) of equations (A.31)
and (A.32) are elements of degree 0 in R and can therefore be written as Laurent
polynomials in (z; — z2)/z2. It then follows that the singular point (z1 — z2)/z2 = 0is
regular. O

The fact that the matrix element (A.2) satisfies an expansion of the form (A.3) now
follows by the reasoning of [48, Theorem 3.5]. A little care is needed when following
the reasoning of [48], since there only modules with a diagonalisable action of L are
considered. However, as noted in [21, Part VII, Proof of Theorem 11.8 and Remark 11.9]
the argument extends easily to modules where L¢ has Jordan blocks. The basic idea is
that one can use the Lo conjugation property of intertwining operators (recall that Lo
is the generator of dilations) to rescale the variables in the matrix element (A.2) by z»
so that it becomes a function in z3 = (z1 — z2)/z2 only and the system of differential
equations (A.31) and (A.32) then becomes an ordinary differential equation for z3 with
aregular singularity at zz = 0. Similar reasoning for the matrix element (A.5) leads one
to conclude that it satisfies the expansion (A.6). Hence Theorem 5.7 follows.
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