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LOGARITHMIC LINK INVARIANTS OF U;{(ﬁlg) AND
ASYMPTOTIC DIMENSIONS OF SINGLET VERTEX ALGEBRAS

THOMAS CREUTZIG, ANTUN MILAS AND MATT RUPERT

—H
ABSTRACT. We study relationships between the restricted unrolled quantum group U, (slz)

at 2r-th root of unity ¢ = e™/", r > 2, and the singlet vertex operator algebra M(r). We use
deformable families of modules to efficiently compute (1,1)-tangle invariants colored with

projective modules of Uf (sl2). These relate to the colored Alexander tangle invariants
studied in [ADOl [Mul]. Tt follows that the regularized asymptotic dimensions of characters
of M(r) coincide with the corresponding modified traces of open Hopf link invariants. We
also discuss various categorical properties of M(r)-mod in connection to braided tensor
categories.

1. INTRODUCTION

This work is concerned with the restricted "unrolled” quantum group Uf(ﬁ[g) at 2r-th
root of unity ¢ = e™/",r > 2, and the singlet vertex operator algebra M r). Representation
categories of both are neither semi-simple nor do they have finitely many simple objects.
While this quantum group has been used to construct link and 3-manifold invariants [BCGP),
CGP1,ICGP2, [CMul [GPL [GPTT], IGPT2], categorical properties of the singlet vertex operator
algebra (and more generally, vertex algebras with infinitely many simple objects) are still
poorly understood. Previously, it was realized in examples that modular-like properties of
characters [AC| [CMI1], [CR1l [CR2l [CR3], as well as their asymptotic dimensions (often also
called quantum dimensions) [CMI, [CMW], relate to the fusion ring of the singlet vertex
algebras and other vertex (super)algebras. This begs for a categorical interpretation and

in this work the relation of M(r) and Uf(ﬁ[g) gives such an interpretation via open Hopf
link invariants. In particular, this shows that the Jacobi variable introduced in [CMI] as
a regularization parameter for the classical false theta functions has a novel interpretation
from the point of view of quantum topology.

1.1. Tensor Categories and Vertex Algebras. Vertex operator algebras are important
sources of braided and modular tensor categories. If a vertex operator algebra V' is regular
(i.e. Cs-cofinite and rational), together with some additional mild conditions, then it is
well-understood [HIJ, [H2] that its representation category is modular and especially ribbon.
Moreover in this case, there are three actions of the modular group: on the linear span of
torus one-point functions, a categorical one given by twists and Hopf links and the one that
diagonalizes the fusion rules (this is only a S-matrix). All three coincide in the appropriate
sense.
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If V' is not rational but still Cy-cofinite (satisfying a few additional assumptions), then
there is still a modular group action on the space of one-point functions on the torus [Miy2].
Moreover, there is also a modular group action in the category provided it is ribbon [Ly1] [Ly2]
and a relation between the character S-matrix and logarithmic Hopf link invariants has been
given in [CGIl [CG2] for the triplet vertex algebras. Here we would like to extend these
observations beyond categories with finitely many simple objects. From the vertex algebra
point of view, vertex algebras which are not Cs-cofinite are considerably difficult to study.
One issue with these algebras is that the category of weak modules is way too big and only
after restriction to a subcategory we hope to have good categorical properties. In an impor-
tant series of papers, Huang, Lepowsky and Zhang [HLZ] obtained sufficient conditions on
a subcategory C' to posses a braided (vertex) tensor category structure. Roughly speaking,
they proved that if all objects in an abelian subcategory C of generalized V-modules sat-
isfy the C-cofiniteness condition, the category is closed under P(z)-tensor products, and a
few additional conditions, then the convergence and extension properties for products and
iterates hold in C, and thus the category can be endowed with a braided tensor category
structure. More precisely, Assumptions 10.1, 12.1 and 12.2 [HLZ|] have to be satisfied. The
most difficult part in the verification of these axioms is that a suitable subcategory is closed
under the P(z)-tensor product. We should mention that Miyamoto recently obtained a suf-
ficient condition on the closure of the tensor product in a C-cofinite category of modules
[Miy1]. But his result alone does not give a braided tensor product.

The singlet vertex algebra M(r), r € Nxo, 0is a prominent example among irrational non
Cy-cofinite vertex algebras and it was studied by many authors [AD] [AMI], [AM2] [AM3], [CM1],
CMW]. This vertex algebra (subalgebra of the triplet vertex algebra) contains both atypical
and typical representations so it serves as the best testing ground for categorical exploration
beyond Cy-cofiniteness. We have already understood in previous works that asymptotic
dimensions of characters relate to representations of the fusion ring [CMI), [CMW] and our
conjecture was that this has a precise categorical meaning. Here, we will give such an

interpretation. It is believed that categories of Uf (sl)-modules and the singlet VOA M(r)-
modules are equivalent as monoidal categories and maybe even as braided tensor categories,
after restriction to suitable sub-categories. This restriction is indeed needed in order to have

a braiding on the quantum group side - one needs the category of weight modules introduced
in [CGP1].

1.2. Summary of the present work. Representations of the tensor ring in a ribbon cate-
gory are directly given by open logarithmic Hopf link invariants [T] (for a proof in non-strict
categories see [CGI]). Here, we first successfully compare them with the asymptotic dimen-
sions of characters and secondly we find a novel way of computing them. Previously, they
have been computed using the known tensor ring [CGP1], which from our perspective is not
ideal as we are seeking ways to better understand the still inaccessible fusion ring of VOAs.
Our computation is a deformation argument analogous to ideas of Murakami and Nagatomo
[Mu2, MN] in the case of the restricted quantum group U,(sly) but also motivated by the
idea of deformable families of VOAs [CL]. The idea is that if one has a continuous set of
modules, all but a discrete set of them semi-simple, then one can construct a deformable

1Regretfully7 there is no consistent notation for the singlet algebra in the literature; previously it was also
denoted by W(2,2r — 1) in [CMI] as well as by M (1) in [AD| [AMI].
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family of modules M (x) which specializes to specific modules if specializing the variable z
and especially at non-generic position also specializing to the indecomposable but reducible
modules of particular interest in logarithmic conformal field theory. Moreover, this pro-
cess commutes with the computation of invariants of interest such as Hopf links and twists.
Since these are next to trivial to compute on simple modules our process gives a nice way of
obtaining them also for the complicated cases of indecomposable but reducible modules.
Our strategy of computation actually extends straight forwardly to any open (1,1) tan-
gle invariants. It turns out that the results very nicely compare to the colored Alexander
invariants introduced by Akutsu, Deguchi and Ohtsuki in [ADO] and further developed by
Murakami [Mull [MN|, [Mu2]. This has already been observed earlier if only simple projec-
tive modules were used as colors [GPT1]. We would like to stress one important difference

between Uf (sly) and U, (sly). The latter is not braidable and therefore the category of finite-
dimensional U,(sly)-modules does not have a universal R-matrix [KS]. On the other hand
the category of (suitably defined) weight modules for Uf (sly) is braided. We also would like
to announce that this problem for U, (slz) can be cured by finding a suitable non-trivial asso-
ciator in the module category of U,(sly) |[GRLICGR]. This associator is found in identifying
the module category of U,(sly) as the representation category of local modules of an algebra

in Uf (sly) [CGR]. It remains however to be proven that the resulting module category gives
rise to the colored Alexander invariants studied by Murakami.

1.3. Results. It is believed that the representation categories of Uf(ﬁ[g) and M(r) are
equivalent as monoidal and hopefully as braided tensor categories (we will have a more
precise conjecture below). The fusion ring of M(r) is not known, its Grothendieck ring has
been conjectured in [CM1]. Comparison does work though (see Section [):

Theorem 1. [rreducible representations of Uf(ﬁ[g) and M(r) are related as follows:
(1) Assume that the Grothendieck ring of M(r) is as conjectured (see Section[d ). Let
a € (C\Z)UrZ. Then the map ¢ : V, — FaJ\r/tl, S; @ CH v My _piv1 between
2r

simple objects for Uf(ﬁ[g) and M(r) is bijective and induces a ring isomorphism.
(2) Let k € Z and j € {0,...,r — 2} and let € € C satisfy Re(e) < B! as well as € in
S(k,j+ 14 r(k+1)) (for the precise definitions of these sets, see Section([2) then

trect (Px pect © Tjk)

qdim[p(X)] = :
tPj®cg(q’so,Pj®cg © Tjk)

and if Re(e) > BT then for a = i\/2re we have

. —ia tv, (Pxv.)
dim|p(X)ver| = 22 e
q [80( ) ] tVa ((I)vaa)

Here ty is the modified trace on the ideal of negligible (projective) objects X .

If the representation categories of Uf(ﬁ[g) and M(r) are braided equivalent then this
means that the asymptotic dimensions of regularized characters of the VOA M(r) very
nicely capture the modified traces of the logarithmic Hopf link invariants. In the continuous

regularization regime these are the ordinary modified traces while the stripwise constant
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regime corresponds to traces of logarithmic Hopf link invariants weighted with the nilpotent
endomorphisms.
In [CMI1], the regularized quantum dimensions of modules were used to at least conjecture

the Grothendieck ring of M(r) and in [CGPI] the Hopf link invariants of Uf(ﬁ[g) were
computed using the known tensor ring of Uf(ﬁ&). Our picture is that one should use the

Hopf link invariants to compute the tensor ring of Uf (sl) and we indeed can find a strategy
that works well. The key Lemma (see Theorem []) is the construction of a deformable family

of modules X, for € in (—3,1) such that

X = { Vidiorttrae © Voiivrgtree ife#0
‘ P®Cf ife=0
This deformable family can be used to compute open Hopf link invariants and more generally
open tangle invariants of (1,1) tangles 7". For this we recall Section 3 of [GPTI]. Let L
be a C-colored ribbon graph, such that at least one of the colors is a simple V). Let T\ be
the colored (1, 1)-ribbon graph by cutting the edge belonging to V). Then the re-normalized
Reshetikhin-Turaev link invariant is

F'(L) = ty, (Th),

where ty, is the modified trace on V). These invariants where shown in [GPTI] to coincide
with Murakami’s Alexander invariants [Mul]. We can now extend these results to any
projective module. For this let L be as above but with at least one of the colors the module
P, ® CHE. Let TPL@CZ be the colored (1, 1)-ribbon graph by cutting the edge belonging to
P, @ CIL. Let T) be the colored (1,1)-ribbon graph obtained by replacing the open strand
(which is colored with P; @ Cf) with Vy. Let d(X) = tx(Idx) be the modified dimension of
a projective module X and let z; 4 be the nilpotent endomorphism of P; ® CZHT normalized
as in section B2 then (Theorem [):

Theorem 2. The colored (1,1)-ribbon graph Tpgcn satisfies

tPi®<CZ (TPz@‘CZ) = 11_{% (tV1+zer-+zr-+e (T1+i—7‘+47’+6) + tV717i77-+u+5 (T—l—i—r-i-ér-i-s))
and
Tpecy = aldpgen + 0y
with coefficients
a = lim tV717i4+er+e (T—l—i—?“-i-f?“-if) — 1 tv1+i77“+€'r+e (T1+i—7‘+47’+6)
=0 d (T—l—i+r+£r+e) =0 d (V1+z'—r+£r+e)
- r d ty, (TA)‘ _d ty, (TA)‘
2mi{1 + i} \d\ d(T)) D=tr4r—i—1  d\ d(V)) D=itiorter )

The construction of the deformable family of modules X, is the only key ingredient in
proving this theorem. Murakami and Nagatomo [MN] also constructed a deformable family
of modules of the semi-restricted quantum group that specialized at a special point to a
projective indecomposable but reducible module and that only at this special point also
became a module of U,(sly), while in [Mul], Murakami varied the g-parameter of U,(sly)

and

such that in the limit ¢ = e the module specialized to projective indecomposable but
4



reducible module. In both cases it was then used that the employed R-matrix of the involved
quantum groups is basically the same. We however recall again, that U, (sl,) is not braided.

Presently, the only vertex operator algebras with infinitely many simple objects and non
semi-simple representations whose categories of modules are known to be braided is the
Heisenberg vertex algebra (see Remark [I§]) and the Kazhdan-Lusztig category [KL]. The last
section present an attempt to push the tensor product theory beyond the Heisenberg vertex
algebra. We think that the singlet algebra is an excellent candidate in this direction. In
order to apply the Huang-Lepowsky-Zhang theory, several highly non-trivial conditions have
to be verified including the C-cofiniteness of a suitable subcategory of modules. Although
at this stage we do not have a full proof that M (r)-mod is braided, we reduced this problem
to a purely representation theoretic condition (assumptions (a) and (b) below):

Theorem 3. All finite-length M(r)-modules are Ci-cofinite. Assume that (a) every Ci-
cofinite, N-graded module is of finite length, and (b) every finitely generated, generalized
N-graded M(r)-module is Cy-cofinite. Then, the category of N-graded, Ci-cofinite M(r)-
modules can be equipped with a braided tensor category structure.

1.4. Future work. This work has several ramifications and extensions. In [CM2], we intro-
duced and studied regularized characters of modules of certain non Cy-cofinite W -algebras
denoted by W%(Q),, where r > 2 and Q is the root lattice of a simply-laced simple Lie
algebra g . These vertex algebras are ”"higher rank” generalization of the singlet vertex al-
gebra M(r). Their categories of modules are expected to be closely related to the category

of modules for higher rank unrolled quantum groups Ug(g) at 2r-th root of unity. We plan
to study asymptotic dimensions of W°(Q),-modules in connection to quantum invariants of

knots and links colored with representations of UZ(g).

Acknowledgements. T.C. is very grateful to Terry Gannon for collaboration on Cs-
cofinite VOAs and modular tensor categories resulting in the works [CGI1l [CG2|] where the
importance of logarithmic Hopf links in Cs-cofinite VOAs has been realized. He is also
thankful to Azat Gainutdinov and Ingo Runkel for valuable discussions on the relation of

Uf(ﬁ[g) and U,(sly) [CGR]. A.M. would like to thank Yi-Zhi Huang for discussions on
various aspects of the vertex tensor product theory [HLZ| and to Drazen Adamovi¢. Finally,
we are grateful to Jun Murakami for a correspondence.

2. THE SINGLET VERTEX OPERATOR ALGEBRA M(r)

Let r € N>o. Here, we review necessary information of the vertex algebra M(r) following
[CM1]; see also [AD], [AMIl [AM2]. The vertex algebra M(r) is realized as a subalgebra of
the rank one Heisenberg vertex algebra Fj. It is strongly generated by the Virasoro vector w
(suitably chosen such that the central charge is 1 — W), together with one primary field
of conformal weight 2r — 1, usually denoted by H. Introduce

ar =V2r, a_=—+/2/r, and ap = a_ + a.

Denote by F)\ the Fock space with the highest weight A € C, which is also an Fy-module. All

irreducible M-modules are realized as subquotients of I\, which we now describe briefly.
Let L = v/2rZ, viewed as a rank one lattice, and L’ denotes its dual lattice. Then typical

simple modules F)\ are parameterized by A in (C\ L’) U L, while atypical simple modules

M, C F,,, are parameterized by integers ¢, s with 1 < s <r — 1. Characters of irreducible
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M (r)-modules can be easily computed. Irreducible characters admit an e-regularization, as
explained in [CMI], where they are denoted by ch[X€], where X is an M (r)-module. Here
¢ € C. The main result of [CMI] is a formula for the modular transformation of regularized
partial and false theta functions, which then gives modular properties of regularized char-
acters. These in turn give a Verlinde-type algebra for the regularized characters, where the
product is defined (for Re(e) > (E) as

S, 55,5
ch[X¢] x ch[X[] = / / —0 VI B[ Fedpdp,

and where S.. defines the S-kernel. For 1rredu01ble Characters this formula reads

p—1 s
ch[F] x ch[Fy] = >  ch[Fyy, 0 |, ch[M;] x ch[F] = Y ch[Fg., ]
=0 l=—5+2
{+s=0mod 2
min{s+s'—1,p}
ch[M ] x ch[Mj, ] = Z ch[ My ] (1)
l=|s—s'|+1
£+s+s'=1mod 2
s+s'—1
> (Mg ) Mg + M),
{=p+1
{+s+s'=1mod 2
Then regularized asymptotic dimensions are introduced as
: . ch[X*(7)]
dim[X] .= lim —————. 2
AT = I ) )
Following [CMW] introduce
BZ:—mm{‘——Im )HmGZ\TZ}. (3)
Then for Re(e) > B! the regularized asymptotic dimensions are
sin(—ma €1) i
d F 2)\ ag + — 22— a_Vl
qdim[F}] = Sn(ra_a) & Z:_ZPH qs
{+p=1mod 2
. . ’ s—1 (4)
i = g6 IO _ e S
’ sin(ra_ei) P
Z—l—s_:l mod 2

and for Re(e) < B! the answer is qdim[F§] = 0 and for € € S(k,m),k € Z,m =0...,2r —1,
(= 1yme- Snlrms/r)
qdim[M; ] = sin(mm/r)
) (cnyemee-ne e SRTS/T)
sin(7/r)

it m#£0,r,
(5)

itm=0,r.

In [CMI], we used —e instead of € so the formula was given in the Re(e) < 0 region.
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with

2m —1  Im(e) 2m +1
S(k,m)—{eé@'k‘+ 1 < \/?<k+ 1 },
k € Z where m = 0,...,2r — 1. It turns out that the algebra of quantum dimensions and

above Verlinde algebra of characters coincide. Further the conjecture of [CMI] is that these
relations also hold in the Grothendieck ring of the module category of M(r). Note, that the
latter is also only conjectured to be braided.

3. THE UNROLLED RESTRICTED QUANTUM GROUP Uf(slg)
Throughout ¢ = ™", r > 2. Also, {a} = ¢~ — ¢ %, [a] = %, and [n|! = [n]---[1].
In this section we review basic facts about the unrolled quantum group Uf (sly) following

primarily [CGP1]. The quantum group Uf(ﬁ[g) as a unital associative algebra is generated
E,F, K, K~' and H, with the following relations:

KE =¢*FK, KF=q*FK, HK =KH
K- K1

[H,E| =2E, [H,F|=-2F, |E,F|= —.
q-q

E"=0, F"=0.
The Hopf algebra structure is defined by using the standard comultiplication formulas for

E, F and K, while H is primitive, that is A(H) = 1® H + H ® 1. Thus, the antipode map
S is induced by letting S(H) = —H and S(E), S(K) and S(F) are defined as usual. Not

all Uf(ﬁ&) representations are of interest. We say that an Uf(ﬁ&)—module M is a weight
module if M is finite-dimensional and H-diagonalizable such that ¢ = H (as an operator

on M). As in [CGPI], we denote by C the category of weight Uf(slg)—modules. Irreducible
objects in C are easy to classify. They are clearly of highest weight and belong to three types:
Sp, n=0,..,7 — 1, of dimension n + 1, V,,, where « € C := (C\ Z) U rZ are of dimension
r, and one-dimensional modules CZ. Then a complete list of irreps is given by: (atypicals)
S, @CH keZ,n=0,.,r—2 and (typicals) V,, « € (C\ Z) UrZ. All the irreducible
modules can be constructed explicitly in terms of their bases [CGP1].

3.1. Beyond the category C. Here we discuss an enlargement of the category C. As
we shall explain below, it is actually not true that the (full) category of finitely generated
M(r)-modules is equivalent to C. This is why it is interesting and important to consider

Uf (sly)-modules outside the category C.

Next we introduce the cateogry Cjo, (here log is meant to indicate inclusion of logarithmic
modules - this terminology is motivated by a related notion in logarithmic conformal field
theory [HLZ, [Mi]) . Objects in C,, are finite-dimensional M (p)-modules such that ¢ = K
(as operators) but H does not act necessarily semisimple (of course, here ¢ = >~ _, (’;Z,fi),n)
Now we show that this category admits self-extensions of generic modules V,, but no self-
extension of simple modules of dimension < r (this is in agreement with the singlet algebra
case [AMIl Mil]). Consider a 2r-dimensional module Vy with a basis v i =0,..,r—1
with the action:

7



H.U?:(A—2i)vo+vi1, H.v-lz()\—%)vil; 0<i<r-—1

K = %0 + qu i1, Kol = ¢*2iy]

A41— A4+1-—
E.'UZQ = {Z}{ {;2 Z} O ‘l‘ 51 v, Evll {Z}{ {j—}z Z} Zl 1 EU(O) = E’Ué = O,
F.U?:U?+17 F.UZ-IIUZ-1+1; 0<i<r—2, Fal  =Fuvl | =0,

where

— Z A—2(j—1) 2(j—1)—>\).

q —q i1
Claim: ‘7)\ is a Uf(slg)—module, a self-extension of V). In order to show that ‘7)\ is an
Uf (sl)-module the only non-trivial relation relation to verify is
K- K™t
(EF — FE)W) = ———!.
q—dq

ﬁr = ZT: q2j =0.
j=1

It is clear that we now get a non-split short exact sequece:

For this it is essential that

O—>VA—>VA—>VA—>O.

Any irreducible modules of dimension i < r, is isomorphic to S; ® CZ. In order to rule out
its self extension it is enough to follows steps in the proof of the claim and observe that
Z;:() q* # 0.

We conclude with the conjecture that the category of finite-length M (r)-modules is equiva-
lent to the category Ciog. Moreover, the full subcategory C C (4 is expected to be equivalent
to the subcategory of M (r)-mod generated by irreducible objects (as a tensor category). We
also plan to investigate possible braided category structure on Cj,.

3.2. Projective modules. Projective modules in C are classified in [CGP1]. Although this
paper did not discuss projective covers, it can be easily shown that the projective modules
denoted by P; are projective covers of SZ, P, ® CHare projective covers of S; @ CH | and V,,
o € C, are their own projective covers. Their J ordan—Holder filtration is described by Figure
1.

We have Ende(slz)(Va) = CIdy, and it can be shown that EndUH( ) (F;) = Cldpgen @

Cuz;  where x;, is the nilpotent endomorphism of PZ®(CP§ uniquely determlned by w — wi
(see Figure 1).

3.3. Modified quantum dimension. Let P be the full subtensor category of modules gen-

erated by projective Uf (sly)-modules. There exists a unique trace on P, up to multiplication
by an element of C. In particular, there is a unique trace t = {ty}, on P, such that for
any f € Ende(Vy) we have ty, (f) = (=1)""'(f). For such choice of ¢, following [CGP1], we

define the modified quantum dimension function as d : Ob(P) — C, d(V) := ty (Idy).
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S; @ CH

/ \ %—&—i—l—(k—l)r

R@CZ, Sr12®(c(k+1 rz2®C
\ / ‘/;‘—i—l kr
S, ®CH "

FIGURE 1. Loewy diagram of P, ® CH. in terms of
simple (left) and typical (right) composition factors

4. LOGARITHMIC INVARIANTS VIA DEFORMABLE MODULES

Open Hopf link invariants have been computed in [CGP1]. However for those involving
projective modules knowledge of the tensor ring is required. Here we find a new way of
computation that does not require this knowledge. For this, we introduce a deformable
family of modules that then will be used to compute logarithmic tangle invariants.

Theorem 4. Let ¢ € (— 2, 1), i€ {0,...,7 —2} and let ¢ € Z. Denote by X, the module
with vector space basis {wf,_ 27’7W2L+4—2r7" whi g Wi o wl oW W Wiy, gl )

and action given by

Wﬁl—2 = (‘UZEVV'Ha VVEZ’—2 = FWZ, FWﬁkz = ng + [1 +1] [E]WZH

ws,, = FFwl and w) o = FFw) for k € {0,...,4}
wh, o o= FFwl, ,  and Wiy o = (“D)MEFWE,  for ke {0,...,r —2—1i}
Hw) = (k+tr+ewy, Kwy = (=1D"w, for X € {L,H,S, R}
Ew = (=1)'wj, Fw;, = wi_y, for X € {L, S, H}
Fw?; = [1+il[dnt;_,, BEw; =2(=1)"'[1 +i][¢] Wﬁw Ewy_y ;= FWZ'L+2—2r =0

B,y = 2=1)[i + 1][w”, + (~ 1),
EWEi—2—2k = (—1)“1[1 + i+ k|[k — E]Wei—2+2(k—1)a
FWwig o, = —[1 40+ k][k + € W?E-2+2(k—1)7

(2

Ewly, = (201 +i— k+e][k] — [1+7 = k][k — ) (=1) Wily_p) + (1) W o1y,
Ew oy, = (201 +i = K]lk — ] = [1+i =k + (k) (1) Wpry + 2(=1) 1 + i [l

X = ‘/1+i—r+fr+e ¥ V—l—i—i—r-‘,—ér-{—s Zf € 7é 0
‘ P,®C{ ife=0
9



Proof: Let € € (—5, 5)\{0} Let {zo, ..., z,_1 } denote the standard basis for V} ;1 ¢+ and

o Lol L L
{yo, ..., yr—1} the standard basis for V_1_; 4,1 ryc. Define a new basis {w, o 5., Wi’ 4 g, ..., W2,
H H S S WR

W ey Wi s Wy ey W, Wil oy ey Wé%r—2—i} for ‘/l-i-i—r—i-ér—‘,-e D V—l—i—l—r—i—ér—‘,—e by
1 :
WiI{2k = 2xy, — m%q_wk W;'g—2k = —2[1 +il[e]lzr + yr—1-itn
—1 k
wh o op = 2T14is Wio o = 2+ (g[l +1+s][—s — 5]) Yr—2—i—k

We will first prove the statement for € # 0. We will show that the action of Uf(ﬁ[g) on
the new basis is precisely as stated in the theorem. Recall that the action on the standard
basis element v, € V,, is given by

Hu, = (a+1r—1—2k)vg, Ev, = [k][k — a]vg_1, Fup = vp41.

By direct computation, we obtain the following:

1 [r — 1 —i][—fr — €
Ew!' =2B2g — ————Fy, ;= — . r—2—i
Wi B T oL+l
1
= 5(_1>£yr—2—i = (_1)ZW£F27
1
Fwi =2Fe, — —— Py, = 2x,4 = wr,
Wi TR [ Yt T e T Wi
5 . 1 1 1
w) + [1+d][ew]" = —2[1 + d][€e]zo + yr1—; + 2[1 + ][]z — QYr—1-i = GYr-1-i = §Fyr—2—1
- FWH—2
Hence, we have shown Wﬁ_Q = (=1)'BEwf, wt,_, = Fw?, and Fwf, = wy + [1 +d][eJw’. It
is easily seen that Fwy = w;X , for all X € {L S H} and that
1 k
By, o, = A+ (g[l +1+s|[—s— 6]) By, o i i
k
r—2—i—k|[-1—k—lr — (H ,
= » [L+i+s][—s — € | Yyr2-i—@41)
2[1 + ][] poiry
-V (17 i
BETESI H[l +i+sl[=s — € | Yyra—i-r1) = (=1) Wila o41)
s=0
so Bwl = (=1)'w}},,, which gives wil, o = (1) E*wil,, wly = Frwj’ wi o = Fwy,

and wt, , = Ffwk, .
H acts on a standard basis vector v, € V,, by Hup = (v + 71 — 1 — 2k)vy, so we have

Hrp=(1+i—r+br+e+r—1—2k)x, = (i —2k+lr+€)xy

Hy, 1 o= (—1—i+r+br+e+r—1-2(r—1—i4+k))yr—1-i1x
= (i —2k+lr+e)y,_1_ivk
Hripoppr=0+i—r+br+e+r—1=2(14i+4+k))z11i1x

10



(—’l -2 -2k + Or + €)$1+i+k
Hy, iy =(1—i4+r+lr+e+r—1-2(r—1—i—(k+1))yr—1-i—(ks+1)
(Z + 242k + Or + E)yr—l—i—(k-‘rl)

From this, it immediately follows that
Hwl o = (i — 2k + br + e)wi',,, HW; o, = (i — 2k + 0r + €)W o,
HwE, o o = (=i =2 =2k +lr+ewl, 5 o, HW} g o = (0424 2k 4+ 00 + W] 5 0

and K acts as ¢/, so we have shown that Hw;X = (k + {r + ¢)wi and Kwy = ¢"Hrew’ =
(=1)fq*rewf for all X € {L,H,S, R}. It is easy to see that Ewl_, . = Fwl, , =0 as
Fx,. 1 = Fyy =0. We also have

Fw®, = —2[1 +i][e]Fa; + Fy,_1 = —2[1 +i][e)ri1 = —[1 +4][e]w”,_,,
Ew; = —2[1 +i|[e]Exo + Eyp_1_; = [1 +4][—0r — €]yr_a_s = 2(=1) 1 +d][e]wi,
BEwr, o o =2Bx i =2[1+ i+ k|[r +k—lr — €|z
= (_1)“1[1 + 1+ K[k — E]Wez’—2—2(k—1)>

R __ —1 - :
Fwilg g, = S+l (H[l +i+ts][-s - 6]) Yr—1-i-k

i+ k[k—d (. .
T i+ Q1H+z+ﬂks_d>%4%4hn

= —[l+i+k[[k+ E]Wﬁ-2+2(k—l)
and
(—=1)" (W5, + 2[1 + dJ[e]w"™) = (—=1)" (=21 + i] (€] + yo—1 + 4[1 + 1] []; — 1)
= 2(=1)[1 +d][e]z; = 2[1 +i][tr + €]lz; = Ew",_,.
From the definition of w!Z,, and w? ,, it is easy to show that
1 S
mwi—zka Yr—1—itk

From this, we see that

1
H _ - )
Ew;” 5, = 2FExy eI Ey._1_ i1k

[+ — K[k — 0r — €]

2[1 +i][€]

=2[k|[1+i—k+lr+€apq— Yr—2—ith
= 20— kot ) (W + g )

i kR
[+ 4][¢]

=Qk|[1+i—k+e—[1+i—E|[k—¢) (—l)éwfiQ(k_l)
11
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N ([k][l +i—k —i—[le]+ Z][[16]—1— i—Kk][k e]) ()W g
and
Ew? o, = —2[1 + ][] Ex + Byr_1_itx
=2[1+i|[e][k][1+i—k+lr+ €1+ [1+i—k][k — lr — €lyr_o_irk
% 1
= 204 AL i = ot ) (W + )
+[1+i—k][k - 5](_1)£ (2Wz‘s—2(k—1) + 2[1 + 1] [E]WZH—2(k—1))
= Q2L +i—kk—€—[1+i—k+€k]) (=)W 54
+ 21+ d[e (L+i—k|[k—e —[1+i—k+€k]) ()W 55 .
However, by expanding the brackets one has [k][1 +i—k+¢€] —[1 +i —k][k — €] = [1 +i][€].
Hence, the above equations give
wilon = 2[RI+ =k + ¢ = [1+i = K[k — o) (=1) Wil + (=1) W y40),
Wg, = (20140 — Kk — ] = [L+7 =k + d[K]) (1) 'Wp0_0) + 2(=1) T [1 + [ wiy s

as desired. This proves that X, = Vi rinee®V 1 itriorre when € #0. As e — 0, it is easy
to see that the action on X, is exactly the action on P; ® CH (see [CGPI]) by identifying
wik € X, with wif ® v € P @ CE (here CH = Cv). Hence, we have shown

X — V1+i—r+£r+e > V—l—i+r+£r+e if € 7’é 0
‘ P,®CH ife=0 "

Corollary 5. lim AX, = Alim X, VA €U, (sl)

€E—a €E—a

Proof: The Theorem holds for E, F, H and K by construction of X, and hence holds for all
polynomials in F, F, H and K. O

Corollary 6. Morphisms that consist of compositions of braidings, twists, evaluations and
co-evaluations commute with limits.

Proof: This follows from the previous Theorem as braiding, twist, evaluation and co-
evaluation are expressed in terms of the action of elements of Uf (sly) or in the H-completion

of Uf (sly) (for the braiding). O
Proposition 7. The modified quantum dimension satisfies lirré d(X.) = d(Xy).
€E—

Proof: Set A =1+ ¢ —r, then we have

d(Xe) = d(Vaterte © Vorrorre) = A(Vagorre) + A(Vorierte))
(1)L {AN+{lr+ ¢} {=A+{lr+¢€}
=D ({7’()\+€7“+6)} * {7‘(—>\+€7‘+6)})

_ o(r—1)4r—1 {A+¢} {-A+¢}

= e (S ¢ Tow 5)




_ (_1)(z+1)(¢—1)r(q)\+6 _ q—()\-l-e))(qr(—)\—l—e) . q_r(—)\—l—e)) + (q—)\—l—e _ q—(—)\—l—e))(qr()\—l—e) _ q—r()\-l-e))

(qr()\—i-e) _ q—r()\-i-s))(qr(—)\—i-e) _ q—r(—)\—i-e))

We have to evaluate this expression for € — 0. Both the denominator and nominator vanish
in this limit. It turns out that the same happens for the derivatives of both denominator
and nominator and so we have to apply the rule of L’Hopital twice and we get as nominator
8r(—1)H 7 (¢* " 4 ¢~(+=1) and a denominator of 82, Hence,
8T(_1)1+i—r(ql+z’—r _|_q—(l+i—7’))
8r2 )

_ (_1)Z(r—1)+i+1(qi+l + q—i—l) _ d(P, ® CZHr)

limd(X,) = (—=1)4r—D+r=1p (
e—0

O

4.1. Colored Alexander invariants. We now apply the above construction. For this we
need to recall Section 3 of [GPTI]. Let L be a C-colored ribbon graph, such that at least
one of the colors is a simple V). Let T\ be the colored (1,1)-ribbon graph by cutting the
edge belonging to V). Then the re-normalized Reshetikhin-Turaev link invariant is

F'(L) = ty, (TY).

These where shown in [GPTI] to coincide with Murakami’s Alexander invariants [Mul]
provided all colors are simple projective modules. We can now extend these results to any
projective module. For this let L be as above but with at least one of the colors the module
P, ® CHE. Let Tp,ecn be the colored (1,1)-ribbon graph by cutting the edge belonging to
P, ® CH. Let T\ be the colored (1,1)-ribbon graph obtained by replacing the open strand
(which is colored with P; @ CH) with V.

Theorem 8. The colored (1,1)-ribbon graph Tpgcn satisfies

tPi®<cg, (Tp@cg) = 11_1“)% (tvl+i,r.+h.+5 (T1+z'—r+ér+s) + tv,l,i,r.w% (T—l—i—r—i-ér—',-s))

and
TPi@Cg, = aldp@(cg + b![’@gr
with coefficients

tV,l,Z—,T.Jrh.JrE (T—l—i—r-‘rér-l—s) — i tV1+i,T.+h.+5 (Tl—l-i—r-l—ér-‘rs)

L R A 0 d(Vieiorroree)
and
b — lim —1 (tvlir+lr+€ (T—l—i—r+3r+6) . tVl+i77‘+Z7‘+e (T1+i—r+€r+6>)
=0 [1 + Z] [6] d(V—l—i-H“-i-Zr—i-E) d(Vl-i-i—r—i-Zr-i-E)
o (itw (TA)) o dity (TA)‘ )
2ri{1 4+ i} \d\ d(V)) Ia=tr4r—i-1 dX d(V)) D=t4iorter )

Before proving this theorem, we remark that this result nicely relates to the work of
Murakami and Nagatomo on logarithmic link invariants obtained using different quantum
groups but the same R-matrix [Mull, Mu2l [MN].

We also remark that

_ tVA (TA)

T —
YT d ()
13
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Proof: For the first statement, we use the identity lir% Vidicratree®V 1 ivritrie = P ® (Cg
€E—

which gives

tP@@CZ (TP1®(CZ) = 11_I>I(1] TVlJrifr'JrZr'Jrs@Vf17i+r'+lr'+s (TVl+i77'+ZT'+s€BV717i+7“+€7"+e)

where we pulled the limit out of the function using the fact that limits commute with the

partial trace and the action of Uf (sly). The relation follows since coloring with the direct sum
of two objects X @Y amounts to computing the sum of the individually colored components

txey (Txey) = tx (Tx) +ty (Ty).

For the second statement, since w!! generates P, ® CH it is enough to find the action of

H : . H
Tpi®(cg on w; . For this we compute the action of Ty, ., ., . ev , .. .., onw; and then

take the limit € to zero. Recall that we have w/ = a.xg + by,_1_; and Wi = ccvg + dey,—1 s
1

where xg, Yy_1—_;, ac = 2, be = — S Ce = —2[1+1i][¢], and d. = 1 are as in the construction
of X.. Notice that zy = dwl —bw? and y,_1_; = aw;

action of Tpgen on wi':
T

— cw!’. We can now compute the

TPZ@CZ (WZH) = TPZ-®<CZ Ql_{ﬂo aeXo + bsyr—l—z) = 11_1;% (@ pimrttrre(w0) + 0 T1 i yorte(Yr—1-i))

t ; T 1—r+lr+4e
= lim (ae Vidiorterte ( 1+ +0r+ )(dEWf _ bewf)+
=0 d (Vl-i—z‘—r+£r+e)

v, (T1—i—rttrte)
b ——i e aw? —cwf) ) .
‘ d(V—l—i-H“—i-Zr—i-e) ( o o )

It follows that

4 — lim <a5d5tvl+ir+”+€ (T ierterse) o, etvflﬂ.ﬂﬂrﬁ (T_l_i_r+gr+e))
=0 d (‘/1—1-2'—7’-1—67’-‘,—5) d (V—l—i—l—r—i-ér—i-e)
I tvl+i7'r+l'r+€ (T1+Z—7‘+Z7‘+6) tV717i77‘+l7‘+€ (T—I—Z—T-"-ZT-"-E)
= lim ( 2 _
=0 d (Vigioritrie) d (Voi—iprserte)
and
b — hm (aEbE tVl+i77‘+Z7‘+e (T1+Z'—7‘+£7‘+E) . aebe tV,17i7T+ZT+€ (T—l—i—T—i-ZT-i-e))
=0 d (%—i—i—r—i—ﬂr—i—e) d (V—l—i—i-r—i-ér-i—g)
— lim 1 (tV1+iT-+[T-+E (T1+i—r+€r+e) . tV,l,i,T+gT+€ (T—l—i—r-l—ér-‘rs))
=0 [1 + Z] [6] d (‘/1+i—7“+f7“+6) d (v—l—i+r+€r+e) .
Evaluating the limits (using L’Hopital’s rule for b) give the result. O

Recall the definition of general Hopf link invariants. Given two modules V, W in C, define
Py = (Idw ® evy,) o (cyw @ Idy+) o (ewy ® Idy+) o (Idw ® coevy) € End(W).

where ev{, and coevy are the right evaluation and left coevaluation, respectively. These
invariants have been computed in [CGP1]. If W is simple then this computation is relatively

straight forward as one only needs to know the action on a highest-weight state. One gets
14



for example

 + 1
Py, vy = {{7“;}} anIdVﬁ’ q)Si@C;’waﬁ = WQMBMV&

{rB}

nesi )

(6)

qkrﬁ (q(r—l—i)ﬁ + q—(r—l—i)ﬁ) IdVB~

Also note that d (V3) = %(—1)“17’. If W is not simple the computation is more in-

volved and [CGP1] needs tensor product decomposition. Using above theorem and () we
immediately get

Corollary 9. The colored Hopf links ®z p, with Z € {S; ® CH V., P, @CH} are given by
Py pecn = azldpgen +bzajy,

where apecH = ay, =0 and
T

_ (_1)z'+m+ur{(i +1)(j+1)}

as;eCH ST
b — (1 itirker @G F2)G+ D=+ 2){i(7+ 1)}
S;®CH = ( ) 120 11 ,
J+112{j+1}
ar—lT—jr r—l—1a -
b”:qg%ﬂ5ﬁ*¢lf’+q<1”>,
i litker
bP'@(CH — w(q(m—l)(jﬂ) + q—(i+1)(j+1)>.
z kr

g+ 12

5. OPEN HOPF LINKS AND ASYMPTOTIC DIMENSIONS

We will see that continuous quantum/asymptotic dimensions of the singlet algebra cor-

respond to semi-simple parts of logarithmic Hopf links of Uf(ﬁ[g) and the discrete ones
correspond to the nilpotent ones; thus giving a categorical interpretation of asymptotic di-
mensions as suggested by [CMIl, [CMW] (see also [BEM] for another derivation of asymptotic
dimensions).

Proposition 10. The quantum dimensions of the typical and atypical modules for the sin-
glet vertex algebra are in agreement with the modified traces of their corresponding Uf(s@)

modules in the following sense: Let 3 € C and i,j € {0,...,r =2} and k, k' € Z then for
Re(e) > BT and a = \/2rie

e tv, (P, v) i tv (Ps,ect v,)
qdim[Fy7 ] = 2o qdim[M 2 . |] = ke =
| 6%1] tv, (Pso,va) Ml tv, (Psoeva)
and for Re(e) < B! and e € S(k,j+ 1+ r(k+1)) then
tpech (‘Dvﬁ,Pj@cg ° Tjk) tPj®<cg((I)si®<cgr,Pj®<cg © Tjk)

qdim[Fg+7«,1 ] —

qdim[M7 . ;4] =
v tpeck (s, pect © Tik) 1=k i

tPj®(CkHT (®SO’PJ®CI€HT © z]vk)
15



Proof: The proof follows directly by comparing Corollary @ and the quantum dimensions
listed in section 2] namely

2r = Za’lz 2r = la7,2 —miar Tiar
“ia —ia (o ftr—1 (e ™Vt — TV Vet —riap (€77 —e€ )
Var 1 _ T (25 —an) _ el
qdlm[Fﬁ+T 1] =€ 27 27 \/§ —ic 2 2 —ia ;2 =e 7 —Tix Uk Xe%
var (e — V) (e7r —er)

Y {ra}  tv.(Pv,v)
{Of} tva(¢SO7Va)’

—ia w2 n(j41) Y2
) - | rkyarsia (e VFvart — e VT )
qdlm[M1—2k,j+1] =e" Var V3 —ia 2 V3 —ia 2
(e vrver' — et Vrvar!
—7m(j+1)ia w(j+1)ia 3
— 6—7rkia (6 ]T . —€ .] ” ) — qua{( + 1)@} — tva(q)s ®Ckr7Va)
(e=r —e™) {a} tv. (Psoeva)

and for Re(e) < B! together with e € S(k,j + 1+ r(k+1))
= (1WMHPM&@+UU+1+mk+U»
{G+1+rk+1)}
s Garrri—e LG DG+ D} treck (Psisct pecy © Tik)

{j+1}  tpeci (P, pech © Tik)

qd1m[ 1k i+l

~(-1)

tp ocH (P p ocH °Tjk)
Finally in this region both qdim[F5.,_,] and 22k Y87 %k " vanish. O

t (P H OTj k)
Var Py S0 el =0

Corollary 11. Let a € C. Then the map ¢ @ Vo — FaJ\r/T:I; S; @ (C,gn — Mi_j i1 extended
2r
linearly over direct sums for a € C is a morphism up to equality of characters.

Proof: This can be directly verified via computation. It however also follows since the Hopf
links as well as the asymptotic dimensions uniquely specify the (conjectured) tensor ring up
to equality of characters; see Theorem 28 of [CM1] and [CGP1]. O

6. TOWARDS BRAIDED TENSOR CATEGORY STRUCTURE ON M(r)-MoD

6.1. C-cofiniteness. In this section we obtain sufficient conditions for the existence of a
braided tensor category (and more) structure on a suitable category of M(r)-modules. In
other words, we discuss applicability of the Huang-Lepowsky-Zhang tensor product theory
[HLZ] to M(r)-Mod. We also comment on the r = 2 case due to recent rigorous derivation
of the fusion ring for M(2) [AM3]. For r > 3, this ring is known only conjecturally [CMI].
We believe that the powerful technique from [AM3] can be extended to all r.

Recall that a V-module M is C-cofinite if the subspace

Cy(M) == (voym v € Vywt(v) > 0,m € M)

is of finite-codimension in M. We shall focus on the category of finite-length C}-cofinite
modules, denoted by M(r)-Mod. Observe that this category is closed under finite prod-
ucts/coproducts and taking quotients. So it has an abelian category structure and thus we
are in the position to apply parts of [HLZ] theory. The next result is needed in the proof of

the main result.
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Lemma 12. Let L(c, h) be a non-generic (i.e. not isomorphic to the Verma module) Virasoro
module for the Virasoro vertex operator algebra L(c,0). Then L(c,h) is Cy-cofinite, viewed
as an L(c,0)-module.

Proof: By definition, every non-generic Verma module admits a singular vector 0 # w &€
M(c, h) of weight n (depending on ¢ and h). From the structure of singular vectors for the
Virasoro algebra (see Chapter 5, [IK]) we get a decomposition

w = L(—1)"vep + w'vep

where v, is the highest weight vector in L(c, h) and w' € U(Virg), which is lower in the
filtration than L(—1)". Clearly, we have w'v.; € C1(L(c, h)). We claim that

L(c,h) = C1(L(c, b)) + Z_: L(=1)"v .

Denote the right hand-side by U. Clearly we only have to prove that L(—1)"v,, € U for
i > 0. This follows immediately because of L(—1)(C}(L(c, h))) C C1(L(c, h)). O

Theorem 13. All irreducible M(r)-modules are Cy-cofinite.

Proof: We first consider atypical modules. It is known that

@LVII‘ Cr ’hts

where LV (c,.1, h:®) are certain irreducible Virasoro modules of central charge ¢, ; for explicit
formulas see for instance [AMIl [AM2] [CMI1]. These singlet modules can be realized inside
the lattice vertex algebra modules by using the short screening () = e acting on special
highest weight vectors e inside the generalized lattice vertex algebra V.. More precisely,
we have

EBU Vireg).v @U Vireg).Qme’ =" 3, e L.

n=0
Claim: For every n 2 1, there is a nonzero constant C' and j < —1 (depending on n) such
that
va(”) = Cv" ) 4,

where

weV,:= @U(Vir<0).v()

This claim follows along the lines of Lemma 5.3 in [AMI].
It is now sufficient to show that
k?t,s
M, = C (M) + €D L(-1)v, (7)

=0
where k; s € N depend only on L(c, 1, hé’s). Notice that this follows from Lemma [I2] once we
prove that

H—i1 o 'H—ikL—jl o 'L—sz(O)’ (8)
17



im > 1,1 <m <k, j, >1,1<n </, is aspanning set for M; ;. Let V,, be defined as above.
We shall prove by induction on n > 0, that V,, is spanned by vectors in (8). For n = 0, this
follows from Lemma [I2. Now the above claim together with the inductive hypothesis imply
that V.1 is spanned by vectors of the form

Ly LyH_ - H ;L .L_jZU(O).

By using the bracket relations among L; and H;, we can move all Virasoro generators that
are on the left across the H-generators to the right. The resulting vector is clearly inside
the span of vectors in ().

Now we switch to typical modules F)\, A ¢ L’. At first we let A to be arbitrary. We
already know that all atypicals are Ci-cofinite. In particular, this family includes infinitely
many Fock spaces Fy, A € L. We will need the following two known facts. Fact 1. If
A = C\ B, where B is a countable set, then any complex number can be written as a finite
sum of elements in A. Fact 2 (Miyamoto [Miyl]) Suppose that M and N are C}-cofinite and
Y e ( MWN) is surjective, then W is also C}-cofinite. We shall apply the latter for M = F},
N = Fy and W = F\,,, with ) the obvious Heisenberg VOA intertwining operator )
acting among three modules.

Now we proceed with the proof. Clearly, it is sufficient to show that F) is Cy-cofinite for
A € B, where B is as above. Let

F)\ = @F,\(n),
n=0

graded space decomposition of F\. Then F being C'-cofinite means that
F\(n) C Ci(F\), n>k,
for some fixed k € N. Consider
C1Fy(n) :== C1(F\) N F)\(n).

Because C(F))(n) depends polynomially on A (due to the fact that it picks up A when we act
with the Heisenberg generator ¢(0) on vy ) there will be only finitely many A values for which
dim(C1(Fy)(n)) will drop (non-generic values) and for all other values dim/(C4(Fy)(n)) will
be constant (generic values). We know that there is A for which F) is C}-cofinite and thus
dim(C1(F\)(n)) = p(n), here p(n) is the number of partitions of n, for all n > k,. For every
n > ky, denote by B; the set of all non-generic A-values for dim(Cy(Fy)(i)) < p(i) (this set
is always finite). We let

A:=C\ [OJBZ-

i=k»
and B = |J B; is a desired countable set. The proof follows. O
i=ky

Corollary 14. All finite-length M(r)-modules are Cy-cofinite.

Remark 15. It is not hard to see that F)\ is not C}-cofinite if viewed as a module for the
Virasoro vertex operator algebra.
18



6.2. Fusion rules. Formula (), when specialized to p = 2, gives the following conjectural
relations in the Grothendieck ring (here A\, u ¢ L'):

(3] X [Ful = [Fapu] + [Fagpsa_l, (9)
[Mia] % [F] = [Fu+ar,1]a (10)
[M;1] % [Mtﬁ’,l] = [Myyy—11], (11)
[Mtez] X [Mtﬁ’,l] = [Mt6+t’—1,2]7 (12)
[Myo] X [Mf o] = 2[My g 4] + [Miyp o] + [Mfyy 4] (13)
= [Fat+t/,1,1] + [Fat+t/,2,1]'

Next we discuss rigorous results pertaining to fusion rules of irreducible M (2)-modules.
As in [AM3], for a triple of equivalence classes of irreducible M (2)-modules, [M], [N] and
[K], where M, N and K are representatives of classes, respectively, we define

[M] x [N]:= ) dim[(MKN)[K], (14)

[K]elrrep

where Irrep denotes the set of all equivalence classes of irreducible modules. In [AM3], D.
Adamovi¢ and the second author essentially proved the following result, thus verifying the
correctness of fusion rules formulas obtained conje[CMI1] for r = 2:

Theorem 16. We have:

(i) All typical modules My, are simple currents, in the sense that for a given irreducible
module N there is a unique irreducible module M such that ](Mljff N) 1s nontrivial and

one-dimensional. Moreover, under the product (1)), formula (9) holds if A+ u ¢ L', and

formulas (10)-(12) also hold.

(i) If X+ p € L', then there exists a logarithmic module P such that in the Grothendieck
group [P] = [Fayp] + [Fappra_] and I (FXPFH) # 0.

(ii) There exists a logarithmic module Q, with [Q] = 2[Mg y_y |+ [Mf o]+ M,y 4] such
that I (,, %, ) #0.

M2 My o

Parts (i) and (ii) are already proven in [AM3] in the setup of lattice vertex algebras.
Part (iii) can be also proven by using [AMS3] (additional details will appear elsewhere).
Alternatively, we can also argue as follows. As we know, the r = 2 case corresponds to a
subalgebra of the rank one symplectic fermions. Logarithmic intertwining operator based
on symplectic fermions modules was constructed in [Ru], albeit in a slightly different setup.
By virtue of restriction to the singlet algebra modules we obtain a family of (logarithmic)
intertwining operators, leading to (iii).

6.3. Tensor category structure. According to [HLZ], in order for a suitably (sub)category
of V-modules C to have the structure of a braided tensor category, it suffices that assumptions
10.1,12.1 and 12.2 in [HLZ] hold. Let C' denote the category of N-gradable Cj-cofinite
M(r)-modules. By |[Miyl] any such module is logarithmic, that is its graded components
decompose into generalized spaces with respect to the Virasoro generator L(0). Denote its
full subcategory of finite-length (1, r)-modules by C;,. Now we find sufficient conditions for

applicability of the HLZ-tensor product theory.
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Assumptions 10.1 (i)-10.1 (v) are satisfied in both categories. Assumptions 12.1 and 12.2
are also satisfied if every finitely generated N-graded, generalized module is C}-cofinite (see
[HLZ] for details), which we assume below. It remains to analyze:

Assumption 10.1 (vi): For any object of C, the (generalized) weights are real numbers and
in addition there exists K € Z, such that (L(0) — L(0)s,)% = 0 on the generalized module.
Notice that this condition holds in Cy;,. Indeed, a finite-length module M must satisfy this
condition because of K < ¢(M), where (M) is the length of M. This condition might not
hold in C'’; see however below.

Assumption 10.1 (vii): C is closed under images, under the contragredient functor, under
taking finite direct sums, and under P(z)-tensor products for some z € C*. Because the dual
of a finite length modules is of finite length, Cf;, is closed under the contragredient functor.
However, in the category C, it is a priori not clear that the dual of a module remains C'-
cofinite. Finally, we have to check whether our categories are closed under the P(z)-tensor
product. For the category C| this is implicitly verified in the paper of Miyamoto (see Main
Theorem in |[Miyl]), albeit in a slightly different formulation. But for CY;,, it is not clear
whether their tensor product (which exists) is still in C;,. Based on what we already know
about C' we believe that

Theorem 17. Assume that C' = Cly;y, that is, every Ci-cofinite N-graded module is of finite
length and that every finitely generated generalized, N-graded M(r)-module is C1-cofinite.
Then, by virtue of [HLZ|, the category C' can be equipped with a braided tensor structure.

Remark 18. It is perhaps unclear why the Heisenberg vertex algebra has not been much
discussed in the context of tensor categories. For one, this vertex algebras is much easier to
study. The reason is that the category of Fy-modules is much less interesting compared to
the singlet algebra and in addition does not produce any non-trivial quantum invariants. The
category of modules for the Heisenberg vertex algebra Fj that are diagonalizable under the
zero mode subalgebra b is known to be semisimple. Intertwining operators, tensor product
and associativity in the sense of [HLZ| can be easily verified and all irreducible modules
are clearly Cj-cofinite, see [CKLR] for details. There is an enlargement of this category
by inclusion of generalized (or logarithmic) Fy-modules [Mi]. (Logarithmic) intertwining
operators of logarithmic Fy-modules are completely classified and explicitly constructed in
[Mi] (see also [Ru]). Now we consider the subcategory of finite-length Fy-modules. It is not
hard to see that any finitely generated, generalized N-graded Fy-module is of finite-lenght.
By combining results of [Mil [Ru] with [HLZ], we infer that this category is indeed braided.
Again, this new category is not terribly interesting; for instance, as a tensor category, it is
equivalent to the category of finite-dimensional h-modules equipped with the usual tensor
product. Of course, it would be desirable to work out complete details even in the Heisenberg
case, but that is outside the scope of the present paper (see however [Rul).
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