MODULARITY OF ADMISSIBLE-LEVEL sl; MINIMAL MODELS WITH DENOMINATOR 2

JUSTINE FASQUEL, CHRISTOPHER RAYMOND AND DAVID RIDOUT

ABSTRACT. We use the newly developed technique of inverse quantum hamiltonian reduction to investigate the representation
theory of the simple affine vertex algebra Az (u,2) associated to sl3 at level k = =3 + 5, for u > 3 odd. Starting from the
irreducible modules of the corresponding simple Bershadsky-Polyakov vertex operator algebras, we show that inverse reduction
constructs all irreducible lower-bounded weight A; (u, 2)-modules. This proceeds by first constructing a complete set of coherent
families of fully relaxed highest-weight A (u, 2)-modules and then noting that the reducible members of these families degenerate
to give all remaining irreducibles. Using this fully relaxed construction and the degenerations, we deduce modular S-transforms
for certain natural generalised characters of these irreducibles and their spectral flows. With this modular data in hand, we verify
that the (conjectural) standard Verlinde formula predicts Grothendieck fusion rules with nonnegative-integer multiplicities.
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1. INTRODUCTION
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This paper is a sequel, in a sense, to [57]. There, a classification was proven for the irreducible lower-bounded weight

modules of the simple affine vertex algebras associated to sI3 at admissible levels. Moreover, the modular properties of the

characters of these irreducibles were computed for the level k = —%. Here, we use inverse quantum hamiltonian reduction
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to extend this latter result to levels of the form k = =3 + % where u € {3,5,7,...}. We will consider the much more

challenging (and interesting!) case of denominators greater than 2 in the future.

1.1. Background. Affine vertex operator algebras are fundamental objects in modern mathematical physics. They are
also studied by pure mathematicians for their intrinsic beauty as well as their applications in combinatorics, geometry,
number theory, representation theory and the theory of tensor categories (to name just a few). Physically, they arise in many
different contexts, but perhaps most famously as the chiral symmetry algebras of certain two-dimensional conformal field
theories called Wess-Zumino-Witten models [74]. Under favourable circumstances, these models are rational conformal
field theories: their quantum state space decomposes, as a module over two commuting copies of the corresponding affine
vertex operator algebra, into a finite direct sum of irreducibles. However, there are also many reasons to study non-rational
Wess-Zumino-Witten models, see [14] for an example.

From a physical point of view, one of the hallmarks of a consistent conformal field theory is the modular invariance of
its partition function (the character of its quantum state space). On the mathematical side, a theorem of Zhu [75] shows
that certain generalised characters (one-point functions) span a representation of the modular group, assuming that the
vertex operator algebra satisfies some rather restrictive finiteness conditions. If one further restricts to strongly rational
vertex operator algebras, then Huang has proven that the module category is a (finite semisimple) modular tensor category
[45]. Given the physical expectation of modularity, it is therefore important to explore the modular properties of vertex
operator algebras that do not satisfy these restrictions.

One is thus naturally led to study the modularity of general affine vertex operator algebras. This is by no means
straightforward as one has to first identify a candidate category, classify its simple objects and then determine their
(generalised) characters. If an action of the modular group on these characters can be verified, then one is left with the
formidable task of verifying that this category closes under the fusion product and that this product equips the category with
a tensor structure. Finally, one wants to connect the modular and tensor structures by means of some sort of generalisation
of the Verlinde formula [72].

Natural examples with which to start include the affine vertex operator algebras associated to sl,. However, early
attempts to further the modular program for them floundered [52,58]. Eventually, it was realised that the seemingly natural
choice for the category — the analogue of the BGG category ® — was not closed under fusion [42] and its characters did
not carry an action of the modular group [65]. A better candidate is the category of finitely generated weight modules: its
simple objects were classified in [4,6,41], their characters were determined in [55] and their modularity was demonstrated
in [23,25]. However, this category is both nonfinite and nonsemisimple.

The latter works also showed that a natural generalisation of the Verlinde formula, called the standard Verlinde formula
in [24,70], correctly connected the modular structure of the weight category to what was then known [42,66] of the tensor
structure. Further work on elucidating this tensor structure has recently appeared [20,22,63].

With s, affine vertex operator algebras reasonably well in hand, the next class of examples to attack are those associated
with sl3. This turns out to be significantly more difficult. The simple objects of the weight module category, now with the
added restriction that the weight spaces are finite-dimensional, were classified in [12] using Gelfand—Tsetlin combinatorics.
An alternative general classification scheme was subsequently proposed in [56] based on Mathieu’s theory [60] of coherent
families and twisted localisation. This was carried out for sI3 in [57] where one can find not only the classification of
irreducibles, described in terms of coherent families, but also the detailed structures of the reducible members of these
families. This was used to successfully investigate the modularity in the special case in which the level k of the affine
vertex operator algebra was set to —%.

As mentioned above, our goal with this paper is to generalise the modularity results of [57] to levels of the form
k=-3+ %, foru € {3,5,7,...}. This is by no means straightforward for the simple reason that k = —%, hence u = 3, is the
only level for which the characters of the irreducibles are linearly independent and thus suitable to determine the action
of the modular group. Unfortunately, the standard generalised characters (Zhu’s one-point functions) do not appear to be
computable. We need another approach.
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1.2. Inverse quantum hamiltonian reduction. An exciting approach to the representation theory of affine vertex operator
algebras was recently introduced by Adamovié in [2]. Building on an old idea of Semikhatov [71], this work showed
how to construct weight modules for the sl, affine vertex operator algebra from modules of the Virasoro algebra and a
certain free-field algebra. More generally, the idea is to construct affine modules from those of their W-algebras (and
free-field algebras). As W-algebras are typically defined from affine vertex operator algebras via quantum hamiltonian
reduction [34,50], this construction technology has come to be known as inverse quantum hamiltonian reduction. We refer
to [3-5,21,29-31] for recent illustrations of this technology in action.

One big advantage of inverse reduction is that it yields characters for those affine weight modules that can be explicitly
constructed from W- and free-field modules. If the modularity of the latter are known and inverse reduction constructs
sufficiently many weight modules, then one can attack the modularity of the affine weight category. Happily, there are
many W-algebras that are known to be strongly rational, hence modular, including the regular (or principal) ones at
nondegenerate admissible level [10] and, more generally, the so-called exceptional ones of [13]. Moreover, techniques to
prove that inverse reduction constructs essentially all weight modules have recently been developed in [4, 5].

In the case of sl3 affine vertex operator algebras, there are two non-trivial hamiltonian reductions: the regular reduction,
which produces the W3- (or Zamolodchikov) algebra, and the minimal reduction, which gives the Bershadsky—Polyakov
algebra. Inverse reduction constructs Bershadsky—Polyakov modules from W3-modules [5] and affine modules from
Bershadsky—Polyakov modules [3]. The modularity corresponding to the former inverse was analysed in [33]. Our
modularity study will use instead the latter one.

It is important here that we restrict to a level k whose denominator is 2. Then, the Bershadsky—Polyakov vertex
operator algebra is an exceptional W-algebra, hence is strongly rational [8]. Moreover, this implies that the weight modules
constructed by inverse reduction will have finite-dimensional weight spaces and so we have a classification of irreducibles
[56]. In this case, we expect that the category of finitely generated weight modules with finite-dimensional weight spaces
will be a (nonfinite nonsemisimple) modular tensor category. Our results here constitute a highly nontrivial first step
towards verifying this expectation.

‘We remark that when the denominator is greater than 2, inverse reduction will construct s15 affine vertex operator algebra
modules with infinite-dimensional weight spaces [3]. Unfortunately, it appears that there are currently no classification
results for these modules, nor even a good mathematical theory for them. We intend to report on progress towards such a

theory in the future.

1.3. Outline and results. We start Section 2 with a quick overview of sl3 affine vertex operator algebras and their
representations. In particular, we introduce admissibility [52] as it pertains to highest-weight modules, characters and
modular transformations. We also emphasise the all-important issue of convergence regions for highest-weight characters.
The special case in which the level is a nonnegative integer is discussed, as it and the corresponding fusion rules will be
useful later.

Section 2.5 takes us beyond highest-weight modules, recalling Mathieu’s coherent families and (twisted) localisation
functors. These are used to understand the irreducible weight modules of sl3 affine vertex operator algebras, following
[56,57]. In Section 2.6, we study localisations of the highest-weight modules when k = —3 + 7, identifying the submodule
structure of the results and proving that their characters vanish identically when convergence regions are ignored.

In Section 3, we introduce the minimal quantum hamiltonian reductions of the sl; affine vertex operator algebras,
namely the Bershadsky—Polyakov algebras. These are strongly rational when k = =3 + 3 and our goal is to determine
the modular properties of their irreducible characters and so derive their fusion rules. In principle, these results could be
deduced as special cases of the work of Arakawa and van Ekeren on exceptional W-algebras [13]. However, we prefer a
more pedagogical approach that computes the characters directly from the definition of minimal reduction.

We mention that our proof of the modularity of these characters is different and may be of independent interest. The
method employed in [13, Thm. 10.4] is transcendental, following [38], involving a I’Hopital limit in a direction specified
by an (almost) arbitrary element x in the weight space. This results in a curious situation in which the S-matrix appears to
depend on x, but actually (and rather nontrivially) does not. Our approach, detailed in Theorem 3.14, avoids such a choice
of x and instead directly expresses the S-matrix in terms of sl3 data. More precisely, the Bershadsky—Polyakov S-matrix
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is revealed to be a sum of sl3 S-matrix coefficients, each dressed with a phase involving a ratio of T-matrix coefficients
related by spectral flow and a localisation of the corresponding highest-weight module. It would be very interesting to
investigate generalisations of this identification in other examples.

Section 4 then reviews inverse quantum hamiltonian reduction in the special case in which one constructs modules for
sl3 affine vertex operator algebras from those of the Bershadsky—Polyakov algebra, the bosonic ghost algebra and its lattice
bosonisation. This inverse quantum hamiltonian reduction is originally due to [3], but our explicit formulae are a little
different. We review the representation theory and modularity of the weight categories of the latter. As far as we can tell,
the modular properties of the lattice bosonisation are new (see Proposition 4.5).

We finally commence in Section 5 our study of the modularity of the weight module category of the sl affine vertex
operator algebras with k = -3 + 3,
constructs a complete set of “fully relaxed” modules. This proceeds by comparing their top spaces with the coherent

u € {3,5,7,...}. Our first main result (Theorem 5.1) is that inverse reduction

family classification of [57]. For this, one needs to analyse the “degeneration” of the reducible fully relaxed modules into
semirelaxed and highest-weight modules.

Recalling that the spectral flows of the fully relaxed characters are linearly dependent unless u = 3, we notice that
inverse reduction naturally defines generalised characters that are always linearly independent. The modular S-transform
of these generalised characters then follows easily in Theorem 5.3. This result, expressed in terms of Bershadsky—Polyakov
and free-field data is a little complicated. Much of this complication however evaporates upon swapping the free-field
parametrisation for a Lie-theoretic one. The fully relaxed S-matrix is thus found (Corollary 5.4) to be proportional to the
Bershadsky—Polyakov S-matrix of Theorem 3.14. Moreover, the proportionality constant is a pure phase depending only
on sl3 data, namely spectral flows and weights.

With the fully relaxed modular S-transform in hand, we turn to that of the semirelaxed modules. Here, the degeneration
of the reducible fully relaxed modules is converted into coresolutions for the semirelaxed modules in terms of fully relaxed
ones [26]. From these, we extract the semirelaxed S-transforms (Proposition 5.7 and Theorem 5.9). A similar, but more
involved, analysis extends these results to the highest-weight generalised characters (Theorem 5.12). In particular, the
S-transform of the vacuum module’s generalised character is obtained in Corollary 5.13.

We complete our modularity study by substituting our results into the standard Verlinde formula of [24,70]. This is
a conjectural generalisation of the famous Verlinde formula for fusion coefficients that is expected to apply to weight
categories for affine vertex operator algebras and W-algebras, see [23,25,33,57,67]. In Theorem 5.15, we find that this
formula predicts that the fusion product of two fully relaxed modules decomposes, for generic parameters, as a direct sum
of fully relaxed modules. The explicit formula is a nontrivial generalisation of the corresponding result of [57] for u = 3,
from which it differs by the appearance of Bershadsky—Polyakov fusion coeflicients and the order-3 outer automorphism
V of 513.

We finish by further testing our results’ consistency by deducing predictions for the (Grothendieck) fusion rules
involving semirelaxed and highest-weight modules (Corollary 5.16). In each case, our computations result nontrivially
in nonnegative-integer multiplicities, confirming our methodology. We view these results as strong affirmations of our
hypothesis that inverse quantum hamiltonian reduction is the tool of choice to explore the structure of weight module

categories for general affine vertex operator algebras and W-algebras.

Acknowledgements. We thank Jethro van Ekeren for valuable discussions concerning the modularity of exceptional
We-algebras. JF’s research is supported by a University of Melbourne Establishment Grant. CR’s research is supported by
the Australian Research Council Discovery Project DP200100067. DR’s research is supported by the Australian Research
Council Discovery Project DP210101502 and an Australian Research Council Future Fellowship FT200100431.

2. ADMISSIBLE-LEVEL $l3 MINIMAL MODELS

We start by constructing the universal and simple affine vertex operator algebras associated to sl3 at a noncritical level
k # —3. This is complemented by a review of some aspects of the representation theory of the latter, when k is admissible,
starting with highest-weight modules and moving on to weight modules with finite multiplicities.
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2.1. Vertex operator algebras associated to sl3. Let E;; denote the 3 X 3 elementary matrix with 1 in the (i, j) entry and
0 elsewhere. We will work with the following basis of the complex simple Lie algebra sl3:
fl=En,  h'=En-En e =Ep,
@ f=En ) ) ¢’ = Eis.
f7=En,  h =Ep-—-E, e =Ey,
The Lie bracket is given by the matrix commutator. We let ) = spang{h', h?} be the Cartan subalgebra and normalise the

Killing form such that the nonzero entries are given by
(2.2) (e, f7y = (f7, ey =69, (KK Ky = AF ij=1,23 kt=12.

Here, A denotes the corresponding entry of the Cartan matrix A = (2 35'). The bilinear form induced on the weight
space h* will also be denoted by (—, —) as will the pairing between } and its dual.

For i = 1,2, let a;, k!, w; and gi denote the simple roots, simple coroots, fundamental weights and fundamental
coweights of sl3, respectively. Their Z-spans are the root lattice Q C §*, coroot lattice Q¥ C ¥, weight lattice P ¢ h* and
coweight lattice PV c B, respectively. We denote the highest root by a3 = a; + a» and introduce counterparts b3 = h!' + h?,
w3 = w; — wy and g° = g' — g>. The Weyl reflection defined by a;, i = 1,2,3, will be denoted by w;. These reflections
generate the Weyl group S;3 of sl3.

The untwisted affine Kac—Moody algebra ;I3 is the Lie algebra specified, for x, y € sI3 and m,n € Z, by

(23) ;13 = 513 [l’, t_l] & CK, [xm, yn] = [x’ y] m+n T m<x= y>5m+n,OKa [;13, K] =0.

Here for brevity, we set x,,, = xt™, where x € sl3 and m € Z. We extend our notation for simple (co)roots, fundamental
(co)weights and Weyl reflections from sl3 to sl by allowing the index i to also take value O, trusting that context will

distinguish them where necessary. For example, the Weyl vector of sl3 is p=wo+ w + w.

Definition 2.1. The universal affine vertex algebra V¥ (s13) at level k € C is the parabolic Verma s?h-module obtained by
taking the trivial s13[t]-module, letting K act as multiplication by k, and inducing. The vertex algebra structure is strongly
and freely generated by fields
(2.4) x(z) = D xaz ", xesly,

nez
that satisfy the following operator product expansion relations:

(kL [xyl(w)

(2.5) x(z)y(w) ~ = w)? P

x,y € sls.

We shall throughout denote the identity field of a given vertex operator algebra by 1, trusting that this will not cause any
confusion.
For k # -3, we can introduce a conformal structure on V¥ (sl3) via the Sugawara construction. The resulting energy-

momentum tensor has the form
3

1 1 .. . .
2.6 T(z) = ———— —:h'h':(z) — oh'(2) + 2:e'f":(2)|.
2.6) () = 5y 2| 3 HHE) — oh (@) + 22
The mode expansion T(z) = Y ,ez Tnz "2 generates a representation of the Virasoro algebra with central charge
—~ 8k
2.7 k) = ——.
@) &) =

The strong generators x(z), x € sl3, of VK(sl3) are primary fields of conformal weight 1 with respect to T(z).

Theorem 2.2 ([44, Thm. 0.2.1]). The vertex operator algebra V' (s13), k # =3, is simple unless k satisfies

(2.8) K+3 =2, u€Zsy veZsy, ged{uv}=1.
\

Being a parabolic Verma module, V¥(sl3) has a unique simple quotient for k # —3.
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Definition 2.3. The level k is admissible if (2.8) holds with u € Z>3. When (2.8) holds, we shall denote the simple quotient

of VK (s13) by A (u, V) and refer to the resulting vertex operator algebra as an s13 minimal model.

2.2. Highest-weight representation theory. It is well known [39] that being a V¥(sl3)-module is equivalent to being
a “smooth” s?b—module of level k. The subcategory of A;(u,v)-modules is far more interesting. For k admissible, the
irreducible highest-weight A, (u, v)-modules were classified by Arakawa (see Theorem 2.6 below). However, if v # 1,
then these are far from the only irreducible A;(u, v)-modules. For example, there are irreducible relaxed highest-weight
modules and their spectral flows (see Section 2.6).

In [52], the notion of admissible weight of an affine Kac—Moody algebra was introduced. We specialise this notion to
;13, following [61]. Let PZ denote the set of ;13-Weights 1 whose Dynkin labels (o, p1, 42) are nonnegative integers that
sumton. Letw - g = w(p + p) — p denote the shifted action of the Weyl group of sl3.

Definition 2.4. Given an admissible level k, a level-k weight of sAIg is said to be admissible if it has the form
(2.9) H=Yu- (/11 - e,uF’y“), yu € {id, wy }, il e P;‘3, TR = P‘;l, ,uf’wl #0.

We shall denote this k-dependent set of admissible 513 -weights by Adm,, .

The set of admissible weights is naturally partitioned [51, Prop. 2.1] as follows:
(2.10) Adm,, = Adm!, U Adm}!,.

Here, Adm{, denotes the subset of admissible weights y with Yy =y.

Let £ u denote the irreducible level-k highest-weight sl3-module of highest weight p. This module is smooth and so
admits an action of V*(sl3). For k # —3, it is graded by the eigenvalue of the Virasoro zero mode T and, by the Sugawara
construction (2.6), the minimal eigenvalue is

~ _{wp+2p)

(211) #—m.

We recall the following quite general definitions.

Definition 2.5. Consider a module that is graded by the eigenvalues of the action of some fixed Virasoro zero mode.

e Such a module is said to be lower bounded if the real parts of these grades are bounded from below.
o [fthere exists a minimal grade, then the top space of a lower-bounded module is the (generalised) eigenspace corre-

sponding to this minimal grade.

In this paper, we only consider lower-bounded modules with top spaces.
Being highest-weight, z u 1s always lower bounded and its top space may be identified with the irreducible highest-weight
id

sl3-module £ of highest weight i = w1 +ppws. If p € Admy,,, then the top space of z 4 18 finite-dimensional if and only if

uFid = 0. If y € Adm"!, then the top space is always infinite-dimensional because (2.9) gives y = —,u{ -2+ pF’W‘ ¢ Zsp.

u,v? 1

The admissible weights turn out to be relevant to the classification of highest-weight A; (u, v)-modules.

Theorem 2.6 ([11, Main Thm.]). When k is admissible, every highest-weight A, (u,v)-module is irreducible. Moreover,
Z,, is an Az (u,v)-module if and only if y € Adm,,.

Given a level-k glg—module JT/K, its formal character is defined to be

2.12) ch[M] = g5/ 37 dim M () e,

AGE*
where B = spang{h, hg,K, To}, JT/[(/l) is the weight space of weight A, and e’ is a formal exponential. It is common to
make this concept more concrete by writing A as a linear combination of basis elements of B and defining new variables

as exponentials of the coefficients. For example,

P hl h2 =
(2.13) Ch[j\/[] (Zl,Zz;q) = tr5 ZIOZ2OqTO c(k)/24
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We omit, for brevity, the variable corresponding to K as it would only contribute a constant prefactor.

When M = £ u and 1 € Adm,,, there is a character formula generalising that of Weyl.

Theorem 2.7 ([52, Thm. 1]). Let k be admissible and let 1 € Adm,,,. Then, the formal character of < u s

Zwew(y) detweWH

(2.14) ch[L,] =

2 W (0) detwew?’

where W(A) is the integral affine Weyl group of A € B*, defined to be the subgroup generated by the affine Weyl reflections
corresponding to the real roots « satisfying (A + p,a") € Z.

27l 2mils

There are also formulae for the modular transforms of these characters. For this, we write z; = e and

q=¢

»Z2 = ¢

2rit

Theorem 2.8 ([52, Thm. 2(c)]). Let k be admissible and let u € Adm,,,. Write j1 in the form (2.9) and let p* = y#(,uF’y/').

Then, the S-transform of the character of £, is given, up to an omitted automorphy factor, by

(2.152) Ch[zu](%’ %?‘%) => gp,vCh[zv](fl,gz;T),
veAdm,,
(2.15b) §” v = i det(yyyv) ez’fi(<PI+P3VF>+<ﬂFaVI+P>—<HF,VF>U/V) Z det(w) e—27ri<w(pl+p),v1+p>v/u.

\/§UV wEeS;3

The T-transform is given by

(216) Ch[zp] (§1,§2;T+ 1) =:|:l1 Ch[ZIJ] (§1,§2;T), :l:” :e_zni/Se”illﬂ*’PHzV/U.

‘We mention that automorphy factors, which we shall ignore throughout, are certain nonconstant exponential prefactors
that should appear in (2.15a). They depend on the modular parameters, here {;, {» and 7, but not on the module’s
parameters, here p. These factors may be removed from (2.15b), without changing the S-matrix S, by reinserting in (2.13)
the additional variable corresponding to the central element K. This new variable of course undergoes nontrivial modular

transformations, see [48, §13] and [37, §14.5] for further discussion.

Remark 2.9. An important observation is that when v > 1, the characters of the c u with yp € Adm,,, do not converge for
all (z1,22) € €*\ {0} and O < |q| < 1. In fact, there are infinitely many q-dependent disjoint convergence regions in which
to expand a character in terms of z; and z;, only one of which corresponds to (2.13). Worse, the modular S-transform
(2.15a) does not respect these convergence regions and so (2.15b) does not, strictly speaking, hold for the characters (2.13)
but only for their meromorphic extensions to (z1,z2) € C2 [65]. We will explain in Section 3.6 why this is not a problem
for the application at hand.

2.3. Automorphisms and twists. The automorphisms of the root system of sl3 form the dihedral group D¢. This is
the product of the Weyl group S; with the order-two group generated by the Dynkin symmetry d that exchanges the
simple roots. The conjugation automorphism, which negates all roots, is v = w3d. Each such automorphism Q lifts to
an automorphism of the root system of g\I3. It also lifts, albeit nonuniquely, to an automorphism of ;13 itself that fixes
K, maps the root space labelled by the root « to that labelled by Q(«) and (by extending to a completion) also fixes Tp.
However, the relations satisfied by the Q need not be satisfied by these lifts. Instead, we only have a projective action of
the root system’s automorphism group Dg on sl3.

This is enough for each root system automorphism Q to induce a functor Q* on the category of level-k ;I3-m0dules

(and thus to the categories of V¥(sl3)- and A, (u, v)-modules). We define Q* elementwise.

Definition 2.10. Let M be a level-k glg-module and Q a K-fixing automorphism 0f§?[3. The level-k fﬁg-module Q*(M) is
then the vector space {Q*(v) 10 € M} (isomorphic to M) equipped with the following E:\I3-acti0n:

(2.17) xQ*(0) = Q*(Q N(x)), x€ sl3, v € M.
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For convenience, we will always restrict to K-fixing automorphisms Q that also preserve the subspace h & CK. It is then
easy to check that Q* (M) is weight if M is, hence that Q* is an invertible endofunctor of the category of level-k weight
sl3-modules. In particular, these functors are exact and preserve irreducibility.

The action (2.17) indeed maps a weight vector v of weight A to one of weight Q(A). Dropping the stars that distinguish

functors from automorphisms, this follows from the orthogonality of Q:
(2.18) hQ(v) = Q(Q 7 (h)v) = (A, Q7' (h))Q(0) = (Q(1),h)Q(v), heb.

Applying the functor Q to an irreducible highest-weight ;I3 -module thus results in an irreducible highest-weight module
with respect to a different Borel subalgebra. (The new module is nevertheless still lower bounded because Q(Ty) = Tp.)

Only when Q = id or d is the Borel preserved; the latter case gives
(2.19) d(L,) = Lag-

As noted in Definition 2.10, this construction of invertible endofunctors extends to K-preserving automorphisms of sl3.
In particular, the spectral flow automorphisms define functors that need not preserve conformal weights. These are the
pure translations of the extended affine Weyl group in which the coroot lattice Q" is replaced by the coweight lattice P".
We denote the spectral flow automorphism (and its corresponding invertible endofunctor) corresponding to the coweight

g € PY by 9. Its action on sl3 is given explicitly by
gy O () = hn = (g, h)Sn 0K,
) = flriagy 8 (T) =T — gn + 1917800k,

It is easy to check that the expected dihedral relation

I(el) =e

(2.20) i=1,23; hebh; neZ

(2.21) Q5907 =599 QeDg geP,

holds projectively on ;13.

It follows that spectral flow defines invertible endofunctors on the category of level-k sAI3—modules, as per Definition 2.10,
and that the dihedral relations (2.21) are satisfied functorially. These functors moreover restrict [59] to the categories of
VK(sl3)- and A, (u, v)-modules. We remark that while the functors Q induced from the automorphisms of the root system
of sl3 preserve lower-boundedness, the same is not true for spectral flow functors.

We conclude by recording how spectral flow modifies the sl3-weight A and conformal weight Aofa weight vector v in
a level-k s13-module. Using (2.17) and (2.20), we find that the sI3-weight and conformal weight of c9(v) are given by

(2.22) A+k(g.—) and A+(Lg)+Lllgl’k,

respectively, where (g, —) € h*. It follows that the character of a level-k sl3-module M and that of its spectral flows are
related by

(2.23) Ch[gg(j}[)] (z1,22:q) = Zig,hl)kzéy,h2>kq||g\\2k/2 ch[j\\/f] (2199, 229%:q), g€ P,

where g = g1h! + goh%.

2.4. SU; Wess-Zumino-Witten models. The simple affine vertex operator algebras with k € Z¢, such levels being
admissible with v = 1, were introduced by Witten [74] as the chiral algebras of noncritical string theories called Wess-
Zumino-Witten models. Here, the target space of the string theory is a compact simple Lie group that is connected and
simply connected. The models on SUj thus correspond to the Ay (u, 1), with u € {3,4,5,...}. The representation theory
was subsequently worked out in [43] and reformulated rigorously in the language of vertex algebras in [39]. Here, we
review a few aspects that will be needed in what follows.

We first note that when v = 1, the admissible weights (2.9) all have y, = id and pF¥9n =0, hence p = € P;‘3. More
importantly, the c u with i1 € P;’3 form a complete set of irreducible A;(u, 1)-modules. This is a consequence of the

following fundamental results.
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Theorem 2.11 ([39, Thm. 3.1.3] and [75, §5.3]). The sl3 minimal model vertex operator algebras A;(u, 1), with u €
{3,4,5,...}, are Cy-cofinite and rational.

Theorem 2.12 ([1, Cor. 5.7]). Every irreducible module of a Cy-cofinite vertex operator algebra is highest-weight with a

finite-dimensional top space.

Another consequence, although this was already noted in [47], is that the characters of the irreducible A; (u, 1)-modules
ZA, A€ P;_3, converge for all (z1,z;) € €2\ {0} and 0 < |g| < 1, so that the issue mentioned in Remark 2.9 does not
arise. The S-matrix (2.15b) also simplifies considerably for A;(u, 1), taking the form [49]:

(2.24) Sl = L S det(w) e I/ ) 7 @ PUTS,

’ \/gu weS3
If we use this formula to extend the definition of ’S\/(l“/#) to A, A” € P, then the extension satisfies
(2.25) Sl =Sl =det(w)S\%), weSs LA eP.

In fact, this identity also holds for w in the affine Weyl group §3 of 9?13 because this extends S3 by translations whose
shifted action amounts to adding to A or A’ an element of uQ".

Another consequence of Theorem 2.11 is that the fusion products of A;(u, 1) are completely reducible and the fusion
multiplicities are given by the Verlinde formula [45,72]. Let @ = (u—3,0,0) € P;‘3 denote the gl3-weight corresponding

to the vacuum module of A, (u, 1). Then, the fusion rules of A, (u, 1) take the form

(2.262) Liml,= @ NuVVL, ApePy?,

vePy3
where the fusion multiplicities (or fusion coefficients) are given by

ST (ul) [S(u1)y*
SA,A S,u,A (SV,A )

S(ul) v _
(2.26b) ]NA‘,’II = >

u-3
S o AmvePsT
AePy3 .\

and the star denotes complex conjugation.

Although it is perhaps not obvious from (2.26b), a fundamental fact about A, (u, 1) fusion coefficients is that they vanish
unless the projection of A + u — v onto h* belongs to Q. This is an easy consequence of the definition of fusion in terms of
3-point correlation functions. It may also be viewed as a corollary of the Kac—Walton formula for fusion coefficients [73].

2.5. Finite-multiplicity weight modules for sl;. We pause to briefly recall a few useful facts about the classification
of weight sl3-modules with finite multiplicities (meaning that each weight space has finite dimension). This was first
achieved in [17], using seminal work of Fernando [36]. We shall however review Mathieu’s approach using coherent
families of dense modules [60] as it generalises to all reductive Lie algebras.

Definition 2.13. A dense module over a reductive Lie algebra is a weight module whose set of weights coincides with a

translate of the root lattice.

Every irreducible finite-multiplicity weight module is isomorphic to one obtained by inducing a dense module over the
Levi factor of a parabolic subalgebra [36, Thms. 4.18 and 5.2]. For sl3, this means that there are three distinct classes of
irreducible finite-multiplicity weight modules:

e The irreducible highest-weight modules, corresponding to the Levi factor §) (and some choice of Borel subalgebra).

e The irreducible finite-multiplicity dense modules, corresponding to the Levi factor sl3.

e The irreducible weight modules corresponding to a Levi factor isomorphic to gl,. The set of weights of one of these
modules is a translate of the “half-lattice” Zsoa ® Zf, for some roots «, f with @ # +p.

Definition 2.14. A semidense sl3-module is a weight module whose set of weights is a translate of Zsoa ® Z.p, for some
roots a, B with a # £J.
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As semidense modules are induced from dense gl,-modules, we shall concentrate on the theory of dense modules.

It turns out that irreducible dense modules with finite multiplicities only exist when the simple ideals of the Lie algebra
are of types A or C [36]. Moreover, the (nonzero) multiplicities of such a module are constant. One of Mathieu’s key
observations was that these dense modules come in families whose members are (mostly) only distinguished by which
translate of the root lattice coincides with their set of weights. Taking a direct sum of such modules over all (distinct)

translates then results in a module dubbed a coherent family.

Definition 2.15 ([60]). A coherent family for a simple Lie algebra g, with Cartan subalgebra @, is a weight module C
satisfying the following properties:

o Every ji € g is a weight of C and every weight has the same (finite) multiplicity.

e Given any U in the universal enveloping algebra of g that commutes with 8o, the function taking yi € g, to the trace of

U in the weight space of C with weight i1 is polynomial.

A coherent family is irreducible if it has an irreducible dense direct summand.

We refer to the original article and to the introductions [62, §3.5] and [56, §2] for further information.

Because of the polynomial restriction in the definition, every irreducible coherent family includes some reducible
members alongside its irreducible ones. In fact, there are a finite number of members of any coherent family whose
composition factors include an infinite-dimensional irreducible highest-weight module [60]. The multiplicities of these
highest-weight modules are uniformly bounded above by the constant multiplicity of the coherent family.

Mathieu’s classification of irreducible dense modules invokes these highest-weight modules.

Theorem 2.16 ([60, Props. 4.8, 5.7 and 6.2]). Being composition factors of members of the same irreducible coherent
family defines an equivalence relation on the set of isomorphism classes of infinite-dimensional irreducible highest-weight
modules with uniformly bounded multiplicities. Moreover, isomorphism classes of irreducible coherent families are in

bijection with these equivalence classes.

We can recover an irreducible coherent family from any of its uniformly bounded infinite-dimensional irreducible
highest-weight modules using twisted localisation. To explain, suppose that the irreducible highest-weight sl3-module £
is infinite-dimensional with uniformly bounded multiplicities. Then, f ! acts injectively on £, for some i = 1,2, 3; assume
that i = 1 for definiteness. We may therefore localise the universal enveloping algebra of sl3 with respect to f'. This
means that we extend the algebra by (formal) negative powers of f! (see [62, §3.5] for more detail).

Next, we induce £, to a module over the localised algebra. This means that we allow (f')~! to act freely, modulo the
requirement that it acts as the inverse of f!. In particular, if v = f'w € £, then (f!)~'o = w. (Here, f' acting injectively
ensures that w is unique.) However, if v is not in the image of f I thenu = (f 1)_10 is a new vector in the induced module
(that is not in £,). Moreover, we obviously have f'u = v. We conclude that (f')~! produces new weight vectors in the
induced module unless f' acts bijectively between the two given weight spaces. A consequence of these new vectors is
that f! acts bijectively on the induced module.

Finally, we restrict the induced module back to an sl3-module. This restriction, called the localisation of £, with
respect to f!, is strictly bigger than £;. It is, in fact, a semidense sl3-module whose multiplicities are uniformly bounded
with the same maximal multiplicity as those of £, see Figure 1. It is also reducible, with £, appearing as a submodule.
Moreover, the wi-twist of the quotient by £, has a highest-weight vector of weight w; (A + ;) = wy - A.

This localisation construction works as above whenever we have a root vector acting on a module injectively. If we try
to localise with respect to a root vector that does not act injectively, then the submodule generated by the kernel of the root
vector’s action is set to zero. On the other hand, if we localise with respect to a root vector that acts bijectively, then the
result is isomorphic to the original module.

Note that when a root vector acts injectively but not bijectively, localisation produces a reducible module. However, the
localised algebra obtained by adjoining the formal inverses of a root vector admits automorphisms [60] that translate the

corresponding coroot by arbitrary complex multiples of the unit. Twisting by these automorphisms before restricting thus
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FIGURE 1. An illustration of how localisation transforms an irreducible highest-weight module, with
uniformly bounded multiplicities, into a reducible semidense module, also with uniformly bounded
multiplicities. At left, the position of each number specifies a weight of £, (we take A} ¢ Z and A, =3
for definiteness). The number itself gives the multiplicity of this weight. At right, the weights and
multiplicities of the localisation of £, with respect to f! are pictured in the same fashion. The solid
lines indicate the “boundary” of the (sub)module £,. The dotted line indicates that of the quotient.

allows one to also construct modules whose set of weights is obtained from that of the untwisted localisation by translation.
For sl3, this twisted localisation therefore maps a single highest-weight module to a 1-parameter family of (reducible and
irreducible) semidense sl3-modules.

Finally, this twisted localisation construction may be iterated if there is another root vector acting injectively (but not
bijectively) on the result. For example, the semidense module constructed from £, above may be localised with respect to
f3 to obtain a dense sl3-module. Including twists, one can therefore construct a 2-parameter family, indexed by h*/Q, of
dense sl3-modules from a single highest-weight module (with uniformly bounded multiplicities) [60]. Taking the direct

sum of these dense modules then results in an irreducible coherent family.

2.6. Relaxed highest-weight representation theory. When o > 1, the sl3 minimal model A;(u, v) admits irreducible
modules that are not highest-weight (with respect to any choice of Borel subalgebra). A mild, but rather fundamental,
generalisation of a highest-weight module has come to be known, following [35], as a relaxed highest-weight module. We
recall the definition of [69].

Definition 2.17.

o A relaxed highest-weight vector is a weight vector that is annihilated by every positively indexed mode.

o A relaxed highest-weight module is a module that is generated by a single relaxed highest-weight vector.

A relaxed highest-weight module is thus always lower bounded. The converse is not true in general, though it holds if the
module is irreducible and weight. Similarly, a highest-weight module is always a relaxed highest-weight module. Again,
the converse is false, but it holds for vertex operator algebras that are C,-cofinite and rational.

It will be convenient to distinguish three different types of relaxed highest-weight V¥ (s13)-module, based on the nature
of the top space (see Definition 2.5).

Definition 2.18. A relaxed highest-weight VX (s13)-module is fully relaxed, semirelaxed or highest-weight, if its top space

is a dense, semidense or highest-weight s13-module, respectively.

This definition of a highest-weight V¥ (sl3)-module is of course equivalent to the usual one. Recall [75] that an irreducible
lower-bounded module is determined, up to isomorphism, by its top space. Here, the top space is regarded as a module over
the Zhu algebra of the vertex operator algebra. The same is true for a certain generalisation known as an almost-irreducible

lower-bounded module.

Definition 2.19. A lower-bounded module is said to be almost irreducible if it is generated by its top space and each of its

nonzero submodules has nonzero intersection with its top space.
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It follows [28, Thm. 2.30] that there is a bijective correspondence between almost-irreducible lower-bounded modules over
a vertex operator algebra and modules over its Zhu algebra.

We are interested in the irreducible weight A;(u, v)-modules with v = 2. The highest-weight ones are the c » with
4 € Admy, (Theorem 2.6). Otherwise, the top space is either dense or semidense, hence may be constructed from the top

space of one of the z u by twisted localisation.

Theorem 2.20 ([54,56]). If M is a module for the Zhu algebra of an affine vertex operator algebra, then so is its twisted

localisation with respect to any root vector.

We may thus apply twisted localisation to the top space of the A, (u, v)-module c 4 to obtain a (possibly reducible) semidense
or dense sl3-module, knowing that the result is the top space of some almost-irreducible lower-bounded A, (u, v)-module.

Denote the top space of c u by L (the latter is then the irreducible highest-weight sl3-module of highest weight
[l = 1o + ppw>). It turns out that all the infinite-dimensional £; with 4 € Adm,,; have uniformly bounded multiplicities
[57, §4.3]. These constitute the following subset of Adm,,:

(2.27) {u" = 014" = S wy - (' = Soy) syl € PLL

Mathieu’s equivalence relation for irreducible coherent families (Theorem 2.16) partitions this set into three-element

equivalence classes of the form
(2.28) (W = 201, V(') = Sws,wi - (= S0}, pf e PL2
Here, we introduce a permutation V of P;‘3 (and more generally of level-k ;13—weights) defined by

(2.29) V(Ao, A1, A2) = (A1, A2, Ao)-

This is of course a Dynkin symmetry (outer automorphism) of ;13. Note that V(u!) — Sy = wawy - ( T

- %wl), so the
equivalence classes (2.28) are (partial) shifted Weyl orbits.

The twisted localisations of the £ are the top spaces of some almost-irreducible semirelaxed or fully relaxed Az (u,2)-
modules. When the latter are reducible, we wish to know their submodule structure. For this, it will be useful to know the

maximal multiplicity of the highest-weight modules in each equivalence class (2.28).

Lemma 2.21. Givenu € {3,5,7,...}and ' € P;_S, the maximal multiplicities of the top spaces onpI,uwl,z, ZV(pI)—uwz/z
and Zwll(ﬂz_uw]/z) are all ,ué + 1.

Proof. Tt suffices to consider y = ' — 5@ because weights in the same equivalence class correspond to the same coherent
family. The orbit of its projection ji onto h* under the shifted action of the Weyl group of sl3 consists of six weights, but
only w; - 1 differs from fi by a (nonzero) element of the root lattice Q. Aswy - i — fi = —(p£ + 1)ay, it follows [46, §4.11]
that £ = M;/M,,,.; (Where M; denotes the Verma s13-module of highest weight ji). Defining sI3-module characters as
in (2.13), but without the formal parameter q, we have

Ior Trl —2(ul+1
2#12#2(1—2”2 z (ﬂz ))

230 ch[£z](z1,22) = ch[Mz] (z1,22) = ch[Mu,.z] (21, 22) = L2 L2
(2.30) [£4] (21, 22) = ch[M] (21, 22) = ch [ Moz (21, 22) 27200220 -7 27
i
Z, Z I _9,0
= L2 (l+z]zz_2+-~~+zlf2222”2).
(1 —21_222)(1 —21_122_1)
The maximal multiplicity is thus ,ué + 1, as required. [ ]

Proposition 2.22. Givenu € {3,5,7,...}, let p = ,uI - %wl for some pI € P;‘3. Then, the localisation of the irreducible
highest-weight s13-module L, L., o1 Ly,w, > corresponding to the projections of the ;13 -weights in (2.28), with respect
to 1, i =1,2,3, is either O or a reducible semidense module whose quotient is (up to isomorphism) as in the following

table (dashes indicate that the localisation is 0).
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‘ Lﬁ LWl'ﬁ Lszl'ﬁ
M1 wi(Lw, ) wi(Lz) -
f? - w2 (Lwow-p) W2 (Lw, i)
2 wowi (Lw,.5) - wiwz (Lw,.z)

Proof. The computations are essentially the same in each case, so we restrict ourselves to the localisation of £; with
respect to f!. In this case, we showed in Section 2.5 that the quotient contains a wi-twisted highest-weight vector of
weight i1 + ;. By Theorem 2.6, this vector generates a submodule of the quotient isomorphic to the irreducible module
w1 (Lyw,.5). We claim that this submodule is in fact the entire quotient.

First, note that £ ; and wy (L., .;) share the same maximal multiplicity. This also coincides with the maximal multiplicity
of the semidense localisation because f! acts bijectively on the localisation but already acts bijectively between weight
spaces of £; when their multiplicities are maximal. Fix a weight A of the localisation with maximal multiplicity. Then, for
all sufficiently large m, A — ma; will be a weight of £; with maximal multiplicity and, for all sufficiently large n, A + na;
will be a weight of wy (L,y,.5) with maximal multiplicity. If the quotient has any composition factor aside from wy (L, .z),
then the multiplicity of A + £« in this factor will be O for all but finitely many ¢ € Z. But, y; = ,u{ — 5 €7Z50,50 A1 ¢ Z>o

and thus this is impossible. ]

Theorem 2.23. Foru € {3,5,7,...} and i = ,uI - %a)l, pI € P;‘3, the almost-irreducible semirelaxed A, (u,2)-modules
whose top spaces are the reducible semidense sl3-modules characterised in the table of Proposition 2.22 have the same

submodule-quotient characterisation, but with fi replaced by p.

Proof. We consider only the case in which the semidense top space has a submodule isomorphic to £; and quotient
isomorphic to wi (L., ;); the other cases are very similar. First, the top space has a highest-weight vector of weight i,
hence the semirelaxed module has a highest-weight vector of weight . It generates a highest-weight A;(u, 2)-module
which must be isomorphic to c u» by Theorem 2.6. Similarly, the quotient of the semirelaxed module by c u has a twisted
highest-weight vector generating a copy of w; (ZWI ). But, the preimage of this twisted highest-weight vector generates
the semidense top space, hence it generates the semirelaxed module because the latter is almost-irreducible. It therefore
also generates the quotient, hence the quotient is irreducible. [ ]

One can continue this analysis to determine the submodule structures of the reducible fully relaxed Az (u, 2)-modules,

see [57, §4.5]. Here however, we restrict ourselves to the following simple corollary.

Corollary 2.24. Foru € {3,5,7,...} and p = ' - F01, ul e P;_3, the almost-irreducible semirelaxed A, (u,2)-modules
characterised in Theorem 2.23 have vanishing characters (not as formal power series, but in the meromorphically extended
sense of Remark 2.9).

Proof. First, let A(y) denote the set of real roots « of sls satisfying (i + p, a¥) € Z. Then, it easily follows that
231) A(w - 1) = w(A(p)),

for all w in the affine Weyl group §3. Second, recall the definition of the integral affine Weyl group in Theorem 2.7 and
the identity Wy, (q) = ww,w ™!, for all roots . The previous identity now implies that

(2.32) \TV(W Sp) = wW(u)w_l.

Third, the natural action of §3 on formal exponentials is given by w(e’) = e}, Combining this with the definition (2.12)

then gives

(2.33) ch[w(L,)] =w(ch[L,]).
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Mixing these ingredients with the character formula of Theorem 2.7 now results in
detw’ W™ H

detw’ eww'0

- w(z., Wl )detw'ew’w_l'”)
(2.34) ch[w(L,1,)] = — ot ——— =
W(ZW/EW(O) detw’ e ) w €W (0)

ZWIGW(W—l.ﬂ)

(since w(w'w™l - ) = ww' w4+ p— w(p) and w(w’ - 0) = ww’ -0+ p — w(p))

i det(w™lw” w) e # =~
_ w”eW (i) — =detw Ch[LIJ]s
ZWNGW(O) det(w—lwu) ew -0

where we have noted that W(0) = §3 is closed under multiplication by w!.

The vanishing character claims now follow. We explain two cases. First, the fO1 -localisation of £ 4 yields a semire-
laxed highest-weight module with composition factors c u and wi (ZWI. ). Taking w = wy in (2.34), we learn that the
(meromorphically extended) characters satisfy ch [w] (ZWI . u)] =-ch [Z ”]. The character of the semirelaxed module thus
vanishes. Second, apply w; to the previous (meromorphic) character identity to get ch [wzwl(ZW, . y)] =—ch [wz(z ”)].
Because wow; - (pf — Swy) = V() - 5wy, we have wz(zy) = Z,,. The character of the fo3-localisation of Z,, thus also

vanishes. [ ]

3. BERSHADSKY-POLYAKOV MINIMAL MODELS

We next introduce the Bershadsky—Polyakov vertex operator algebras, first abstractly and then as the minimal quantum
hamiltonian reductions of V¥ (s13). The latter construction is more convenient for studying the irreducible highest-weight
BP(u,2)-modules, u € {3,5,7,...}. These were classified by Arakawa in [8], but we will follow the explicit description
deduced in [32]. Our goal is to determine their characters, modular properties and fusion rules. This data may be extracted,
in principle, from the general results reported for exceptional W-algebras in [13]. However, we find it instructive to derive

everything directly.

3.1. Bershadsky-Polyakov vertex operator algebras. The Bershadsky—Polyakov algebras were discovered in [16, 64]
using a variant of quantum hamiltonian reduction that was subsequently identified [50] as that corresponding to the minimal
(and subregular) nilpotent orbit of sI3. For the inverse-reduction construction that follows in Section 4.3, we shall find it

convenient to make a slightly nonstandard choice for the conformal structure.

Definition 3.1. The universal level-k Bershadsky—Polyakov algebra BP¥, k # 3, is the vertex operator algebra strongly

generated by four elements J, L, G* and G~, subject only to the following operator product expansions:

J@Jw) ~ S Gy~ 28T W) G ),
(z—w) zZ—w

3(z—w)?’
G (w) dG~ (w)

J@6Ew) ~ 5 L6 (w) ~ ,
zZ-w (z=-w)?  z-w

(Ck+3)1  J(w)  9](w)
3z-w)?  (z-w)?2 z-w’
p(K1  2L(w)  aL(w)
2(z—-w)* (z—-w)?2 z—-w
(k+ DEK+HT 3+ DI(w) 37T (w):+ kT (w) = (k+3)L(w)

(z—w)3 (z—w)? z—w '

(3.1 L(z)J(w) ~
G*(2)G*(w) ~ 0,
L(z)L(w) ~

5

G*(2)G™ (w) ~

The central charge is given by

4k + 1)(2k +3)

(3.2) cep(k) = 13

The conformal weights of the generators J, L, G* and G~ are chosen to be 1, 2, 2 and 1, respectively. The mode

expansions of the generating fields are thus as follows:

(3.3) J(2z) = Z]nzfnfl, L(z) = Z L,z "2, G*(2) = Z Grz"? and G (z) = Z G,z "1

nez nez nez nez
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We record the commutation relations of the modes G;, and G,, for later convenience:

(3.4) (G G| =30 imen — (k4 3)Lin + ((2k +3)(m + 1) = nk) Jyman + 3 (k+ 1)(2k + 3)m(m + 1)Spanp 1.

Theorem 3.2 ([44, Thm. 9.1.2]). The universal Bershadsky—Polyakov vertex operator algebra BP¥, k # =3, is simple
unless k satisfies (2.8).

Definition 3.3. When (2.8) holds, we shall denote the unique simple quotient of BP* by BP(u, V) and refer to the resulting

vertex operator algebra as a Bershadsky—Polyakov minimal model.

We note that the trivial Bershadsky—Polyakov minimal model corresponds to u = 3 and v = 2: BP(3,2) = C1.
The mode algebra of BPX admits a conjugation automorphism vgp and a family of spectral flow automorphisms O'ép,

t € Z, given by
(3.52) vep(Gy) ==Gi, vep(n) = —Jn — 3(2k +3)8,01, vep(Ly) =L, —nJu vep(Gy) =G,
and
£ -\ _ ¢ _ 1 s +\ _ +
O-BP(Gn) = Gn+[’ O-BP(]n) =Jn— §(2k + 3)[5n,0]l’ GBP(Gn) = Gn_[,

(3.5b) . ,
0bp(Ln) = Ly — L] + 22k +3)e(£ = 1)8,01,

respectively. These automorphisms satisfy the dihedral relation vaoéPUéFl, = Ggé, teZ.
Lifting these automorphisms to invertible functors on the category of weight BP*-modules, as in Section 2.3, it follows

that a weight vector of weight (j, A) is mapped, under vgp or crép, to a weight vector of weight
(3.6) (j—3@2k+3),A) or (j+3(2k+3),A+0j+L(2k+3)e(t+1)),

respectively. Here, a weight vector for BP¥ is a simultaneous eigenvector of Jy and Lo. Its weight is the pair (j, A) of
eigenvalues of Jy and Ly (in that order). As usual, conjugation preserves the property of being lower bounded while spectral
flow generally does not.

Our primary interest here is the representation theory of the Bershadsky—Polyakov minimal models BP(u, 2). Forv =2,
we have the following result.

Theorem 3.4 ([9, Thm. 5.10.2] and [8, Main Thm.]). The Bershadsky—Polyakov minimal model vertex operator algebras
BP(u,2), u€{3,5,7,...}, are Cy-cofinite and rational.

Every irreducible BP (u, 2)-module is thus highest-weight with a finite-dimensional top space (Theorem 2.12).

We recall that a highest-weight vector for BP¥ is a weight vector that is annihilated by the J,, Ly, Gy and G, with
n>0,and Gj. Ifa BP*-module is generated by a highest-weight vector, then it is called a highest-weight module. We
shall denote the irreducible highest-weight BP*-module of highest weight (j, A) by H JA-

3.2. Fermionic ghosts. To discuss the realisation of BP* as the minimal quantum hamiltonian reduction of VX(sl3), we
quickly review the fermionic ghost system F. This vertex operator superalgebra is strongly and freely generated by two
fermionic fields ¥/(z) and §*(z) satisfying the operator product expansions

(3.7 Y (@)Y (w) ~ L V(@)Y (w) ~ 0~y (2)y)" (w).

zZ—w
There is a one-parameter family of energy-momentum tensors. General quantum hamiltonian reductions require more
than one choice, but we shall only need one for what follows. We thereby take the associated energy-momentum tensor to
be

(3.8) T (2) = :0yy*:(2),

so that the central charge is cg = —2 and the conformal weights of ¢ and * are 0 and 1, respectively.
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There is likewise a Heisenberg subalgebra of F generated by :y/*¢/: and the eigenvalues of the zero mode of this field

defines a horizontal grading on F. The relevant operator product expansions are as follows:

WY ()P (w) ~ —%, Y ()Yt (w) ~ % YY)y Y (w) ~ G-w?
(3.9
o1 W) | agy(w)
T (2):y"P:(w) ) + —w)? .

The representation theory of F is very simple. If we ignore the global parity of a representation, then there is only
one (untwisted) irreducible module: F itself. Moreover, every finitely generated F-module is completely reducible. The

character of F is likewise easily determined:

. = ; ; h(y;
(3103) Ch[F] (y’q) =trFy.l// l//.hoOF—cF/24 =ql/12 l_[(l +yql)(1 +y—lql—l) =y—l/2 Z(Y q)
i=1 n(q)
It will also prove useful to consider the supercharacter
U = . . 19 (y;
(3.10b) SCh[F] (y, q) — trF(_y).gb lk.ho(;:—cF/24 — q1/12 1_[(1 _ yql)(l _ y—lql—l) — y_1/21 l(y q) )
i=1

n(q)

3.3. A minimal quantum hamiltonian reduction. Quantum hamiltonian reduction refers to a collection of functors from
a suitable module category for an affine vertex operator algebra to a module category for one of its associated W-algebras.
Such a functor is specified [50] by the simple Lie algebra g (for us, g = sl3) and a good pair (x, f) of elements of g. In this

context, being good means that
° g= @je%z g, where g; is the eigenspace of ad(x) with eigenvalue j € %Z.
e feg_jandad(f): g; — g;-1 is injective for j > % and surjective for j < %

To obtain the conformal weights chosen for the generating fields in Section 3.1, we shall take f = f3andx = g' = %hl + %hz.
It is easy to check that (x, f) is then a good pair. As f belongs to the minimal nilpotent orbit of sI3, we shall refer to the
corresponding reduction functor as minimal quantum hamiltonian reduction.

To define this functor, note that the gradation of g = sl3 induced by x is given by sl3 = g_1 ® go ® g1, where
3.11) g-1 = span{fl,fS}, go = span{fz,hl,hz, e’} and g; =span{e!,e’}.

As per [50], we now tensor V¥(s13) with two fermionic ghost systems F, i = 1,3, corresponding to g.1. The action of the

zero mode of :y/*'y)*:(z) defines a horizontal grading on each F’ and we grade the tensor product
(3.12) C=Vish)oF' ®F

by the action of their sum.

The zero mode of the element
(3.13) O=elyt + (& + 1)y

now defines a degree-1 differential on the complex consisting of the graded subspaces of C. The degree-0 cohomology
is, by definition, the minimal quantum hamiltonian reduction ®™™ (Vk(sI3)). This is of course the universal Bershadsky—
Polyakov vertex operator algebra BP [16,64].

We remark that this construction suggests a conformal structure on C. If we modify the energy-momentum tensor
(2.6) of VK(sl3) to T + dx, then the conformal weight of e becomes 0, as required for Q to be homogeneous. That of
e! is also now 0, so for Q to have conformal weight 1, both gb*l and ¢*3 must have conformal weight 1. This fixes the
energy-momentum tensor of F!, i = 1,3, to be as in (3.8). The Bershadsky—Polyakov energy-momentum tensor is thus

identified with the cohomology class
(3.14a) L=[T+ox+T" +717],
where we have omitted the tensor product symbols for brevity. The central charge is easily verified to be

(3.14b) T(K) — 8k — 4 = cgp(K).
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It is also straightforward to find representatives for the remaining strong generators of BP*:
10 J=[3 =m+yttyt] G =2y,
G* =—[f"+ (k+2)ae” +:h'e” — 2y Yl + gy + By YR+ kayt Y+ (k+ 3yt oyl
We are now finally ready to define the minimal quantum hamiltonian reduction functor @™,

Definition 3.5. Given a V¥ (s13)-module M, let C (JV[) =M@F!®F3. We denote by C" (JV[) the subspace of C (JT/[) whose
total ghost number (the eigenvalue of :y*' /' :o + :¢*3¢3 :0) is n. The minimal quantum hamiltonian reduction ofJV[ is then
defined to be the zeroth cohomology group of the differential complex (C* (JT/[), Qo):

(3.15) o™i (M) = H°(C(M), Qo).

This obviously agrees with the definition given above for M = Vk (sI3) and it follows readily that ®™™ (JT/[) is, in general,
a BP*-module.

The following properties of @™ will be useful in what follows. Recall that c u denotes the irreducible highest-weight
V¥ (sl3)-module of highest weight y. Let ﬁ,, denote its Verma cover and let 6% and O denote the BGG categories of
VK(sl3)- and Ly (sl3)-modules, respectively.

Theorem 3.6. Let k # —3. Then:
e [7, Thm. 6.7.1 and Cor. 6.7.3] For all M € 6%, the Qo-cohomology ofC(JT/[) is concentrated in degree 0. ®™™ s thus

an exact functor from O to the category of BP*-modules.
o [53, Thm. 6.3] ™™ maps 3\7[,, 1o the Verma BP*-module of highest weight s AEP), where

(=) (1 = 2 = 2(k +3)) + 3(py + o) (1 + 2 — 2(k + 1))
12(k + 3) ’

316 ju=-55F and A=

as per (3.14). Moreover, it also maps J’\\/[WO.H 1o the same BP*-module.
o [7, Thm. 6.7.4] ®™™ maps c u 10 0, if the zeroth Dynkin label i is a nonnegative integer, and otherwise to the irreducible

BP*-module 3(;, ner.

3.4. Irreducible highest-weight modules. Recall that PZ denotes the set of gﬁg—wei ghts A whose Dynkin labels (Ao, A1, 42)
are nonnegative integers that sum to n. The admissible ;Ig -weights of level —3 + %, u € {3,5,7,...}, may be partitioned
as in (2.10):

17 Adm,p = {4~ §w;: A€ P andi=0,1,2} U {wi - (A= Jwr) 1 1 € PL

Note that the weights in the first subset with i = 1,2 give irreducible highest-weight V*(sl3)-modules in the kernel of
@™ by Theorem 3.6. Those with i = 0 do not and neither do the weights of the second subset. In fact,

(3.18) O™ (L1 yag/2) = ™™ (Loyy(uanj2) # 0, A € PL7,

Moreover, wg - — exchanges the i = 0 weights of the first subset of (3.17) with those of the second.

Arakawa’s classification result [8] for irreducible BP(u, 2)-modules may now be expressed as follows.

Theorem 3.7. For u € {3,5,7,...}, the set of isomorphism classes of irreducible BP(u,2)-modules is in bijection with

P;_3. Moreover, a bijection is explicitly given by

(3.19) A€ P s Hy = O™ (L0 )2)-

As A - 5wy € Adm,, forall 1 € P;_3, the £ A—uwo/2 are Az(u,2)-modules (Theorem 2.6). The restriction of @MIN- {0 the
BGG category O of A, (u, 2)-modules is therefore surjective.
Combining this classification with Theorem 3.6 now gives the following identification.
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Proposition 3.8. Foru € {3,5,7,...}, the irreducible highest-weight BP (u,2)-module H;, A € P;_3, has highest weight

(jr. ASP) given by
A - A M=) = Ao =) +3(A 4 A2) (At + Ao —u +4
(3.20) = 13 2 AEP=( 1 —A2)(A4 — A2 —u) 6l(11 2) (A1 + 2 ).

In other words, H, = j{jA’AEP.

Note that the vacuum module kao of As(u,2) corresponds to A = (u — 3,0,0) and is sent by @™ to the vacuum module
j‘f(u_3)wo = 9{0,0 of BP(U, 2).
The following propositions emphasise the naturalness of this parametrisation of the irreducible BP(u, 2)-modules.

Proposition 3.9 ([32, Prop. 4.11]). Foru € {3,5,7,...}, the top space of H,, A € P;‘3, has dimension A, + 1.

Proof. To find the dimension of the top space, we need to determine the minimal n € Z for which Gj(G;)"v; = 0,

where v, is the highest-weight vector of J{;. This is a straightforward calculation using (3.4):

n-1 n-1
(3.21) Gy (Gy)"oa = > (G ™G, Gy 1(Gy ) ™ua = D (Gy)™ "™ ((u = 3)Jo + 3J5 — $Lo)(Gy)™vx

m=0 m=0

n—1
= > ((=3)(ia = m) +3(jx - m)? = $A5°) (Gy)" "oy
=0
= %n(an = (6ja +u)n + 6]% -2+ (2j+1- AEP)U)(GO—)H—IUA_
Substituting (3.20) into this somewhat unappealing expression improves it greatly:
(3:22) Gy (Gy) "o =n(n=2y— D(n+ X +1-4)(Gy)" vy

As u is odd, this only vanishes forn =A; + 1 € Zs. [ ]

Proposition 3.10 ([32, Props. 4.13 and 4.14]). Foru € {3,5,7,...}, the conjugate and spectral flow of the BP (u, 2)-module
Hy Ae P;‘3, are respectively given by

(3.23) UBP(H)L) = :HdV(/l) and O'Bp(j'f,l) = J{V(A),

Proof. It follows from (3.5a) and Proposition 3.9 that a highest-weight vector of vgp () is obtained as the image under
vgp of any vector in 3, of weight (j — A2, AEP). Noting that 2k +3 = u—3, we conclude from (3.6) that this highest-weight
vector has weight (—jj + Ay — %32, ABP). Setting this equal to (ji,, AB®) results in a unique solution with 41 € P4™3. The
same method works for spectral flow once we note that a highest-weight vector of o, (3€,) is also obtained as the image

of a vector in H; of weight (j, — Aa, AEP)' -

The invertible functors corresponding to the automorphisms (3.5) thus act on the isomorphism classes of the irreducible

highest-weight BP (u, 2)-modules as permutations of the Dynkin labels of the ;13-weight A
3.5. Irreducible characters. Our next aim is to deduce a formula for the characters
(3.24) ch [9{/1] (z; q) - tr}(j Z]OqLO—CBP(k)/24.

of the irreducible highest-weight BP(u,2)-modules H,, A € P;’3. Because these modules may all be obtained as
quantum hamiltonian reductions of Aj(u,2)-modules (Theorem 3.7), their characters follow by applying the Euler—
Poincaré principle to the cohomology of the complex C (Z A—uwo/2)- However, it is well known (at least in the principal
case [38]) that this method leads to an indeterminate form for the character. A key point is that the prescription used to
resolve this indeterminacy must be independent of the highest-weight module being reduced.

Given a V¥(s13)-module M, the Euler—Poincaré principle shows that the character of its minimal quantum hamiltonian
reduction has the form

(3.25) ch[®™™(M)] = ch[H®(C(M), Qo)] = D (~=1)" ch[C"(M)] = ch[M] D] (~1)" ch[(F' ® F})"],

nez nez
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since the cohomology is concentrated in degree O (Theorem 3.6). Using the definition (3.10) of the fermionic ghost
(super)character, the sum over n = r + s is easily simplified:

1 3
(3.26) S (=D"ch[(F' @ F)"](y1,y3:q) = Dty (=yn)"a 1237 tr o s (—ya)*q™ 112
nezZ reZ SEZ

= sch|F'](y1;q) sch[F*] (y3; q).

Recalling the definitions (2.13) and (3.24) of V¥(sl3)- and BPk-characters, it now follows from the explicit formulae (3.14)
for L, J and cgp (k) that

(3.27) ch[HO(C(JVE), QO)] (z:9) = qk/3 ch[JV[] ((zqz)_1/3, (z/q)1/3;q) sch[Fl] (z:9) sch[F3] (1;q).

This is problematic because sch[F3] (v3: q) has a factor of the form 1 —y3 ! that vanishes when y3 = 1.

If we now take M to be a Verma module, then its character may be written as a quotient with an infinite product in
the denominator. The factor in this product corresponding to the highest root a3 of sl3 has the form 1 — z;z,q. This
vanishes for z; = (zq%)~'/3 and z, = (z/q)'/3, compensating for that of the factor 1 — y3‘l in sch[F3] (1;q) = 0. This is the
advertised indeterminacy of the character formula (3.27). We resolve it by first setting

(3.28a) y3 = zl_lzz_lq_l,

cancelling the vanishing factors in sch [F3] and ch [JV[], and only then setting
(3.28b) 21 =(zg®>)"'? and z = (z/q)'.

Using (3.10b) and some standard properties of Jacobi theta functions, our prescription for computing the character of the

reduction thus takes the following form.

Proposition 3.11. Let Mbea highest-weight /¥ (s13)-module, k # —3. The character of its minimal quantum hamiltonian
reduction is then given by
191(z:9) 191 (21225 q) j1=(2a") 7'

min. (1 . _ —1/2_(2k+3)/6 M .
(3.29) ch[@™™(M)](z:q) =z""/%q ch[M] (21,22 q) pr el

It is easy to check that applying this to a Verma V¥ (sl3)-module reproduces the character of a Verma BP*-module.

In principle, we could apply this prescription when M is one of the irreducible highest-weight A;(u, 2)-modules using
the explicit character formula given in Theorem 2.7. However, we are not particularly interested in the resulting explicit
formulae for the characters of the irreducible highest-weight BP(u,2)-modules. Our interest is rather in their modular

S-transforms.

3.6. Modular transforms. Recall (Theorem 3.4) thatforallu € {3,5,7,...}, BP(u,2) is C,-cofinite and rational. Because
its conformal weights are nonnegative integers, it follows that its irreducible characters, which are linearly independent,
span a representation of the modular group [75]. Our goal is to determine the S-transforms of these characters using those
given for the (meromorphic extensions of the) irreducible highest-weight A, (u, 2)-characters in Theorem 2.8.

By Theorem 3.7, we may restrict our reductions to the c > With =1 — %wo and A € P;‘3. We let z = 274 7, = 2741

7, = €274 and q= e277 a5 before. With these new variables, the character formula (3.29) becomes

J+27

191(L;7) 101 (81 + 5 1) (917755
n(r)? =5

Note the nonconstant A-independent exponential prefactors of this formula. They and their S-transforms are examples of

(3.30) ch [CH:A] (g’ ,[.) — e—ﬂigeﬂi(2k+3)r/3 ch [z”] (gl’ {2; T)

automorphy factors and hence will be ignored in the modular computations to follow.

We require a couple of preparatory lemmas.

Lemma 3.12. For k admissible, the T-matrix (2.16) of A, (u, v) satisfies

(3.31) Twpy = WV aNT g Ty, = 2AWV-00NT =y e Adm,,.
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Proof. These follow by inserting
(3.32) wo(v+p) =w3s(v+p)+yaz and V(v+p)=wow(v+p)+ (w2 — o)
into (2.16) and using the orthogonality of Weyl reflections. [ |

Recall from Remark 2.9 and Corollary 2.24 that the meromorphic extensions of the characters of the D¢-twists and
spectral flows of the highest-weight A; (u, 2)-modules are linearly dependent. A special case is as follows.

Lemma 3.13. Foru € {3,5,7,...}, the meromorphic extensions of the highest-weight A, (u, 2)-characters satisfy

(3.33) ch[59 (L,)] = e(v) ch[Lgry], v € Admyy,
where ¢(v) € {x1} and £(v) € Adm,, are defined in the following table.
| v=A-8%00 v=A-%w; v=1-%0 v=w - (A-%0)
e(v) +1 -1 +1 -1
EW) [ VD) =401 wi-(A-501)  A-$a0 V) - S

Here, we parametrise v € Adm,,, in terms of A € P;’3 as per (3.17).

Proof. We consider each of the four cases in detail.

l. v=24- Fwo: Here, 59 (ZV) is lower bounded, hence is isomorphic to z ¢ for some & € Adm,>. Since

(3.34) eflEgl (v) = Egl(ei v) and ﬁf?f-"l (v) = &' (fni_

n+{a;,g')

(@gy?s 1= 123,

59 (v) is a highest-weight vector if ejv = ego = fdo = 0. It follows that we should take o to be the image of the
highest-weight vector of z v under wyws, see Figure 2. Using (2.22), the weight of 59 (v) is thus

(3.35) E=wiwa(v) + k(w1 = wo) = (A2, A0, A1) = F01.

2. v =1 - Fw: In this case, there isno v € ZV for which 59’ (v) is a highest-weight vector (because 59 (Zv) is not lower
bounded). But, vi + vo ¢ Z-_; implies that f03 acts injectively on ZV. Localisation therefore results in a reducible
semirelaxed highest-weight A;(u,2)-module with ZV as a composition factor. By Theorem 2.23, the quotient M is
irreducible. It has a vector of weight wi (v) + a3 whose image under o7 lis highest-weight, see Figure 2. This identifies
59" (JVE) with Zg, where

(3.36) §=W1(V)+0{3+k(a)] —a)o)=(k+1—3.2,k+1—/11,k+1—/10).

But, ch [Z V] =—ch [J’\\/C], by Corollary 2.24, hence ch [89] (Z V)] =—ch [flg] (as meromorphic functions).

3. v =1 - jw01: Again, there is no vector in ZV whose image under 59 is highest-weight. As v| ¢ Z(, we may proceed
as in case 2. and localise with respect to ]%1 to get a semirelaxed highest-weight module with irreducible quotient
M. Unfortunately, this quotient also has no vector whose image under 59 s highest-weight, see Figure 2. But,
Theorem 2.23 gives M as the w-twist of an irreducible highest-weight module of highest weight

(3.37) wi(v+ay) =(k+1—=vy,—v; — Lk+1-w).

Ask+ 1 —vy ¢ Z5o, we may localise M with respect to wi ( foz) = fO3 and obtain another semirelaxed highest-weight
module. The quotient N of this semirelaxed module does have a vector of the desired type, so we deduce from
Corollary 2.24 that ch [Zv] =—ch [J/\\/[] =ch [N] , hence ch[b\g1 (Zv)] =ch [25] with

(338) é’,: v+aoa +az+ k(wl - a)o) = (/10,/11,/12) - %Q)O-

4. v =w; - (A= 3m1): Our final case also requires a localisation with respect to ﬁ)l, as in case 3., whence the introduction of
the quotient M. However, this time k + 1 — v lies in Z as it is the second Dynkin label of w; - v. Thus, M has a vector
whose image under 59 is highest-weight, see Figure 2. Proceeding as above, it follows that ch [391 (Z V)] =—ch [Zg] ,

where

(3.39) 5(: W3(V +ap)+ k(wl —wp) = (/12, /10,/11) - %wz. ]
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2
€ wi(v) + a3
wiws (V) eé wi(v)
f3

v v v+ ap
. V+ o 'Cv j/\[
Lv v w3(v+a
M 3( 1)
— u — u
v=A- 3w v=w; (A= 3F01)

FIGURE 2. Depictions of the (convex hull of the weights of the) top space of ZV, where v depends on

Ae P;’3, and those of its colleagues M and N when needed, for each of the four cases analysed in the
proof of Lemma 3.13.

Theorem 3.14. Forallu € {3,5,7, ...}, the S-transform of the character of the irreducible BP (u, 2)-module ), A € P;_3,

is given, up to an omitted automorphy factor, by

(3.400) ch[36](5:-1) = 35 SF5 ch[30x ] (:0).
Nepy?
(3.40b) SEE' _ ;ezm(jﬁjy—uﬂ) Z det(w)e—4ﬂi<W(A+p)Jk’+p>/u.
\/gu weS3

Proof. We begin by substituting the known S-transforms of the Ch[z ,,] (given in Theorem 2.8), J; and #:

915 -1)ig(G + i -Hp=-52

3.41 ch[H,](£:-1) = ch[L,] (1, (s -1
( ) [ A](T 1') [ p] (gl 52 ‘[) ’7(_%)2 é/zz%
i (G )i (G + Gy ) |6=-5
== 3 Suveh[) (@m o) LD ‘(g‘z 2sding
veAdm,, n(r) H=%5-
(Here, as always, we omit some automorphy factors.) Define ¢ = §+27 and {j = , so that the given specialisations of

{1 and ¢, imply that
(3.42) Gr={+3(r+1) and Hr=+i(c+1).

Substituting for {| and ¢, throughout then gives

Z+21
643 I](E-) == 3 Suveh[ZL (€] + 2+ 1,4+ e+ 1) 2l T):?ng‘%’r) i e
veAdm, 2773

where we once again ignore an automorphy factor.
If we drop the primes in this expression, the factor multiplying §p,v looks like the right-hand side of (3.30), except for
the shifts in the arguments of ch [Z V] . However, we can shift the third argument to 7 + 1 by applying an inverse T-transform.

Comparing with (2.23), we see that the result is now the character of a spectral flow of L v

i s = SRS i91(L;7)19 e
(344) Ch[j‘(l] % _% — e—271'1k/3 Z S”’VT;I Ch[o-gl (Lv)] (gl’éfz;r + 1)1 l(g T)l l(é;l + §2 T) 1 -
VEAdmuyg U(T) é/ZZT
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Here, we again drop some automorphy factors, but keep a constant exponential prefactor.
Because BP(u,2) is Cy-cofinite and rational, the ch [J{A] are holomorphic for { € C and 7 in the upper-half plane.
We are therefore justified in working with the meromorphic extensions of the ch [Egl (Z V)] to these domains. Invoking

Lemma 3.13 (and using the notation ¢(v) and &(v) defined there), (3.44) simplifies to
Tew)

49 enfgn](E-h) = 38, ey enl e (0 1) DD P B30
VEAdmuyg Tv U(T)

T J+27

f1=-23

b=

o F. o
— _eﬂrlu/3 Z S,u,v E( )E(V) Ch[‘l)mm'(ﬁg(v))] (§, T)

veAdm, v

(dropping even more automorphy factors).

Of the four cases for v € Adm, > considered in Lemma 3.13, cases 1. and 4. both contribute nothing to (3.45) because
Zg(v) € ker @Min-, by Theorem 3.6. In case 3., we have v =1" — %wl, for some A’ € P;‘3, e(v)=+land é(v) = A - %wo.
The contribution to the coefficient of ch|[H; | = ch[@™™ (L (,))] in (3.45) is therefore

(3.46) _e—ﬂiu/3§/17£w0 Xt -AI—AL%(‘)O — i eZni(/1+/1’,w1)e—2ﬂiu/3 Z det(w)e—4ﬂ'i(w(A+p),/l’+p)/u’

2 2 T/l'—%an 2\/§U wEeSs
by (2.15a) and (2.16). In case 2., we instead have v = A’ — Yw), e(v) = =1 and £(v) = wp - (V"1(1’) — $wo). Replacing A’
by V(1) € P;‘3, the case 2. contribution to the coefficient of ch [J—C )v] =ch [dDmi“' (Z §(V))] now follows using Lemma 3.12
and Equation (3.32):

(3.47) 6_”i”/3§/1—gw0,v<m-gw2 -I;WO'(”‘%”()) _ i Q2T (AX 1) o ~2riu/3 D det(w)e 4w (A+p). 2 4p) fu.
TV(}L’)—%{A)Z 2\/§U weS;3

The contributions are thus equal and the proof is completed by noting that
(3.48) jr={ALw) modZ. |

We finish with two simple identities that will be used in Section 5.

Corollary 3.15. Forallu € {3,5,7,...}, LA’ € P43 and n € Z, we have

BP _ ~—2min(jyr—u/3) gBP BP _ 2mi(ja+jy ) gBP
(3.49) Seh oy =€ U ISEE and B oy =T ISTE

Proof. Since jy(y) — ja = 3 mod Z, the factor e7inu/3 in the first identity is easy. For the other factor, consider

(3.50) Suy = 3 det(w)e 4miwben) o) v

weS3

As per (3.32), A € P;‘3 gives V(A) + p = wow (4 + p) + u(wz — wp), hence

(3.51) 6V()L) V= Z det(w)e—4n’i(w(A+p),)1/+p)/ue—4n'i<ww1wg(wz—wo)’/v+p) — eZn’i(wz,)j)eAA/’

, weS3 ’
since the action of Sz on P shifts weights by elements of Q. This proves the first identity since w, = —w; mod Q. The
second identity follows similarly using the orthogonality of d and jg(2) = —j. [ |

3.7. Fusion rules. Given u € {3,5,7,...}, compare the S-matrix (3.40b) of the Bershadsky—Polyakov minimal model
BP(u,2) with that of the rational sI3 minimal model A;(u, 1) given in (2.24). The only difference in the sums over S3 is
that the 2 in the exponent of (2.24) is replaced by a 4 in (3.40b). This suggests [27] realising the latter as the result of
applying a Galois symmetry to the former. Since (w;, w;) € %Z for all i, j = 1,2, any such Galois symmetry must map
e27i/3u ¢ ori/3u_

In fact, the factors of i and V3 in these S-matrices indicate [19] a Galois symmetry of Q[£], where £ is a primitive
12u-th root of unity. We take & = e”/% for definiteness, so that i = £ and V3 = & + £4. Requiring that £ be mapped
to &8 now gives four candidates, & - &2, £4%2, £U+2 or £24+2 byt only the second and fourth preserve the primitivity of
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& We choose the second, denoting the Galois symmetry & §3u+2 of Q[£] by Gal. We thus have
Gal(i) = PBut2 — (_1)(u—1)/2 i

-1 i
52 I|— | =—.
(3.52) Gal(V3) = em(3u)/6 | o~miGus2)/6 _ (_1)(u+1)/24f3 = Ga (\/gu) V3u

It follows that the relation between the BP(u,2) and A;(u, 1) S-matrices is

(3.53) SEP, = iUt Gal(S(D), A e PY,
As was first noted in [19], there exists a permutation 7 of P;_3 and a function €: P;‘S — {+1} satisfying
<c(ul ne(ul , _
(3.54) Gal(S{4)) = e(A)S{), AA e PL,

The function € is easily understood in this example. First, it includes the sign —1 obtained by applying Gal to % in (3.52).
Otherwise, it describes the effect of applying Gal to the sum in (2.24). This amounts to replacing A’ € P;‘3 by 21" + p.

However,
(3.55) N +p,ayeuZ = (2N +p)+p,a;) ¢ uZ, i=1,273,

hence there exists a unique element of the affine Weyl group of sl mapping 21’ + p back into P;‘3. Because of the

c(ul)
S/u'

of this unique Weyl element.

symmetries of under affine Weyl reflections (Section 2.4), e(1’) is identified with (the negative of) the determinant

The fusion rules of BP(u,2) now follow as a simple consequence of these considerations, if we assume that the
fusion coefficients are given by the Verlinde formula. As BP(u,2) is C,-cofinite and rational, this would be so, by a
famous theorem of Huang [45], except that this theorem requires the vertex operator algebra under consideration to be
self-contragredient with nonnegative-integer conformal weights. Unfortunately, there is no choice of conformal structure
for BP(u, 2) satisfying both these requirements: the self-contragredient choice results in the conformal weights of both
G* and G~ being %

We will therefore assume for the following theorem that Huang’s theorem can be generalised to cover BP(u,2). To
prove this, one could take the self-contragredient conformal structure and pass to the Z,-orbifold spanned by the vectors
of integral conformal weight, reconstructing the Verlinde formula for BP(u, 2) using induction as in [18, App. A]. But,
we will not pursue this proof here because the fusion rules reported below will only be used to elucidate those of A;(u, 2)

in Section 5.5 and this elucidation will also rest upon further assumptions.

Theorem 3.16. For each u € {3,5,7, ...}, the fusion rules of the irreducible BP(u,2)-modules take the form

(3.56a) HamH, = P ]NE’ZVJ-(V, A€ Py

vepy3

where the fusion coefficients coincide with those of Ay (u, 1) given in Equation (2.26b):

(3.56b) NRPY = NDY, A v e PY.

Proof. Since BP(u,2) and A;(u, 1) are Cp-cofinite and rational (Theorems 2.11 and 3.4), their fusion products are
completely reducible and, with the assumption described above, the multiplicity with which each irreducible appears is
given by the Verlinde formula. Let @ = (u — 3)wg € P;‘3 denote the s?h-weight corresponding to the vacuum module of
BP(u,2) and A;(u, 1). Substituting Equations (3.53) and (3.54) into the BP(u, 2) Verlinde formula then gives

GBPgBP (SBP)* 'S\(U,l) §(U,1) (g(U,l) )*
BPv _ AATHANT VAT oGt ju—jy) A (A) T o (A) N v (A) R ICRN
(3.57) N2V =D e =¢ Y S =N»,
AePy3 2.\ Aepy3 2,7 (A)

since the signs €(A) and the phases e27i(ia=v/3) cancel, 7 is a permutation, jj + j, — j, = (A + p— v, w1) mod Z by (3.48),
and the A;(u, 1) fusion coefficient on the right-hand side vanishes unless the projection of A + y — v onto h* lies in Q
(Section 2.4). [ ]
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We conclude with two straightforward identities that the BP (u, 2) fusion coefficients satisfy. They may be deduced from
Theorem 3.16 as consequences of the corresponding identities for A; (u, 1) or by substituting the identities of Corollary 3.15
into the Verlinde formula.

Corollary 3.17. Forallu € {3,5,7,...}, LA, € P43 and n € Z, we have

BP 1" _ nBPA” _ nBPVTE(Y) BPd(1”) _ nyBPA”
(3.58) Nynya = Nyynory =Ny, and Ny don =N -

4. INVERSE QUANTUM HAMILTONIAN REDUCTION

In this section, we realise V¥ (sl3) as a subalgebra of the tensor product of the universal Bershadsky—Polyakov vertex
operator algebra BP* and some free-field algebras. We also review the analogous realisation of A, (u, v), following [3] (to

which we refer for further information).

4.1. Bosonic ghosts. The bosonic ghost system, also known as a symplectic boson pair, is the simple vertex algebra G

strongly and freely generated by bosonic fields f(z) and y(z) satisfying the operator product expansions

4.1 B(2)y(w) ~ ! » P@B(wW) ~ 0~ y(2)y(w).

zZ—w

This vertex algebra admits a one-parameter family of conformal structures. We shall choose the associated energy-

momentum tensor to be
4.2) T¢(2) = —:0yp:(2),

so that the central charge is cg = 2 and the fields f(z) and y(z) are conformal primaries of weights 1 and 0, respectively.
The composite field :fy:(z) generates a rank-1 Heisenberg subalgebra of G. The action of the zero-mode :fy:o gives
rise to a second “horizontal” grading on G. We have

Pre@pon ~ 00 prian ~ =L e ~ -
(4.3) 1 Py:(w)  0:fy:(w) o
TR ~ =+ o+ T,

The modes of the bosonic ghost vertex operator algebra are defined by the expansions

(4.4) B(z) = Z ﬁnz_"_l and y(z) = Z ynz "

nezZ nezZ
The mode algebra is then (a completion of) the universal enveloping algebra of an infinite-dimensional Lie algebra
g = span{f,, yn, 1 : n € Z} with 1 central and the remaining Lie brackets being given by

4.5) [ﬂm’ )/n] = _5m+n,0]l> [ﬁm, ﬁn] = [Ym’ Yn] =0.

This Lie algebra admits conjugation and spectral flow automorphisms, vg and o¥, £ € Z. These preserve 1 and are

given by [68]
UG(ﬂn) = Yn, UG(Yn) = _.an UG(:ﬂY:H) = _:ﬂ)/:n + 5n,()]]-: UG (TnG) = Tf - n:ﬁ)/:n,
O'é(ﬁn) = Bn-t oé(yn) = Yntos oé(:ﬁy:n) =:fyin + 3noL, oé (TnG) = Tf —0:fyin — %t’([ —1)dn01.

The expected dihedral relation

(4.6)

(4.7) veotve! =agl, tez,

is readily verified. As in Definition 2.10, these automorphisms lift to invertible endofunctors on the category of g-modules
and thence to the category of G-modules. Again, conjugation preserves lower-boundedness while spectral flow need not.

Consider the G-modules on which :8y:¢ acts semisimply. The irreducibles in this category are easy to classify.

Proposition 4.1 ([68]). The irreducible G-modules on which :By:o acts semisimply are exhausted, up to isomorphism, by

the following list of mutually inequivalent modules:
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o The spectral flows of the highest-weight Verma module V. Its highest-weight vector has :By:o-eigenvalue 0 and conformal
weight 0. (V is the vacuum module.)

o The spectral flows of the relaxed highest-weight Verma modules 'Wy,,), with [u] € C/Z \ {[O] } Their top spaces are
spanned by vectors wy, A € [u], of :Py:o-eigenvalue A and conformal weight 0.

The conjugation functor acts on the irreducibles of Proposition 4.1 by
(4.8) ve(V) =o' (V) and vg(W,)) = Wi_y

and (4.7). We mention that the “missing” coset [p] = [0] in the relaxed classification corresponds to reducible relaxed
highest-weight G-modules. This includes the direct sum V @ vg(V), but there also exist nonsplit extensions involving V
and vg (V) (both extension groups are one-dimensional). For simplicity, we define Wi} =V & vg(V).

We define the character of a G-module M to be

(4.9) ch [M] (y; q) =1try, y:ﬂy:hof—cG/zg

The character of the vacuum module is thus

q /12 —yii n(q)
152, (1 = yg) (1 —y~1qgi-1) id(y:q)

Note that this character formula has obvious poles (as a function of y). Substituting the well known modular S-transforms

(4.10) ch[V](y;q) =

of n and J; will therefore only give the S-transform of the meromorphic extension of the character to y € C (as per
Remark 2.9).
As per the general formalism of [24,70], the remedy is to instead consider the characters of the relaxed highest-weight

G-modules (and their spectral flows):

q /12 n 5(y)
(@.11) ch[Wi](ysa) = = 0y (T =y a) éy” = y”—n(q)z, [4] € C/Z.

Here, §(y) = Xnez y" is the “delta function” of formal power series.

Proposition 4.2 ([68, Thm. 2 and Cor. 3]).
o The characters of the spectral flows of the W, (1] € C/Z, form a topological basis for the space of characters of

G-modules on which :By:o acts semisimply.
o Writing y = ¢*™% and q = ¢*™\7, the S-transform of the character ofcré Wi = W‘[’”J, t € Z and [u] € R/Z, is given,
up to an omitted automorphy factor, by
¢ 1(0._1) _ G o . ’ G _ o+t =2mi(ep +
(412) Ch[w[‘u]](;7_;) = Z S([!'u)’([/’”/) Ch[W[”/]](G, T) d[ll ], S([,}l),([',ﬂ') = (_1) + € i+ ,Ll)
ez YR/Z
e The S-transform of the character of cré (V) = V¥, £ € Z, is given, up to an omitted automorphy factor, by
(0. _1 G o G prerag €M
4.13 h|V|(25—-2) = S .~ ch|Wi (0, 7)d[y'], S ,o = (=)
@19 VI =2) eglz Rjz - EEH) ch[ Wi, [ (0:2)dlW'] Sy () = (<1) 2isin(p’)
We emphasise that in the above, the modular group acts on characters of modules in the full subcategory of G-modules on

which :By:¢ acts semisimply with real eigenvalues.

Remark 4.3. This restriction to real eigenvalues seems to be universal in studies of the modularity of non-C,-cofinite vertex
operator algebras, see for example [24]. It is moreover consistent with physical applications in which these eigenvalues
are identified with quantum observables such as momentum. We are nevertheless not aware of any reason why one cannot

have a modular group action when complex eigenvalues are allowed.

4.2. The FMS bosonisation. Consider the abelian Lie algebra = = spang{a, d} equipped with the symmetric bilinear
form defined by

(4.14) (ala) =0 = (d|d) and (ald) =2.
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The associated rank-2 Heisenberg vertex algebra H is strongly and freely generated by fields a(z) and d(z) satisfying
21
(z—w)*

The group algebra C[Za] = spanc{e™? : m € Z} is a x-module with action

(4.15) a(z)a(w) ~0 ~d(2)d(w), a(z)d(w) ~

(4.16) he™* = (hlma)e™, he .

The corresponding lattice vertex algebra extension of H will be denoted by II. It is strongly generated by a(z), d(z) and

the e™4(z) with m € Z (actually m = +1 will do). The defining operator product expansions are (4.15) and

4.17) a(z)e™ 4 (w) ~ 0 ~ ™ (2)e™ U (w), d(z)e™ % (w) ~ w, m,m €Z.

An old result of Friedan, Martinec and Shenker is that the bosonic ghosts vertex algebra G embeds into II.

Proposition 4.4 ([40]). The following map defines an embedding G — 11 of vertex algebras:

(4.18) Bre y ti(a+de(z)

This embedding is commonly known as the FMS bosonisation of G.
The vertex algebra IT admits a two-parameter family of energy-momentum tensors. Because of the application reviewed

in Section 4.3, we choose the energy-momentum tensor

(4.19) T (z) = $:ad:(z) + Yoa(z) - 1ad(z),
so that the central charge is

(4.20) crr(k) =8k + 2.

The generators a, d and e™“, m € Z, then have conformal weights 1, 1 and m, respectively.

The representation theory of IT was studied in [15]. The irreducible IT-modules, on which ag and dy act semisimply,
are labelled by cosets [v] € C/Z and integers n € Z. They may be realised as direct sums of Fock spaces for H, generated
by the gha+tnd/2 where ) € [v] and n is fixed. Such an irreducible is lower bounded if and only if n = —1, in which case it

is a relaxed highest-weight Verma module. We shall denote it by

4.21) M, =e" 92, [v] e C/Z.

The action of the zero modes of the generators on the top space of I1|,| is explicitly given by

(4.22) apead1? = _radj2 g Aadj2 _ o) ha=d]2 ez)nae/lafd/Z = +m)a=d/2, Ae[v], meZ

Moreover, this top space has conformal weight %
As the vertex algebra IT contains the rank-2 Heisenberg vertex algebra H, it admits a 2-parameter family of spectral

flow automorphisms ob

1> Where & = %(g“‘a + £4d) € H. These spectral flows are explicitly given by

) 01 (an) = an = E98,01,  opy(dn) = dn = ESpoL, o5 (ep®) = el .,
o (L) =T} = &+ (589! = 124 + 5E9) 8,01,

Such automorphisms only preserve the moding (hence the untwisted module sector) if £ € Z. They moreover only
preserve the property of being lower bounded if &% = 0, the effect of &% on I}, being to simply shift the weight coset
[v] € C/Z. More precisely, we have

d
(424) oy () 10 ey €€ E€Z V] €C/Z,
where Hf’ va+(€—1)d/2.

| is the II-module generated by e

[v

We define the character of a II-module M to be

(4.25) ch [M] (Za, z4; q) =1try, ZZOZZOqT(?’CH(k)/Z“,



MODULARITY OF ADMISSIBLE-LEVEL sl3 MINIMAL MODELS WITH DENOMINATOR 2 27

Hence, for [v] € C/Z, the character of II[,] is given by

—1 k/3—crr(k)/24 5(22)
q 2n+v) _ -1 2v9\%d
(4.26) ch|1jy [(za za309) = =———5 z =z, z , [vleC/Z,
[ [ J]( a ) Hi:I(I _ ql)2 = d a “d U(q)z
and that of the spectrally flowed module H'E i is
4.27) ch[H[[/V]] (zas2a39) = 257 ch (M1} | (za 249"%5q),  [v] €C/Z, ¢ € Z.

To describe the modular S-transforms of these characters, we write z, = e2mida, Zg = e27i¢a and q= e2m7 g0 that
e2ila(t=1) g=2riker/3

e §(20, + 1 — n).
n(r)? ,%

(4.28) ch[My,, | (G a3 7) =

Here, 6(2; + £7 — n) refers to the usual Dirac delta function. The relation to the power series delta function used in (4.11)
and (4.26) is that

(4.29) 8(z) = D zg" = > eI = 376(204 —n).

nez nez nez

We trust that the abuse of notation here will not cause confusion in what follows.

Proposition 4.5. The character (4.28) of the irreducible T1-module val, t € Z and [v] € R/Z, has S-transform

(4.30a) ch[mf, ](%, % -1) = A(%, {ii ) Z S(M (o ST [ (G Cas ) AV,
where
(430b) SH 27{1([+f’)k/3 —271'1({’V +t'v)

(ev), (&) =
and the automorphy factor is

(4.30¢) Al L 7) = |T| eilata /T 2mila(r=1) [T g~4mikla(r-1) /31

This result may be verified by direct computation. We omit the details.

4.3. Theinverse reduction embedding. The existence of an “inverse quantum hamiltonian reduction” embedding relating
BPK and VK(sl3) was first deduced in [3], see also [30] for a generalisation to sl,,. This may be proven by combining
the Wakimoto free-field realisation with FMS bosonisation, as in [31,71], or by using the combinatorics of Poincaré—
Birkhoff—Witt bases, as in [5]. Either way, such an embedding is not uniquely determined. We give an explicit formula

for the action of one such embedding on the strong generators of V¥(sl3). For this, we let

2k 1 k1
(4.31) i1=?a+ —~d and i2:—§a+§d.

Theorem 4.6.
e There exists an embedding V¥ (s13) < BP* ® G ® I1, for all k # 3, specified by
el > yed, e’ b, e el Rl = =By + i, R 2] + 2:y: + i%,
fleoGre = Jpe ®+ prite ™+ (k+ Dape™,  f2 G = 2]y —yi* —yyB: — kay,
& r—>((k +3)L +4d] - :]]:)e_“ + (]:ﬂy: -Gy - G_ﬂ)e_“
— (k+ 1):0By:e™ = (J + :By:):ie % — :((k +3)ai% + :iziz:)e_“:.

e (4.32) is a conformal embedding, meaning that the Sugawara energy-momentum tensor (2.6) satisfies

(4.32)

(4.33) T(z) — L(z) + T®(z) + T"(2).

e [3, Thm. 5.2] (4.32) also defines an embedding A (u,v) — BP(u,v) ® G ® I if and only if v # 1.
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An obvious consequence of these embeddings is that one obtains modules for V(sl3) or A;(u,v) by restriction.

Specialising to v = 2, we have A; (u, 2)-modules such as
(4.34) JA%MW] =Hy® Wy, ® I}, and IS\;L[V] =H; @ VeI, A€ P;_3, [u], [v] € C/Z.

Since (4.32) is conformal, these are lower bounded A;(u, 2)-modules. We record the following facts.

Theorem 4.7 ([3, Thm. 7.1] and [5, Prop. 5.2]). Foru € {3,5,7,...}:
o The Ay(u,2)-modules of (4.34) are almost irreducible, even when [p] = [0].

e An almost-irreducible module is irreducible if and only if its top space is irreducible as an sl3-module.
To these, we add the following easy observation.

Proposition 4.8. A module that is isomorphic to a submodule of an almost-irreducible module and a quotient of another

almost-irreducible module is itself almost irreducible.

It follows that direct summands of almost-irreducible modules are almost irreducible, though general submodules and
quotients of almost-irreducible modules need not be. Counterexamples are easily found, for example by considering the

almost-irreducible s:iz-module with three composition factors described in [55, §4.5].

5. MODULARITY OF sl3 MINIMAL MODELS

In this section, we study the fully relaxed A;(u,2)-modules constructed in (4.34) using inverse quantum hamiltonian
reduction and determine the modular S-transforms of the (generalised) characters of their spectral flows. We also deduce
(co)resolutions for semirelaxed and highest-weight A;(u, 2)-modules, which lead consequently to the corresponding
modular results. These are then used to predict some Grothendieck fusion rules, using the (conjectural) standard Verlinde
formula of [24,70]. A strong consistency check of our results is that the fusion coefficients are found to be nonnegative

integers.

5.1. Degenerations and completeness. Consider the fully relaxed A;(u, 2)-module 3\%,13[ wv], for A € P;‘?’ and [p], [v] €
C/Z. Let v; denote the highest-weight vector of J(3 and w;s, s € [p], denote the relaxed highest-weight vector of W,
whose :fy:o-eigenvalue is s. Then, by Proposition 3.9, a basis of the top space of ﬁ\la,[ﬂ,v] is given by the weight vectors

5.1 Urs; = (Gy)oa®@ws ® e 2 r=0,1,...,M, s€[u], t €[]
Using (4.32) and (4.33), we find that the s[3-weight and conformal weight of u, s, are
5.2) (a—r+s+ %‘)az +(t— '5‘)0:3 and AEP + %

respectively. It follows that the top space of i’]\h,[ wv] 1 a dense sl3-module whose weights have multiplicity A + 1.
Moreover, if we fix A but allow [x] and [v] to vary, then the top spaces of the R A v] form a coherent family

(5.3) Cr= P top(Rafur), AePi
(ullv]ec/z

of sl3-modules, as in Section 2.5. A natural question now is whether inverse reduction constructs a complete set of
irreducible coherent families of the Zhu algebra of A;(u,?2) as top spaces. If so, then every irreducible fully relaxed
As(u, 2)-module is isomorphic to one of the R Mlpv] -

It was shown in [57, §4.3] that the Zhu algebra of A, (u,2) has |P;’3| = %(u — 1)(u = 2) irreducible coherent families.
This matches the number of families constructed above, but we do not yet know if our families are irreducible and distinct.
To show that they are, we look for (twisted) highest-weight submodules of the C,. Irreducibility will follow by finding a
submodule whose maximal multiplicity matches that of €, and distinctness will follow by demonstrating that the highest
weights of the found submodules lie in distinct shifted Weyl orbits (2.28) of the nonintegral weights of Adm,,» [60].
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FiGURE 3. Multiplicities of the weights of the top space of g,uvj (left) and SAQ,L[WJ (right). The weights
of the latter coincide with a translate of the root lattice Q in h*. The weights of the former effectively
fill out half of such a translate.

It is easy to get started. We simply determine parameters [p], [v] € C/Z such that the fully relaxed A;(u, 2)-module
f/]\h’[ uv] degenerates into (Dg-twisted) semirelaxed modules and then into (De-twisted) highest-weight modules. Recall
that in Section 4.1, we defined W(o; to be V @ vg(V). Referring back to (4.34), it follows that

5.4 3\3,13[0’1,] = g/l,[v] @ JT/[, where M = Hy®ve(V) ®IIj,.

We will therefore investigate the (twisted) highest-weight submodules of g,l,[v], when the latter is reducible.

For this, note first that a basis for the top space of the A;(u,2)-module ’S\,L[V] is obtained from (5.1) by restricting to
[1] = [0] and s € Zp. The coeflicients of a; in the sl3-weights (5.2) of the top space therefore have a maximal value,
namely j; + X, while those of a3 are unbounded above and below. The multiplicities of the top space weights of g)k,[v] are
thus constant in the a3-direction and increase linearly in the —a,-direction from 1, when the coefficient of a is maximal,
until they saturate at 1, + 1, see Figure 3.

Consider the subspace of vectors ug; in the top space of g)t,[v} It consists of 1-dimensional weight spaces that are
annihilated by both eg and fol. Since eg always acts injectively, by (4.32), we search for vectors in this subspace that are
also annihilated by f03. Such vectors are then twisted highest-weight vectors. Computing with (4.32), the action of fO3 on

up,0,+ is found to be a multiple of ug .- that is quadratic in ¢. This multiple vanishes for

(5.5) t=tp=—1(L +2h)-1+% and t=1=1Qh+A)+1-L

The vector U 0,z is thus a twisted highest-weight vector, see Figure 4, and (5.2) gives its sI3-weight as
(5.6) (1-X)w + (% -2 - Al)wz and (/11 +3 - %)wl + Ao,

for i = 1 and 2, respectively. We remark that t)lL - t/zl = 5 # 0 mod Z, so these twisted highest-weight vectors belong to
distinct semirelaxed modules.

Examining Figure 4, we see that ug,i generates a twisted highest-weight module that is obtained from an untwisted
one by applying wiw,. The highest weights of these untwisted highest-weight modules are thus obtained by applying
wow to the weights (5.6). Lifting to ﬁg\Ig-weights, the resulting highest weights are
(57) A}1 = (% —2—/12)(1)0+ (% —2—/11)(1)1 + (% —2—10)&)2 =Wwj - (/1— %a)l)
and  A] = diwp + bt + (Ao - §)or = V(1) - §on,
respectively, confirming that these highest weights lie in Adm,». By Theorem 2.6, the corresponding highest-weight

modules are irreducible and, hence, so are the submodules Wlwz(z A ) of gl,[tj pi= 1,2.
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FiGURE 4. The top space vector U 0.zt generating a ww;-twisted highest-weight submodule (blue) of

gl,ltjl’ forA e P;_3, i=1,2and ti given by (5.5). Also shown is the vector U041 -1 whose image in the
quotient generates a wi-twisted highest-weight submodule (green).

We have therefore found an irreducible twisted highest-weight submodule WIWZ(Z R )= WIWZ(Zv( N -uawy/2) Of ’S\/L[ e
hence of R L1041 Its top space is thus an irreducible twisted highest-weight submodule of the coherent family C,. By
Lemma 2.21, the maximal multiplicity of this submodule is A; + 1, matching that of C,. It follows that the latter is an
irreducible coherent family. Moreover, the highest weights Aﬁ = V(A) — Sw with different 1 € P;‘3 lie in different

equivalence classes (2.28), hence the C, are distinct. This proves the first part of the following completeness result.

Theorem 5.1. Letu € {3,5,7,...}. Then:

e Everyirreducible fully relaxed A, (u, 2)-module with finite multiplicities is isomorphic to one of the fTQA,[ wv] With A € P;_3
and [u], [v] € C/Z.

e Every irreducible semirelaxed A;(u,2)-module with finite multiplicities is isomorphic to a Dg-twist of one of the ’S\,L[‘,]
with A € PY™3 and [v] € C/Z.

For the second part, we need only recall that every irreducible semirelaxed A, (u, 2)-module (with finite multiplicities) may
be realised as a submodule of a reducible fully relaxed A;(u, 2)-module (with finite multiplicities) [57, §4.2]. (This is a
peculiarity of the case v = 2; when v > 2, there are many more irreducible semirelaxed A, (u, v)-modules than irreducible
fully relaxed A;(u, 2)-modules.)

We finish by noting that it is possible to prove Theorem 5.1 without recourse to the independent classification results
of [56,57]. But, we shall not do so here, referring only to [4, §3.3] for an illustration of the method.

5.2. Fully relaxed A, (u,2)-modules. We next turn to the modular properties of the characters of the fully relaxed modules
f/]\{“ uv] and their spectral flows (which are not lower bounded in general). It turns out that the spectral flow action on
the R Al v] €an be expressed in terms of spectral flow actions on the component BP(u, 2)-, G- and II-modules using the
inverse quantum hamiltonian reduction embedding of Theorem 4.6. Indeed, comparing Equations (2.20), (3.5b), (4.6)
and (4.23) with the explicit embedding formulae in (4.32), we conclude that

(58) a_\g — o_évl?sg) ® O_éazg) ® 6;(0!1:9)“/3+<0(3:g>d/2’ g e P\/.
Proposition 3.10 and Equation (4.24) now imply the following identification.
Lemma 5.2. Foru € {3,5,7,...}, g€ PY, A € P4 and [y], [v] € C/Z,
=g (D ~ (a2.9) (a3.9)
(59) Cfg (R/L[‘u’v]) = J'Cv(a2,g> ) ® W[IJ] ® H[v+(a1,g)u/6] .

The characters of the o7 (5%,1,[,,,1,]) are therefore just the products of the characters of the corresponding BP(u,?2)-,
G- and IT-modules, appropriately specialised according to the inverse reduction embedding (4.32). Unfortunately, these
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characters are known [57, Cor. 5.2] to be linearly dependent, unless u = 3, and so cannot be used to deduce modularity
properties. But, inverse reduction provides us with natural generalised characters since the two independent Cartan
elements h(l), hg € sl are subsumed into the 4-dimensional space spanned by Jy, :By:0, ap and dy. We therefore define
generalised A, (u, 2)-characters for the o9 (5\1,1,[ u,v]) as follows:

(5.10) Ch[b\'g(ﬁi/l,[,u,v])](Z,y,Zade;q) 50 (R ) 2 zh ﬁ”z“"zd“q]“‘)” +Ty'

= ch[Hywa 1] (z:9) ch[WEZi’w] (v;a) ch[HEii?Z”wu/ﬂ] (za» 243 9).
(We use the same notation as for the usual characters for convenience, trusting that this will cause no confusion.)
The linear independence of these generalised characters follows immediately from that of the BP(u,2)-, G- and II-
characters. We deduce the modular S-transforms using Theorem 3.14 and Propositions 4.2 and 4.5. As usual, we restrict
to real parameters.

Theorem 5.3. Given u € {3,5,7,...}, the modular S-transforms of the generalised characters of the 59(5\3,1,[ wv])» With
gePY, e P;‘S and [u], [v] € R/Z, are given, up to an omitted automorphy factor, by

(5.11a) ch[G(Rapun))] (5,8, e, &, 1)

=2, 2 / / g(g,l,u,V),(g’,l',u/,v/)Ch[agl(ﬁiw,[y',w])](évse,éva,gd;f)d[u']d[v'],
Jer yeps JRIZIRZ

SBP

(5.11b) S (@A st ) = Setera) () 32 (1) S (ag)) (g i) S Cangh v g uf6) (ang’ b+ Yul6)-

Proof. This follows by substituting (5.10) and the known modular S-transforms

ch [:HV“Q g>(/1)] Z SB(dz 9 (AN ch [j{/l’] (év’ T)’
epy-3
(5.12) ch[ Wi ) (1) = 2/ SCasgran ey DWh 1(037) A,
ez YR/Z

(as9) o lu. 1) _ : Al
ch [T, gl (5 55 —7) = ZZ /R/Z S asgrvs tangyuf),me.wry BT | (G as ) dIA],
m'e

ignoring automorphy factors as usual. Defining g’ = (m’ — £')g' + £’g> € PV, so that £ = (a2, ¢’) and m’ = (a3, ¢’), and
then replacing A’ by V{29 (1) and v/ by v/ + (a1, g')g» we arrive at the desired result. [ ]

The fully relaxed A, (u,2) S-matrix thus factorises into a Bershadsky—Polyakov S-matrix and free-field ones, in line
with the inverse reduction realisation of (4.34). However, this realisation depends upon the embedding (4.32) and so is in
no way canonical nor even unique. It is thus unsurprising that the result is a little complicated. We therefore introduce a

more natural parametrisation that substitutes the free-field data y and v for an slz3-weight:

(5.13) y=y(pv)=(at+tp+tga+(v-glaeh.

When employing this natural parametrisation, we shall write ﬁi“y] instead of JAQM uv]- Note that the sl3-weight y is a
representative of the coset in §*/Q of the weights of ih,[,w], by (5.2). Defining y’ similarly, the fully relaxed S-matrix
now simplifies dramatically.

Corollary 5.4. Given u € {3,5,7,...}, the modular S-transforms of the generalised characters of the o9 (5\%,1,[),]), with
gePY, e P;‘3 and [y] € by /Q, are given, up to an omitted automorphy factor, by

(5.14a)  ch[9(Ryp](5 8 e &1y = S 3 / Stgannigy [ Ry D](8.60. 8o Cas ) Iy,
g €PV repu-3 Jhg/Q

(5.14b) Stang i) = C_Z”i«g’g’>“/2+<Y’9,>+<g’yl>)Sii,,

where Dy, denotes the real span of the simple roots ay and as.
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Proof. Simplify the BP(u,2) S-matrix in (5.11b) using Corollary 3.15 twice and substitute (4.12) and (4.30b) for the G
and IT S-matrices. Replacing y + v by {y,¢*) — j1 and then v by (y,g') + ¥, as per (5.13) (and similarly for their primed

variants), everything now is just arithmetic. [ ]

We remark that setting u = 3 in this simplification, hence A = A’ = 0, recovers the result deduced in [57, Thm. 5.4] using

different methods. Our generalisation to u > 3 is new.

5.3. Semirelaxed A;(u,2)-modules. As in the fully relaxed case, inverse reduction constructs a natural family of semire-
laxed A;(u,2)-modules ISN,L[V], given in (4.34), that includes every irreducible semirelaxed A;(u, 2)-module, if one also
allows for twisting by elements of Dg. We may thus define generalised characters for them, in exactly the same manner as
for their fully relaxed cousins.

In principle, we already have everything we need to determine the modular S-transforms of the generalised characters
G

({a2,9).p), ({e2.9" )o1')
given in Proposition 4.2. However, this approach does not capitalise on the simplicity found with the

of the g,uv]: we simply replace the relaxed ghost S-matrix S in (5.11b) by the vacuum ghost S-matrix

S(G<az,g>,-),(<az,g’>,u’)
reparametrisation (5.13). Following [26], we therefore describe a different route to the semirelaxed modular S-transforms,
that of (co)resolving the semirelaxed modules in terms of fully relaxed ones. This route will also be used to deduce the
modularity of the highest-weight A, (u,2)-modules in Section 5.4. In this case, we have no alternative as these modules
cannot be directly constructed using inverse reduction, only as degenerations of direct constructions.

To construct (co)resolutions for the g,uv 1 we first identify the direct summand M appearing in the decomposition (5.4)
of the reducible fully relaxed modules R A[0,v]- Recall that R A[0,v] 1s almost irreducible (Theorem 4.7). It follows from
Proposition 4.8 that M is too, hence that it is completely determined by its top space [28]. But, the top space of 5\1,1,[0,‘,]
has constant multiplicities, so those of the top spaces of /S\Mv] and M are complementary.

Write the weights of the top space of M as linear combinations of ap and a3, as per (5.2). Referring to the discussion about
ISN,L[V] in Section 5.1, this complementarity means that the coefficients of a; have a minimal value, namely j; + % - +1,
while those of a3 are unbounded above and below. It follows that the multiplicities are constant in the a3 direction and
increase linearly in the a;-direction from 1, when the coefficient of «, is minimal, until they saturate at A, + 1. Applying
d, we conclude that the top space of d(JT/[) is that of an untwisted semirelaxed A, (u, 2)-module. By Theorem 5.1, we thus
have M = d(g,y![vr]), for some A’ € P;‘S and [V'] € C/Z.

Remark 5.5. Technically, we should here assume here that M is irreducible in order to apply Theorem 5.1. While this will
be the case for almost all [v] € C/Z, it is relatively harmless to continue the analysis even when M is reducible because
M will still have the same generalised character as d(’S\Ar,[V/ 1), even when they are not strictly isomorphic. As our focus is
the generalised characters and their modular S-transforms, we will continue to apply Theorem 5.1 even in the reducible

case without further comment.

Since the top spaces of g,l,[v] and M have the same multiplicity saturation bound, it follows that A} = 5. To determine
A} and [v'], we apply d to the weights of the top space of M with minimal ap-coefficient and set the result equal to
(v + '5‘)0:2 + (¢ - %)0@, for some t” € [v']. This gives ji = —ji — 5 + A2+ 1, hence A| = A, and [V'] = [v+ j, + ¢]. We

therefore conclude that

(5.15) M = d(ng(A),[v+jA+u/6])«

One can also check that the conformal weight of the top space of ng( A),[v+ja+u/6] Matches that of gl,[v]’ by (5.2).

To convert this into a (co)resolution, it is unfortunately not enough to identify M as a Dg-twist of some semirelaxed
module. We need to instead realise it as a spectral flow of a semirelaxed module. Happily, [57, Prop. 4.8] determines
a complete set of instances in which the spectral flow of a lower-bounded irreducible A;(u, 2)-module remains lower
bounded. Taking into account a difference in conventions (their semirelaxed modules are obtained from ours by twisting

by wyd), the only (nontrivial) lower-bounded spectral flow of M is obtained by acting with 593, where we recall that
g =9'-g=3(h" -1
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Lemma 5.6. Givenu € {3,5,7,...}, A € P;_3 and [v] € C/Z, we have d(/S\,L[V]) =59 (gd(/l),[V+j,1])~

Proof. Because i (’8\,1/’[‘,/]) is a d-twisted semirelaxed A;(u, 2)-module [57, Prop. 4.8], we can identify A’ € P;‘3 and
[v'] € €/Z by evaluating the effect of spectral flow on the weights in the top space of g,y,[v/] with maximal a-coefficient
and comparing with those in the top space of d(g,uvj) with minimal a;-coefficient. Using (2.22), the weight vectors
corresponding to the former have sl3-weights (j- — %)az + t’ a3 and conformal weight AE,P + %‘ — jy, where t’ € [V']. The
corresponding data for the latter is (j + %)al +(t— %)0@ and AEP + % respectively. Equating these weights and conformal

weights using Proposition 3.8 fixes A’ and [v’] uniquely. [ ]

Modulo the proviso of Remark 5.5, this finally leads us to the identification
(5.16) M =57 (Sy(a[v-u/6])-
We now summarise the structure of I’J\Q/L[o,v] not as a direct sum decomposition, but as a short exact sequence:
(5.17) 0 — 8] — Rafou] — 7 (Sviav-ufs) — 0.

Since spectral flow functors are exact, we get another short exact sequence by replacing A by V(1), v by v — ¢ and applying
57 Splicing the two sequences gives a four-term exact sequence and repeating this results in an infinite coresolution for
’8\,1,[1,] in terms of spectral flows of fully relaxed modules:

—~ —~ 5~ a3~
(5.18) 0 — Sap) — Rajon] — 7 (Rvyfov-ujs) — 07 (Ry2(ay.10,v-2006]) — =+ -
The Euler—Poincaré principle now implies the following identity of generalised characters:
—~0/0 — 3 =
(5.19) ch[37(8o1v1)] = D (=1)" ch[39" (Ryn (), [0,v-nus6])]-
n>0
From this, we obtain the semirelaxed S-matrix elements
(5.20) S?Zfr)lkl,v),(g/,l’,p’,v’) = Z;)(_l)ns(g+ng3,V"()L),O,vfnu/6),(g’,)k’,/,l',v')'
nz
If we substitute the fully relaxed S-matrix given in Theorem 5.3 and sum the resulting geometric series in n, then the result
is precisely Theorem 5.3 but with the ghost S-matrix replaced by its vacuum counterpart (4.13) (as expected).
However, the result of this computation will be significantly nicer if we use the fully relaxed S-matrix of Corollary 5.4.

For this, we reparametrise v in terms of y = y(A,0,v) as in (5.13). We emphasise that [y] € §*/Q is not arbitrary when
parametrising a semirelaxed module. In particular, inspecting (5.2) shows that the parameters of g/h[y | must satisfy

(5.21) (y.g") ==jr— ¢ mod Z.

With this in mind, we shall in what follows frequently write 3,1,[” instead of g,L[V], trusting that context will distinguish
[y] € b*/Q from [v] € C/Z. Recalling that w3 = (¢g°, —) and noting that

(5.22) y(V*(A),0,v = %) =y(4,0,v) - Zrw3 mod Q,
the short exact sequence (5.17) and coresolution (5.18) for '8\,13[),] translate into

- _ .
(5.23) 0— 8upy1 — Ryl — 07 (v ly-uas/2) — 0,
) R ~ L by
0— 811 — Ray] — 7 (R, [y-uws/2]) — 52 (Ry2 (). [y=20m3/2]) — >

while the semirelaxed Euler—Poincaré sum of generalised characters becomes

(5.24) ch[39Eaiy1)] = D(=1)"ch[39*" (Ryn () 1y -nueos 21 ]

n>0
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Proposition 5.7. For u € {3,5,7,...}, the modular S-transforms of the generalised characters of the &9 (:S\,L[y]), with
gePY, Ae P;’3 and [y] € by /Q satisfying (5.21), are given, up to an omitted automorphy factor, by

(5252)  ch[F(Sy)] (5. L -1 = 3

oo "ePY yrep %'/b* /Q S?egﬁl,y),(g/,A’,y’)Ch[Eg Rty D](8.0. 2o G 7) dly'],
g repu-3 Jbg

—~ . §( A ’ A
semi _ gAy), (g A.y')
(5.25b) SN A = T amitly o o)

Proof. According to (5.24), the semirelaxed S-matrix is given by

(526) S?Zfr/lll,y),(g’,/l',y’) = ZO(— 1 )ns(g+ng3,V" (A),y—nuw3/2),(g’,/1',y/) .
nz

Substituting (5.14b) and using Corollary 3.15, we factor out the dependence on n to get

(527 S gty = Saap(g g D (—1)"e 2 e 2minti —ul3),
n>0

Replacing this geometric series by its sum, we are done. [ ]

We remark that the manipulation with the geometric sum is strictly speaking unjustified because we are summing the
series at its radius of convergence. One can however think of this sum as a convenient shorthand for the infinite series.
More interestingly, we mention that with this shorthand, the semirelaxed S-matrix elements exhibit a pole precisely when
Y’ satisfies the condition (5.21), meaning that 3\2,1/,[),/] is reducible. This seems to be a standard feature of modularity in
nonsemisimple categories, see [70].

As promised, this coresolution method can be easily adapted to compute the modular S-transform of the other classes
of semirelaxed highest-weight A, (u, 2)-modules. As d-twists are realised as spectral flows (Lemma 5.6), we give the result
for Weyl twists. This requires an easy lemma, itself a consequence of the fact [60] that the character of a coherent family

is invariant under the action of the Weyl group.

Lemma 5.8 ([57, Prop. 4.6]). Foru € {3,5,7,...}, w € S3, A € P;_3 and [y] € b*/Q, we have

(5.28) w(Rnfy1) = Rafwiy))-

As with Remark 5.5, this lemma holds strictly when 3\%,1,[),] is irreducible and is otherwise true at the level of generalised

characters.

Theorem 5.9. For u € {3,5,7,...}, the modular S-transforms of the generalised characters of the 3gW(§/L[v]), with
gePY,weS;3 e P;_3 and [y] € hy/Q satisfying (5.21), are given, up to an omitted automorphy factor, by

(5.29a) ch [ng(’S\“y])] (%, g, %, %; —%) = ZP Z . [f Q ’S\i:t‘/lli,’)\/l;,(g’,ﬁ',y’) ch [ag' (j%/l',[y’])] (§, 0, ga; gb? T) d[)/],
g'€PY 1 ePy=3 YR

Csemiw _ S@awimg )
(@A AY) T | 4 e=—2mi((w(gh).y ) +ia—u/3)

(5.29b)

Proof. Start by applying the exact functor w to the coresolution (5.23). Using (2.21) and Lemma 5.8, we get

— ~ 3~ ()
(5.30) 0— w(i1y1) — Ratwin) — 87 Ry, wiy)-wion/2) — 5 Rez ) wi)-20m(@s)/21) — =
The corresponding Euler—Poincaré sum thus takes the form

~ o n ~g+nw(g3) /D
(531) ch[GIw(Sapy))] = 23 (=D)" ch[37 ™) (Ryn(a).fw(y) -nuw () /2]) ]

n>0

and its evaluation proceeds in exactly the same fashion as in the proof of Proposition 5.7. [ |



MODULARITY OF ADMISSIBLE-LEVEL sl3 MINIMAL MODELS WITH DENOMINATOR 2 35

5.4. Highest-weight A, (u, 2)-modules. Recall that the semirelaxed A;(u, 2)-modules :S\,L[V] degenerate when [v] = [t/"l],
i=1,2,see (5.5). More precisely, gx,[t;] is reducible with an irreducible submodule isomorphic to Wlwz(z A;), i=12,
see (5.7). With respect to the sI3-weight parametrisation (5.13), we have :S\/L[ti] = gMYi]’ where [y/"l] € h*/Q is given by
. . [(3jr + 5)w2] ifi=1,
(5.32) vl = [y(A,0,£)] = )
[(Bjr+ %)a)g - %0{3] ifi =2.
Consider now the quotient module

(5.33) N; :’s},w /wlwz(ZA;), AePy =12

Since wlwz(z AL ) is generated by the wiw,-twisted highest-weight vector U,o,ti> it follows that the image of U 0,41 -1 isa
wi-twisted highest-weight vector in the quotient, see Figure 4. Using Theorem 2.6, this vector generates an irreducible
submodule of N;. By computing its weight, we find that this submodule is isomorphic to w; (Z A ) and w; (Z AL )fori=1
and 2, respectively.

A natural question is whether these are all the submodules of Nl and 5\}2. The answer is yes because the /S\/L[yg | are
almost irreducible and the highest weights lie (after untwisting) in Adm,». Theorem 2.23 therefore applies, proving that

the quotient 5\\& is irreducible. Consequently, we have the following (nonsplit) short exact sequences:

(5.34) 0—> W]WQ(ZAQ) . 's},[m — w (ZAi“') —0, i=12.

Note that since the functor w3 is invertible, applying it to these exact sequences results in two more such sequences, namely
(5.35) 0— W1(LA;) — W3(S/L[yj]) — W]WQ(LAE\—i) — 0, i=1,2.

A consequence is the following character identity:

(5.36) ch[ws(8; i) =ch[8 sny]. i=1.2.

Remark 5.10. In fact, it can be shown that for i = 1,2, w3 (’S\A’[yi—i]) is the contragredient dual of ’S\A,[yg]’ twisted by the
involution of ;I3 defined by

(5.37) xt" - xTt™™ and K — K, x €sly, meZ,

where T is the usual transposition of matrices. We will not need this fact for what follows.

To convert these exact sequences into coresolutions, we again realise the quotients as spectral flows. For this, some
special cases of [57, Prop. 4.8 and Fig. 4] will be needed.

Lemma 5.11. Foru € {3,5,7,...} and A € P;_S, we have the following identifications of spectral flows and Ss-twists of
irreducible highest-weight A, (u, 2)-modules:

~ag2 -~ ~—h2 " -
3 —~ —~ o g (LAi) = LA_U(A)()/Z’ o h (LAEX) = W2(LA3)5
(5.38) o? Wl(LAll) = Wz(LAI N 3 - - JREReT e
M 07 (Lp2) = Ly-1)—uoy . 07 (Lp2) = wiwa(Ly2).

It moreover follows from the middle column of identifications that if one has coresolutions for the irreducibles of highest
weights A}1 =w - (4 - Jwp) and Ai = V(1) — w2, then applying spectral flow results in coresolutions for all the
irreducibles with highest weights in Adm, .

We now start deriving a coresolution for c A First, apply wow; = wiws to the i = 2 short exact sequence in (5.34) and
use Lemma 5.11 to get
(5.39) 0— Ly — wiws(8,,2) — 393W1(EAIM) — 0.

Meanwhile, applying this lemma to the i = 1 sequence in (5.35) gives

(5.40) 0 — wi(Ly1) — w3 (8, 1) — af’ﬁ(ZAﬁ) — 0.



36 JFASQUEL, C RAYMOND AND D RIDOUT

By appropriately replacing A by its V-permutations and applying spectral flow functors, we can splice these short exact

sequences together and arrive at the desired coresolution:

~ —~ P s —~
541 0— LAZA — W1W3(S/L[Y/21]) — 07 W3(8V(A)’[ ) — G Y W1W3(SV(A)’

Yé(;t)] [Yé(l)])

P 0g? ~ a2 -~
— 59 WS(SVZ(A)![yl ]) — Y WlWS(SVZ()\),[

vZ(4) ])

2
Y2

Theorem 5.12. Foru € {3,5,7,...}, the modular S-transforms of the generalised characters of the Eg(ZAzA), with g € PY
and A € P;‘S, are given, up to an omitted automorphy factor, by
(542a)  ch[69(L,)] (5,8 % 8 ) = > 2 s o eh[d (Rany D](E 6. Lo G 7) ATV,
2 . o Je (9:A3).(g"y")
g €PY repu-3 YOR/Q

Shw S (g Ay (g Ay

5.42b = .
( ) (g,Ai),(g',/l’,y’) (1 + e2n’i(<g1,y'>—j;{/+u/3))(1 + eZni((gz,y’)+j;U—u/3))(l +e—27ri(<g3,y’>+jw—u/3))

Proof. This is proven similarly to Proposition 5.7, so we provide only a sketch. The coresolution (5.41) and the character
identity (5.36) imply that

(5.43) §hw Z gsemi,wl _ gsemi

(@A) (g 2y") | T (g=2ng VAt (rgm 3y DG Ay) T (9497 =2ng2 VT Ay )

1@ Ay |
We simplify this using Theorem 5.9, then Corollaries 3.15 and 5.4, and substituting (5.32). Several terms cancel resulting
in the same n-dependence in both S-matrices in the sum. These n-dependent terms give a factor of

1

5.44
( ) 1-— eZﬂi(Z(gZ,y')+2jA/—2u/3)

while putting the remaining parts of the S-matrices over a common denominator gives a numerator equal to
_ o27i{g%y Y +iv —u/3)\g
(545) (1 € )S(gﬂ,y;)s(g’xl',)/')'

Simplifying, we arrive at (5.42b). ]

One can now use Lemma 5.11 to write down S-transforms for the generalised characters of the highest-weight irre-
ducibles EA_uwo/z and Z/l—uwl/Z’ A€ P;’3, and their spectral flows. Those of the ZAl\ = Zwl»(/\—uwl/z) also follow by
applying wow to the i = 1 sequence in (5.34), obtaining

(5.46) 0— Ly — wiws(8, 1) — 57 (Ly2) — 0.

This gives a complete set of S-transforms for the generalised characters of the irreducible highest-weight A; (u, 2)-modules
and their spectral flows. Moreover, one can use Lemma 5.8 to extend this to include their Dg-twists (this is left as an

exercise). Here, we conclude by specialising to the S-transform of the vacuum generalised character.

Corollary 5.13. Foru € {3,5,7,...}, the modular S-transform of the generalised character of the vacuum A;(u, 2)-module

- ~ . .
Ly, 209 (L 2 ) is given, up to an omitted automorphy factor, by
u 0

=3)w,

(5:472) ch[Luo | (5 452, 5 -1) = > s gy [ @Ry D] (6.8 G 7) Ay,

g'ePY pepu3 /bii/Q
—2mi(jr—u/3)gBP
e SQ)’A,

chw _
(547b) S =

21+ cos(2r(gh ) - jur + ) + cos2r((gh v} + i = $)) + cos@r((gh, v} + i — 9))

Restricting to u = 3 and A’ = 0 now reproduces [57, Cor. 5.10]. Note that the residual exponential factor in the numerator

BP
S@,A/?

energy-momentum tensor in (3.1) and the resulting unequal conformal weights for G* and G~.

of (5.47b) cancels a similar factor in see Theorem 3.14. This “asymmetry” may be traced back to our choice of
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5.5. Grothendieck fusion rules. Having computed the S-transforms of the generalised characters of all the irreducible
relaxed highest-weight A, (u, 2)-modules and their spectral flows, our final task is to substitute these results into the
standard Verlinde formula of [24,70]. Conjecturally, this will compute the Grothendieck fusion coefficients of A;(u,2).

This conjecture encompasses several claims that we shall leave unsubstantiated including:

e The category of finitely generated weight A, (u, 2)-modules with finite multiplicities is closed under fusion.
o Fusing with an arbitrary fixed weight A; (u, 2)-module defines an exact functor on this category.
e The product ® on the Grothendieck group, induced by the fusion product, has multiplicities given by the standard

Verlinde formula.

We will implicitly assume that this conjecture holds in what follows. Despite this reliance on conjecture, it is striking that
our computations below always result in Grothendieck fusion rules in which the multiplicities are nonnegative integers.
We view this as a strong consistency check on our work (as well as evidence for the conjecture’s truth).

We remark that the standard Verlinde formula for the (conjectural) Grothendieck fusion coefficients is computed from
the modular S-transforms of the generalised characters of the A;(u, 2)-modules. Identifying the results with the structure
constants of the Grothendieck fusion ring, rather than some quotient, is only possible because the generalised characters
of the irreducible A;(u, 2)-modules are linearly independent.

The key to the standard module formalism of [24, 70] is the identification of so-called standard modules. Their
(generalised) characters carry an action of the modular group and form a topological basis for the space of all (generalised)
characters of the category under consideration. In our study, the standard modules are the spectral flows of the fully relaxed
modules &9 (i/]\h,[y]), with g € PY, 1 € P;‘3 and [y] € hg/Q. (Technically, we should also admit the De-twists of the
reducible fully relaxed modules, but this is not important at the level of generalised characters.) That they carry an action
of the modular group is essentially Theorem 5.3 (the T-transforms are trivial to compute) and their status as a topological
basis is the content of coresolutions like (5.30) and (5.41) as well as the short exact sequence (5.46).

Let [Jﬁ] denote the image of the A, (u, 2)-module M in the Grothendieck group. The Grothendieck fusion rule for two
arbitrary standard modules then takes the form
(5.482) [ @l = [ Ryl = > 3 / NGO 18 Ry ]y

9" ePY yrepu-3 Jhr/Q

Here, the Grothendieck fusion coefficients are (conjecturally) given by the standard Verlinde formula:

(@A (GAT) S (g (GAT) S

[(w2) (672" _ gAY (GAD) (g Xy ). (GAD) 2 (g ),y), (GAT)

(5.48b) Niganngay) = ZV / Q Shw dry.
GeP AEP;‘3 b]R/ (2),(G,AT)

This generalises in the obvious way to accommodate semirelaxed and highest-weight A;(u, 2)-modules. One simply
replaces 5\%/1,[” and f/fh/,[y»] on the left-hand side of (5.48a) by the desired modules and the corresponding S-matrices
in (5.48b) by their semirelaxed and highest-weight variants. (The fully relaxed modules on the right-hand side are not
replaced, hence the conjugated and vacuum S-matrix elements remain unmodified.)

These Grothendieck fusion coefficients behave well under the action of the automorphisms of A, (u, 2).

Lemma 5.14. Foru € {3,5,7,...}, 9.¢'.,9" € PY, L X, 1" € P;‘3, lvLIYL [y e I)]E/Q and w € Ss, the Grothendieck
fusion coefficients defined by (5.48) satisfy the following identities:

N(u,Z) (w(g”), A" w(y"”)) — N(w2) (g"A"y")
(w(g).Aw(y)).(w(g)Aw(y)) (gAY). (g Ay')’
(5.49) N(u,Z) (d(g”),d(A").d(y")) _ nNyw2) (g7 A"y")

(d(9).d(4).d(y)).(d(g").d(A).d(y)) ~ " (gAy). (9. Ay')

~(42) (¢ =g gy < (42) (¢ Ay
]N(OJ,Y),(OJ’,Y’) - N(g,/hy),(g’sl’,y’)'

Proof. Because w is orthogonal, the first identity follows immediately from the Ss-invariance of the fully relaxed S-matrix
(5.14b). The second uses the orthogonality of d, but also the second identity of Corollary 3.17. The third is likewise an
easy consequence of the explicit form (5.14b). [ |
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Let M and M’ be weight A (u,2)-modules with finite multiplicities. Then, the first two identities above say that if we
know the Grothendieck fusion of M and M, then we know that of Q(JV[) and Q(JT/[’) for any Q € Dg: just apply Q to
each summand. We may therefore reduce the general calculations to those for which only one of M and M’ is Dg-twisted.
Similarly, the third identity gives us the Grothendieck fusion of 39(3\7[) and o9’ (JV[’) for any ¢g,¢' € PY, assuming that we
know it for M and M’. We may thus assume that both modules are untwisted by spectral flow.

This lemma will be used to simplify all the Grothendieck fusion rules presented below.

Theorem 5.15. Foru € {3,5,7,...}, LA € P;_S and [y], [y’] € bg/Q, the Grothendieck fusion rules for fully relaxed
A (u,2)-modules take the form

(5.50) [Rap] & [Reegi] = 35 N (2[Remsy gy

A7epus3
~al = —~2 = —~ 3=
+[077 (R fyysuen 2] + 677 (R, tysy vuana) | + [377 (Rva) [y +uws21) ]

+ 3 Reniysr-uon2)] + (67 Rovtyay-aonon)] + (67 R tyay-aona)] )

— (U,2) (g’/,A/,,Y,/)
Proof. We first compute ]N(O,/Ly),(O,A’,y’) ,

(5.14b) and (5.47b) into the standard Verlinde formula (5.48b). The sum over PV then evaluates to the Dirac delta function

(5.51) S(Y'1-Ty+v - 50").

where o’ = (g”’,—) is the image of g’ € P¥ in P. Because of the form of the vacuum S-matrix coefficient

forg” e PV, 1" € P;‘3 and [y”] € by /Q, by inserting the S-matrix coefficients

'S‘hw
(2).(g" ')’
what remains is a sum over A € P;‘3 and integral over [I'] € by /Q of seven terms, each of the form
BPGBP (GBP «
(5.52) e27ita” 1) SMS”’A(:: )
SoA

for some n € {—1,0,1} and § € {0,+¢" : i = 1,2,3}. (Here, we have also used Corollary 3.15 to introduce the V" in the

conjugated S-matrix coefficient.) The sum over A now gives ]NEE,VH(A”), by Theorem 3.16, whereas the integral over I'
results in &y~ 5. The Grothendieck fusion rule is then obtained by substituting this evaluation of Nggi)y()g (()A)Zi)) into (5.48a)
(withg=¢" =0). [

We can bring out the symmetry of the fully relaxed Grothendieck fusion rules by arranging the summands according to

the coweights in their spectral flows:

[892 (ﬁl”,[yﬂ/’ —uwy /2] )]

(677 (R () [y +uns2) ] [69' (R (), 4y =uen/21)|
553 Rl e Rl = ) 3]1\153’3,’1" 2[Ry-1 ) tyap1]
A7 epu-? - -
1679 R fyeyrvuen 2] 167 (R yoy —unss2))]

—~2
(679 (Ry (). [y sy +ucn/2)) ]

This symmetry was previously observed for u = 3 in [57]. We note that in this case, A = I’ = A”” = 0 and so the
V-dependence and Bershadsky—Polyakov fusion coefficients were not apparent.

One can similarly use the standard Verlinde formula (5.48) to compute the Grothendieck fusion rules involving
semirelaxed and highest-weight A, (u,2)-modules. However, it is usually more convenient to combine the fully relaxed
rules (the standard ones) with expressions for the semirelaxed and highest-weight generalised characters as (infinite) linear
combinations of fully relaxed ones. To this end, the short exact sequences and coresolutions (5.23), (5.30), (5.34), (5.41)
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and (5.46) imply the following identities in the Grothendieck group:
—~ —~ 3 .
[Rain] = [82m1] + [ Svty-vor)]  (when(y,g®) ==ja— ¢ mod 2),
[Supyin] = [wiwaZa) ] + [wiZps0]  G=1,2),

[ZA;] = [Wl(g/l»[}’i])] - [6:93 (Zl—uwo/z)],

(5.54)
N PR
[wSriy] = ZE)(—U"[U"W(" N Ry (), fw () —nuw () /2]) ] (w €S3),
n=
[Z3-ues2] = Z([Ei(znmgzwl(gvnu),[yhnuwz])] - [5937(2n+1)92(§vn+1(A),[y§+(n+1)um2])])-

n>0
Combining these identities with Lemma 5.14 and Theorem 5.15, we can deduce all remaining Grothendieck fusion

rules. A selection of these are recorded below.

Corollary 5.16. For u € {3,5,7,...}, LA € P;_3, [y].[y'] € bg/Q and w € S3, we have the following Grothendieck
Sfusion rules of weight A, (u, 2)-modules:

6550 (Wil @ [Repeil = 3 N ([Resgmpwirert] + 57 Regutysy o )]

Aepu3
-~ 2\ o~ 3y =
+ [0 R fw(pyey -wion )] + [ )(ﬁv<A”>,[w<y)+y'+uw<w3>/21)])’

(5.55b) Brunl @ Brpal = 2 N7 Gntyryronon)]

” u-3
A’ ePy

—~ S —~3 =
+ [07 (Sar [yry—umnse)) ] + [679 (:RV()L”),[)/+y’+uw3/2])]),

(5550 (Wi ® [Srpp] = > JNE‘E,”'([ﬁv-w),[w,(y)W]]+[392(93»/,[%(y>+y/_uw2/21)]),

Aepy3
(5550)  [Lawee2] B [Rayy] = ANEZPH NV [Rar (33001
(5.55¢)  [Lacuwes2] ® Wi fy))] = ,wg‘;-s NV (WS 350000y D]
(5.550)  [Lacuwos2] B [Lar-uona] = AZP NSO [ v 2,
6550 [Bnlalfyl= T NI [Ey]
(5.55h) [C] & [Rar ] = MZPH NEEY ([ﬁv—l ), Bty +uen 21

= o~
+ [09 (Rv (), 3j000+y —uwns2) | + [09 (93/1”,[3jw2+y'—ua2/2])]),

(5551) [ZA;] X [/S\/V,[Y/]] = Z NE,E’AN([/S\V‘l(A"),[3j1w2+y'+ua)3/2]] + [Egz(5\%/1’/,[3j,1w2+y’—ua2/2])])s
Aepy3

(5.559) [Za] & [wiGrpp] = X NE,E?"([Eg Ry (), 30w (1) -uonr2))
Aepu3

~2 =
+ [09 w (3/1'/,[3j,1w2+y'—ua3/21)]),

(5.55k) CMEICWERDY NE,E’A”([ZV(A”)_UMO/Z]+[6291(2V_1(/1")—Uw0/2)]

/l”eP;’3
+ [5292 (ZA”—uwo/z)] +2 [3’13 U(ZAQM”) )] )

Here, we recall that v denotes the conjugation functor of Ay (u,2) (Section 2.3).
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Proof. We derive two of these rules, namely (5.55a) and (5.55k), to illustrate the methods used in general. For the first
example, expand [gl,ly J] as an infinite alternating series of relaxed modules as in (5.54). This gives

(5.56) [Siin] & [Ruy1] = 23(=D"[6" Ry (a) ly-nuans2)] B [Raviy].

n>0

Substituting the fully relaxed Grothendieck fusion rule (5.50) then introduces a sum over A" € P;’3 of Bershadsky—

BP A"
Vr(A),A

group of a standard module. We apply the first identity of Corollary 3.17 and then replace A’ throughout by V*(A””). This

Polyakov fusion coefficients N multiplied by a sum of seven terms, each of which is the image in the Grothendieck

allows us to write the Grothendieck fusion rule in the form

(5.57) Sap] & [Raeg] = 3 NE S-1"(2[6" Rewor sy -man )]

Arepy3 n>0
+ [T Rz ) [y g - Dyuons2)] + [0 (R fyay— st yuos 21)]
+ [E_g]+ng3(jiV"(/l”),[y+y’+uw1/2—nuw3/2j)] + [a_g2+ng3(j\zV"*'(A”),[y+y’+uw2/2—nuw3/2])]
+ [ @m0 sy o 2oy D)] + (379 Ren e,y -uos2-mions21) )

Noting that —g' + ng® = —¢*> + (n — 1)¢° and ¢ + ng> = g' + (n — 1)¢° (and similarly with g’ < «;), almost every term

cancels and we are left with

(5.58) [Saip] & [Ragpr] = ) NE,‘Z/”'([UAQV1<A~>,[y+y'1]+[3_91(ﬁa",[wwuw]/z])]

Arepu3
+ [ R tyay -wnon)] + [3_93(§V<A~>,[y+y'+uw3/2])])-
This generalises to the desired Grothendieck fusion rule (5.55a) using Lemmas 5.8 and 5.14:
(5.59) (w0 & [Rgyr1] =w (] @ [ @y ) = w([Snin] @ R 1)
We turn now to the second rule, utilising the third identity of (5.54) and substituting (5.55g) and (5.55j) to get
(5:60) (Bl [Eny ] =[] 8 [wiBy gz )] = [Eay] @ [# Bamven)]

BP A’ —al = —~2 - —3
= >, N3Y ([Ug (R (7). 324w (yﬁ,)—uwz/l]] + [ Wl(SA”,[3j1w2+yi,—ua3/2])] o Gl (LAIM)])

A7epu3
_ BPA [ [~g' (D ~ S B IeN
= 2_3 IN% ([09 (RV(A,,MM])] + [oY wl(sl,,,[h]”])] G (LA;N)] .
A ePy
Here, we have inserted (5.32) and recalled from the proof of Theorem 3.16 that ]NEZ,M =0 unless jj + jy = ja» mod Z.
The semirelaxed module thus degenerates as per the second identity of (5.54):
2 = 2 -~ —~2 ~2 - D2
(5.61) [07 w1 (81, D] = [07 wal L D] + [67 (L2 )] = [67wa(Lp1 )] + [0 (L uon2)]-

As (y3.9%) + ja + & =0, the fully relaxed module also degenerates. Since y; — w3 = yé( ;) mod Q, this gives

—~al '
(5.62) [ (va),[ygu,,)]]

—~q' o s (3
=67 Svanuz o * 8 Goranan, 1)
— n = z o c G 1 £
= [oglwlwz(LAé(m)] + [UngI(LAlvw))] * [UhIWIWZ(LAlv-Iw'))] ¥ [Gh Wl(LAé_l“N))]

= [zl//—uwo/z] + [ang'(ZA'vw)

—_3 D0
)]+ 167 (L, )]+ [6% (Lot -uan2) ]
where we have used Lemma 5.11 in the final step. Putting this calculation together, the third term of the previous equation
cancels against the last of (5.60) and we notice that the second term is equal to the first of (5.61), again by Lemma 5.11.
We leave as a fun exercise the fact that the latter terms are also equal to [3”30(2 Al )] This “symmetrisation” of the

result completes the proof of (5.55k). [ |
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