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Abstract

We propose a new family Y, ; . . 1 ] of modules over the enlarged periodic Temperley-
Lieb algebra EPTLN(f). These modules are built from link states with two marked
points, similarly to the modules X, , . , , that we constructed in a previous paper. They
however differ in the way that defects connect pairwise. We analyse the decomposi-
tion of Yy ¢ ., [z,w] Over the irreducible standard modules W , for generic values of
the parameters z and w, and use it to deduce the fusion rules for the fusion W x W of
standard modules. These turn out to be more symmetric than those obtained previously
using the modules X; ¢ . , ,. From the work of Graham and Lehrer, it is known that, for
p =—q—q~! where q is not a root of unity, there exists a set of non-generic values of the
twist y for which the standard module W, , is indecomposable yet reducible with two
composition factors: a radical submodule R, , and a quotient module Q,,. Here, we
construct the fusion products W x R, W x Q and Q x Q, and analyse their decomposition
over indecomposable modules. For the fusions involving the quotient modules Q, we
find very simple results reminiscent of s((2) fusion rules. This construction with mod-
ules Y ¢ v [z,w] iS @ good lattice regularization of the operator product expansion in
the underlying logarithmic bulk conformal field theory. Indeed, it fits with the corre-
spondence between standard modules and connectivity operators, and is useful for the
calculation of their correlation functions. Remarkably, we show that the fusion rules
W x Q and Q x Q are consistent with the known fusion rules of degenerate primary
fields.
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1 Introduction

The study of random curves in two-dimensional critical models of statistical mechanics has
been an active area of research in the last few decades. It is concerned with understanding the
properties of curves associated to various types of geometric observables in statistical models,
such as the domain walls of critical spin systems [1], the high-temperature closed polygons
of the O(n) vector model [2] and the contour curves of percolation clusters [3]. This field
of research is currently referred to as Random Geometries. It has close ties to both conformal
field theory (CFT) [4,5] and to the representation theory of lattice diagram algebras, whose
archetype is the Temperley-Lieb algebra [6] and its periodic counterpart [7-11]. In the CFT
approach, the objects of interest are the connectivity operators, namely the non-local operators
which encode the connectivity properties of the model’s random curves. Depending on the
geometry studied, these operators may either be inserted on the boundary of the domain or
in its bulk. Boundary connectivity operators have in fact been well understood since the early
stages of boundary CFT [12]. Their counterparts in boundary logarithmic CFTs are also well
documented. We direct the reader to [13] for a more comprehensive literature review.
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Figure 1: Left panel: The action of e, € EPTLy_15(8) on a link state drawn on a
pair of pants with two legs. Right panel: The same diagram projected in the plane
and thus drawn on a disc with two punctures. Clearly, the diagrams drawn on the
disc make the visualisation easier, thus justifying our choice to use this presentation
throughout.

The central unsolved problem is then the determination of a consistent operator algebra
for the bulk connectivity operators. Up to now, there have been three attempts at constructing
this operator algebra using lattice regularisations: a first by Gainutdinov, Jacobsen and Saleur
[14,15], a second by Belletéte and Saint-Aubin [16], and a third proposed in our previous
work [13]. All three focus on the representation theory of the enlarged periodic Temperley—
Lieb algebra EPTLy(B), often also referred to as the affine Temperley-Lieb algebra. In [13],
starting from the standard modules W, ,.(N) over this algebra, spanned by link states with one
marked point and 2k defects, we constructed a new family of EPTLy(f3)-modules denoted*
Xi.t,x,y,z(N). These modules are spanned by link states drawn on surfaces shaped like a pair
of pants with two legs. By projecting these diagrams onto the plane, we draw these link states
inside a disc with two marked points (or punctures), which we refer to as the points a and b
and respectively draw in green and purple. Figure 1 presents an example of the action of an
element of EPTLy_;5(8) on a link state, in the two possible presentations. For generic values
of the parameters, we determined in [13] the decomposition of X; ; , ., , over the irreducible
standard modules. We in fact designed the modules Xy, , , . so that they fit naturally within
the correspondence between connectivity operators Oy , and standard modules W, ,.. In this
sense, we argued that Xy, . , , is related to the fusion of the standard modules W; , and
W, ,. The standard modules arising in the decomposition of X, ; . ., then correspond to the
intermediate states arising in correlation functions in the Operator Product Expansion (OPE)

Okx - O y-
The present work continues the investigation of the fusion of representations of EPTLy ().
We parameterise the loop weight as f = —q — ¢~ ! with ¢ € C*, and focus on the values of

g that are not roots of unity. Below, we describe the new constructions and the new results
presented in this paper.

First, we define new modules Yy . [, over EPTLy(f), also spanned by link states
with two marked points a and b. These new modules have both similarities and differences
compared to the modules X, ; . , .. First, for both families of modules, k and £ are integers
or half-integers that count the maximal numbers of defects, 2k and 2¢, that can be attached
to the points a and b, respectively. However some rules for the action of the algebra are

For simplicity of notation, we often drop the argument N and denote a module M(N) over EPTLy(f) as M.
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different for the modules Y; ;. , .. In particular, these modules allow for pairs of defects
originating from the same marked point to connect together if they encircle the other marked
point. Second, for both the modules X ¢, ,, and Yy -], the parameters x,y € C*
parameterise the winding of curves — both defects and closed loops — around the points a
and b, respectively. Finally, the parameter z in X, , , , determines phase factors associated
to the winding around b of a defect attached to a, and vice versa. It also parameterises the
weight of closed loops encircling both marked points. In contrast, our definition of the module
Y 0,x,y,[zw] includes two separate parameters z and w to parameterise these special windings
of defects and the weights of the closed loops around both a and b. As we shall see, this
definition is somewhat peculiar, as the presence of these two parameters in the module depends
non-trivially on the values of k and {£. In particular, for N odd, the new modules turn out to
depend only on z, and in this case we denote them simply by Yy, . , .. In general, the notation
with [z, w] serves as a reminder of the peculiarity of the definition.

For the new modules, we define a gluing operator g, ,,] that takes a link state of W, ,.(N,)
and another from W, ,,(N,,), and outputs a larger link state in Yy ¢ 15 (), with two marked
points and N = N, + N, nodes. The rules defining the module Y , , 1, .,J(N) then make it a
cyclic module with respect to a subset of states obtained from the gluing. We then define the
fusion module for two standard modules as?

(Wk,x(Na) X Wé,y(Nb))[z’W] = Yk,l,x,y,[z,w](N) = g[z,w](Wk,x(Na), Wl,y(Nb)) . ey

Second, for generic values of the parameters [z,w],> we find the decomposition of
Y tx,y,[zw] @ @ direct sum of irreducible standard modules:

N/2 2m—1
WO’W(N) ® @ @ Wm,ei“”/m(N) 5 ZZ(k_e) =1 >

Neven:  Yigyy[zw(N) = N/2 =t =0 (2a)

Wm,z(k—f)/meinn/m (N), otherwise,
m=1 n=0
N/2 2m-1

Nodd:  Yipe,:(N) = B B Wyt tymemnm(N). (2b)
m=1/2 n=0

This is different from the decomposition of the modules X; ; . ,, ,(N), in particular because in
that case the standard modules W,, .(N) appearing in the decomposition have the constraint
mz=|k—1|.

Let M, (N,) and My,(N,,) be two indecomposable modules over EPTLy () and EPTLy, ()
respectively, for which we know how to construct the fusion module (M, x M), ,,7. Fixing the
parities of N, and N, we define the fusion rule M, x My, by studying their fusion modules on
increasing values of N, and N,. For M(N) an indecomposable EPTLy (f3)-module, we say that
we have the fusion rule M, x M, — M if and only if there exists [z, w] and an integer N, such
that, for all nonnegative integers N, and N, satisfying N, + N, = N,, the module M(N, + N,))
appears as a direct summand in the decomposition of (M 2(N,) x Mb(Nb))[z,W]- We extend this
notation by writing* M, x My — {M,M,, M, ...}, if each M j is indecomposable and satisfies
M, x My — M;.

*In this equation, g, ,; refers to the gluing between modules as defined in (70), which includes the gluing of
link states of the two modules and the repeated action of the algebra EPTLy(f3) on these glued states.

3We refer to Section 3.3 for the definition of generic and non-generic values of [z, w].

“Note that this notation does not mean that {M;, M,, M, ...} is the full set of indecomposable modules such
that M, x My, — M; — it can be any subset.
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With these definitions, the decomposition (2) of Yy , , 1., translates into the fusion rule
for any pair of irreducible standard modules

{WitIm€Zsy, m+k+L€Z, W, isirreducible},  k#¢,

3
{WpIm € Zsg, t*" =1, W, is irreducible}, k=¢ 3

Wk,x X Wﬁ,y — {

The fact that only irreducible modules W,,, , arise in this fusion rule follows from the genericity
of [z,w] in (2).

In this paper, we will not elucidate the structure of Yy 4 . , [, for non-generic [z, w] and
arbitrary values of k and £. As a result, we do not currently know the full set of modules
M arising in the fusion rule W, x W, , — the above rules only indicate a subset. In the
case k = { = 0 however, we will obtain the structure of Y , ., for non-generic [z, w],
and thus in this case we shall write down the full fusion rule Wy, x W, ,, see Section 5.1.
In this case, we find that the fusion rule involves one indecomposable yet reducible module
with three composition factors. Based on this, we anticipate that the additional set of modules
arising in Wy, x W, ,, from the non-generic values of [z, w] will in general involve additional
indecomposable yet reducible modules.

These fusion rules for standard modules turn out to be more symmetric than the analogous
rules that follow from the decomposition of modules X; ;.. ,, , obtained in [13]. We will also
argue in this paper that the fusion constructed from the modules X; ; , ., , is incompatible with
associativity. In contrast, the fusion built from the modules Y; 4 . , [, ., does not exhibit this
incompatibility. We thus claim that, compared to our previous construction using the mod-
ules X/ » y -, OUr new prescription for constructing fusion from the lattice using the modules
Yitx,y[zw] 1S an even better candidate for the general purpose of constructing a consistent
algebra of bulk connectivity operators.

Third, we initiate the study of the operator algebra problem for modules other than stan-
dard modules. For this, we focus on the irreducible submodules and quotient modules that
arise as composition factors in standard modules W, (N for non-generic values of y. These
were studied previously by Graham and Lehrer [9]. For g not a root of unity, they found that,
for special values of y, the standard module W, ,,(N) is indecomposable yet reducible with two
composition factors: a submodule R, ,(N) and a complement quotient module Q, ,(N). [For
the other values of y, W, ,(N) is an irreducible module]. These special non-generic values of
y are of the form

N|=

y=¢eq°", where 0<{<m<3, m,£€Z+%, o,ee{+1,-1}, @

and the module structure is described by the Loewy diagram

Qf,sqgm (N)

Wg’sqcrm (N) o~ \ . (5)
Re,gqam (N)

Moreover, the radical submodule is isomorphic to another standard module:
Rgeqom(N) =~ Wy, 00¢(N). In this paper, we propose a definition for the fusion modules
(Wi,x X Ry gqom)izw) and (Wi X Qg gqom)[zw] in terms of the gluing operator g, ,,1. Because
Ry eqom is @ submodule of Wy ;qom, it turns out that the definition (W, X Ry zgom ) ] follows
directly from the construction of (W, x Wy .qom)[5 ], Namely it is given by the following
submodule of Yy g \ cqom [z w]:

(Wk,x X Rﬂ,sqam)[z,w] = g[z,w](Wk,x: Rf,eq‘fm) . (6)
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The fusion module (W, X Qg zqom)[z,w] can be defined in two equivalent ways. On one hand,
it can be defined directly in terms of a new representation with certain diagrammatic rules
for the action of EPTLy () on a specific subset of link states of Yy g, cqom [54]- On the other
hand, it is intimately related to the fusion product (W , X Ry z4om ) 4] involving the associated
radical. Indeed, let us recall that the submodule R ,4om is the kernel of the Gram bilinear form
in Wy ;qom. In the scaling limit, its states become null vectors in the corresponding Virasoro
modules. Then in the quotient module, these null vectors are quotiented out. The same ideas

apply at the level of the lattice, namely the fusion of a quotient and a standard module can be
defined as

(Wk,x 2 QE,eqom)[z,w] = (Wk,x x Wl,sqam)[z,w]/(wk,x X Rﬁ,gqcm)[z,w] . (7)

This amounts to “suppressing” from Y} 4 . . 1., any vector resulting from the gluing of a dia-
gram of W, , with a null vector of W, ,¢om. This definition is directly analogous to the definition
of fusion in CFT in the case where one of the fused modules has null vectors quotiented out. In
CFT, the null-vector conditions then lead to severe restrictions on the fusion rules of primary
operators and to differential equations satisfied by the conformal correlation functions. In the
present work, we introduce and describe both definitions of the fusion modules W x Q, argue
why they are equivalent, and use them to obtain the corresponding lattice fusion rules. The
study of lattice correlation functions is however beyond the scope of the present work.

With these definitions, we fix £ = 0 and obtain the decomposition of the fusion modules
(Wi,x X Ro egom)[z,w) @and (Wi x X Qg ggom)[z,w]- Crucially, the modules (W , X Qg cgom )z w] turn
out to be non-zero only for certain special values of [z, w]. Moreover, they lead to fusion rules
that are consistent with those expected for bulk connectivity operators in CFT. The results are
easily summarised by writing the corresponding fusion rules for Wy, X Qg ;4om. The simplest
case is m = 1 with ¢ = —1, as in this case the quotient module QO’_q is the vacuum module V.
For generic values of x, we find

Wiy, k>0,z2=x,
(Wk,x x V)[z,w] = WO,x , k=0,w= x*! 5 (8

0, otherwise.

Thus the fusion rule reads W, ,, x V — {W, , }, which is indeed consistent with the intuition
that the connectivity operator associated to the vacuum module should act as the identity
operator. More generally, for m,k > 0 and o, ¢ € {+1,—1}, we obtain the fusion rule

T m—1 m—3 m—1
Wi« X Qoeqom — {Wk+i—j,—gxqi+i | LjeE{—"F,—"5 ", T}} , ©))

where on the right side, we use the convenient convention W_; ,, = W) -1 for standard mod-
ules with negative defect numbers, allowing this result to be expressed in a compact presenta-
tion. We also study separately the case of k = 0, for which the resulting fusion rule is slightly
different.

Lastly, we also study the fusion Qq,_¢x X Qo 4,4 Of tWo quotient modules with no defects.
These are defined using similar ideas, namely either diagrammatically or with a definition
similar to (7). In this case, the study of the decomposition of the fusion modules Q x Q requires
that we understand the structure of Y o, , [ for non-generic values of [z, w]. This module
is in fact precisely equivalent to the module X g , , »» whose decomposition was investigated
in [13]. In certain circumstances, it involves an indecomposable module that is reducible
with three composition factors. Our analysis of the fusion modules Q x Q leads to the simple
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fusion rules®

QO,aaq" XQO,sbqf - {Qo,saqu | me {|k_€|+1, |k_€|+3, ceey k+£—1}} , Exp = —E3Ep . (10)

Amazingly, these fusion rules have the same s[(2) structure as those of degenerate operators
® 1 X &, ; in conformal field theory.

The outline of the paper is as follows. In Section 2, we recall the definition of the algebra
EPTLy(B) and of its standard modules W, ,. We also describe bases for the radical modules
Ry, and the quotient modules Qy , in the case where z is non-generic. Section 3 discusses
the fusion modules for the product W x W of two standard modules. We recall the definition
of the modules X; 4 . ., from our previous work and give the definition of the new modules
Yt x,y,[zw]- We also present many features of these new modules, in particular their decom-
position for the generic values of [z, w] and the resulting fusion rules. The proofs of some
of these properties are given in Appendix A. In Section 4, we investigate the fusion products
W x R and W x Q in the case where R and Q are irreducible factors of a standard module W, ,
without defects. We define their fusion modules and obtain their decompositions as well as the
corresponding fusion rules. Some of the arguments and technical calculations are relegated to
Appendices B and C. The fusion products Q x Q of two quotient modules with zero defects are
investigated in Section 5. The specifics of the decomposition of Y , , 1, ] needed to obtain
the decomposition and fusion rules are described in Appendix D. All the results presented up
to this point for the fusion products arise from the new lattice prescription of fusion with the
modules Yy ¢ ., [;]- Section 6 then presents the CFT predictions for the fusion rules of the
different modules in the continuum scaling limit, as modules over the tensor product Vir ® Vir
of two copies of the Virasoro algebra. A comparison between the two reveals that all modules
arising in the lattice fusion rule are predicted by the fusion rules of degenerate operators in
CFT. Concluding comments are presented in Section 7.

2 The enlarged periodic Temperley-Lieb algebra and its modules

The enlarged periodic Temperley-Lieb algebra, also called the affine Temperley-Lieb alge-
bra, was first introduced in the context of the spin-% XXZ chain and the Potts model [7]. Its
representation theory was subsequently investigated [8-11], revealing a wide range of inde-
composable modules. In this section, we review the definitions of this algebra, of its standard
modules, and of some of its useful elements. We also study in greater detail the special cases
where the standard modules are indecomposable yet reducible with two composition factors,
and give explicit bases for both the radical submodules and the quotient modules.

2.1 Definition of the algebra

The enlarged periodic Temperley-Lieb algebra EPTLy () is a unital associative algebra that
has two equivalent presentations. The first is formulated in terms of generators and their
relations, and the second is described in terms of families of diagrams satisfying certains rules
for their multiplication. Let N be an integer larger than 2. In terms of the generators, the
algebra is defined as

EPTLN(B) = (2,97 L eq,e0,...,e5), (11)

°In contrast with the above results for W , x W, , and W, , x Qg .4n, here all possible values of [z,w] are
considered. Thus the right-hand side of (10) gives the full set of indecomposable modules arising in the fusion
QO,saqk x QO,ebqé'
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with the relations

e?zﬂej, ejejr1ej =ej, ejej=eje;, for |i—j|>1, (12a)
Qe;Q 7 =¢;, QO '=Q7'Q=1, ey_jeyo--ere; =0, (12b)

where 1 is the identity, f is a free complex parameter, and the indices i, j are taken modulo N.
For the diagrammatic definition, the generators are assigned connectivities as follows:

) L )
Q= s Q= 5 1= 5 (13a)

ey = (13b)

A connectivity is therefore a diagram drawn inside an annulus with N nodes drawn on the inner
perimeter and N more nodes on the outer perimeter, where non-intersecting curves connect
these nodes pairwise. On both the inner and outer perimeters, we label the nodes from 1 to
N in the counter-clockwise direction, and draw a dashed line tying the midpoints between the
nodes 1 and N on each of the perimeters.

The product c;c, of two diagrammatic diagrams is obtained by drawing c, inside ¢; and
reading the new connectivity from the outer and inner perimeters. If contractible loops are
created in the process, each one is removed and replaced by a multiplicative factor of 3. Here
are two examples of this product:

14
It is easy to show that the relations (12) are satisfied by this diagrammatic product. More-
over, one can obtain any connectivity with products of the generators. There are in fact an
infinite number of connectivities. Indeed, the loop segments may wind around the annulus
an arbitrary number of times. Equivalently, the words QF with k € Z can never be reduced to
a shorter word. For N even, the connectivities may also have non-contractible loops, namely
loops that encircle the inner perimeter, as in this example:

(15)

The k-th power of this word, with k € N, can never be simplified to a shorter word. In other
words, the relations (12) do not allow one to remove non-contractible loops. In its diagram-
matic definition, the algebra EPTLy () is the linear span of the connectivities, endowed with
the above rule for their product.
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The two definitions are equivalent for N > 2. Moreover, the diagrammatic definition is
valid for N = 1 and N = 2 as well, which we take as the definition of EPTLy(f) in these
cases. (Some of the relations in (12) then need to be modified for the two definitions to be
equivalent.)

The parameter f3 is referred to as the loop weight. We parameterise it as

B=—q—q ', gqecC*. (16)

Our focus in this paper is on the case where g is not a root of unity.
Finally, we recall that the ordinary Temperley-Lieb algebra TLy () is the subalgebra of
EPTLy(B) defined as

TLy(B) = {e1,eq,...,en_1). 17)

In terms of the diagrams, it is spanned by the connectivities that have no loop segment crossing
the dashed line. By cutting along this dashed line, one obtains a circular strip that can be
deformed into a rectangular box with N nodes on its top and top segments, as is usual for
depicting connectivities of TLy(f3).

2.2 The standard modules W, ,(N)

A link state for a standard module W ,(N) is a diagram drawn on a disc with N nodes on its
perimeter and a marked point in its interior. We assign to the nodes the labels 1,2,...,N in
the counter-clockwise direction. We also draw a dashed line between the marked point and
the midpoint on the perimeter between the nodes N and 1. The diagram then consists of a
collection of loop segments that either connect the nodes pairwise or tie them to the marked
point in what is called a defect. Moreover, the defects are drawn in such a way that they do
not cross the dashed line. Two link states are then considered to be identical if their nodes
are connected in the same way and it is possible to deform the loop segments of the first state
into those of the second state without passing over the marked point. The standard module
W .(N) of EPTLy () is built on the vector space spanned by the set By (N) of link states with
2k defects, with k € %Z;O and % —k € Zs¢. The set Bi(N) has the cardinality

N
Bl = (o ). (18)

2

which is also the dimension of the module W, ,(N). Here are the sets of link states for N = 4:

The standard action c - v of a connectivity c € EPTLy(3) on the a link state v € Wy ,(N) is
obtained by drawing v inside c. One then reads off the new link state on the outer perimeter.
Any contractible loop formed in the process is erased and replaced by a multiplicative factor of
B. For k = 0, there may also be non-contractible loops, namely loops that encircle the marked
point. These are removed and replaced by the weight @ = z +z~1. For k > 0, there are two
extra rules. First, if two defects are connected, the result is automatically set to zero. Second,

9
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there are extra weights z and z~! that measure the winding of the defects around the annulus
and arise each time a defect crosses the dashed line. If a walker traveling on a defect from
the marked point to the perimeter crosses the dashed line, the result is multiplied by z if the
marked point is on the dashed line to its right, and 2~ if it is to its left. This defects is then
unwound, namely it is once again drawn in such a way that it does not cross the dashed line.
Here are examples of the standard action:

(21a)

) =0. (21b)

This action c - v is then extended linearly to all c € EPTLy(f3) and all v € W, ,(N).
The structure of the standard modules is known from the work of Graham and Lehrer [9].
First, Wy ,(N) is always indecomposable. Moreover, for all ¢ € C*, there exist homomorphisms

W ook (N) > Wy oot (N) for 0<k<(<%, kl€Z+5, o,ee{+1,—1}.(22)

These are the only non-trivial homomorphisms. This allows one to work out the module struc-
ture of W ,(N). If there exists no homormorphism of the form (22) into W ,(N), then it is
irreducible. We refer to the corresponding values of z as generic. In contrast, the values of
z of the form eq®¢ where there exists a non-trivial homomorphism into W, .(N) are called
non-generic.

Let us describe the structure of the standard modules for g not a root of unity and z non-
generic. In this case, the module W, ,(N) is reducible and has two composition factors. Its
structure is described by its Loewy diagram:

Qk,eq"f (N) Ik,eqo‘f (N)
Wi eqot (N) = \\ ~ \\ . (23)
Rk,eq"[ (N) Ié,equ (N)

Here, R; ,(N) and Qy ,(N) are the radical submodule and the quotient module of W, ,(N).
For g not a root of unity and z non-generic, the radical Ry ,(N) is nonzero and both
Ri-(N) and Qi .(N) are irreducible modules. Moreover, we have the isomorphisms
Rieqot (N) = Qg pqok(N) 2 Wy 400k(N). Indeed, the value z = £q°F is generic for W, (N)
because k < £, so this module is irreducible. It is common to denote the modules Ry .40t (N)
and Qg gqok(N) by ly 4o (N), and likewise Qj oqot (N) by lj g0t (N), as in the right side of (23),
to insist on their irreducibility and underline which modules are isomorphic. Here we keep a
distinct notation for the radical and quotient modules, as we will find that they behave differ-
ently under fusion in Section 4.

2.3 Useful elements of the algebra

In this section, we recall the definition of certain useful elements of EPTLy(): the Jones-
Wenzl projectors P, the braid transfer matrices F and F, and the central element QY.

10


https://scipost.org
https://scipost.org/SciPostPhys.17.5.132

e SciPost Phys. 17, 132 (2024)

Jones-Wenzl projectors. The Jones-Wenzl projectors P;, P, ..., Py are elements of the ordi-
nary Temperley-Lieb algebra TLy(f) € EPTLy() defined recursively as [17-19]
_ _ [n] _ ¢ —q*
P1 =1 N Pn+1 = Pn + m PnenPn N where [k] = F .
With this definition, the loop weight is § = —[2]. We draw the Jones-Wenzl projectors as pink
rectangles:

(24)

P, = - (25)
They satisfy the relations
[n+1]
[n] PH 1 n-
One can also show that P, is invariant under both left-right reflections and vertical flips. As an
element of EPTLy(3) acting on Wy ,(N), the projector Py vanishes on all but one link state:

the unique link state v;.(N) € B, (N) with all of its (N — 2k) arcs crossing the dashed line —
see (45) for the definition of v, (N). The Jones-Wenzl projectors also satisfy the relations

(P,)?=P,, P.ej=¢;P, =0 for j=1,2,...,n—1, e P.e, =— (26)

—1

P,=(1, ®Pn—1)(1n+ Tl[;]]] 6162"'3]'), (27a)
j
n—1 [ ]
Pn = (Pn—l ®11)(1n+ %]en_len_z"'ej), (27b)
j=1
1
( 61)(11 ®P,_1), (27¢)
j=
n— 1 ]
( Z [_ ] ]+1 n_l)(Pn_l ® 11) . (27d)

Here 1,, denotes the identity on m strands in TL,,(8) € TLy(B), with 1 < m < N. More-
over, ¢; ® ¢, denotes the element in the subalgebra TL,(8) ® TLy_,(B) of TLy(B), with
1<n<N-—1, where ¢; € TL,(p) and ¢, € TLy_,(8) are drawn side-by-side in the rect-
angular diagram.

The central elements F and F. The braid transfer matrices F and F are the elements of
EPTLy(B) defined as

F = g ..., where : =q1/2// +q_1/2\\.
N-1 2
N 1 28)
It follows [20] from the push-through property
I/'\I N\
- = / f\\ , (29)

that these elements are in the center of EPTLy (). On W, ,(N), both F and F act as multiples
of the identity, namely

k

1 -
F-v=(zq +—)v, F-v=(ik+q—)v, Vv € Wy, (N). (30)
zqk q b4 ’
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The central element QN. The element QV is also in the center of EPTLy(). It acts as a
multiple of the identity on the standard modules:

QN .y =%y Vv e W, ,(N). (31)

2.4 Bases for the quotient and the radical

In this section, we study the composition factors of W, ,(N) in the case where g is not a root
of unity and z is non-generic. We describe bases for these modules in terms of link states. The
construction of a basis for the radical submodules was already given in [13], using the Jones-
Wenzl projectors and the insertion algorithm. The construction for the quotient presented here
is new. Before describing the general construction, we give three examples, each of them for
N = 4. In these examples, we consider for simplicity the case where the twist parameter is set
to z = eq’ with £ > 0. The case z = eq* is easily obtained by changing q to ¢~

For the construction, it is useful to define an extra property of link states: their crossing
number. For v € Bi(N), its crossing number r is the number of loop segments that intersect
the dashed line tying the marked point to the outer perimeter. For instance, the first three
states of B;(4) in (19) have crossing numbers r = 0 whereas the last one has r = 1.

Example 1: Bases for Ry .4(4) and Qg 4(4). For z = gq, the weight of the non-contractible
loops is @ = —¢f3. A basis of the radical is

(32)

where the thick pink arc is the projector P,. It was shown in [13] that the four-dimensional
subspace of W, .,(4) spanned by these states is indeed closed under the action of EPTLy (/).

In this construction, the inserted state is
_ EENIAN _ N
= 2 1 2 1 =2 14+¢€2 1, (33)
V V /3 a=—:ef3 V

and it is inserted on all four link states of W ,(4) ~ Ry .4(4).
A basis for the quotient is

QO,e‘q (4) : (34)

namely it consists of the subset of link states of By(4) with crossing number r = 0. The action
of EPTLy(B) on this basis includes an extra quotient relation, obtained by setting the right

side of (33) to zero, namely
2"1 =—¢ 2“1. (35)

As a result, if the action of EPTLy () creates a loop segment that crosses the dashed line, then
one can move it across the marked point, at the cost of a sign —e. Thus in the resulting quotient
module, depending on the value of ¢, the marked point either “commutes” or “anticommutes”
with the loop segments.

12
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Example 2: Bases for Rg,42(4) and Qqq2(4). In this case, the weight of the non-
contractible loops is

a=z+z'=¢e(q®>+q2)=¢e(B%-2). (36)

The radical is one-dimensional, with its unique state constructed from the projector P, as

_ B@®+p*-2)

(B2—2)(B2—-1)

It therefore consists of all the link states in By(4) that have crossing numbers r € {0,1}. The
quotient relation is obtained by setting (38) to zero, namely

Thus, if the action of EPTLy(B) on a state of the basis (39) produces the only link state in
Bo(4) with r = 2, this state is replaced by the linear combination of states with r < 2 given in
the right-hand side of (40).

Example 3: Bases for Ry ,42(4) and Qq .42(4). The radical is also one-dimensional in this
example:

R1,8q2(4) : (41)

13
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Expanding the projector, we find

_ z2(f2—1)+z7!

(43)

It consists of the subset of link states of B;(4) with r = 0. The quotient relation is obtained by
setting the last line of (42) to zero:

(44)

Thus if the action of EPTLy () creates the only link state in B;(4) with r = 1, it is replaced
by this linear combination of states with r = 0.

General construction: Bases for Ry .qo¢(N) and Qj .qo¢(N). In the general case, to con-
struct the bases of the radical and quotient, we consider the states v,(N) and w(N) in W, ,(N)
defined as

To construct a basis of Ry ,,0¢(N), one applies the insertion algorithm to B;(N). For each link
state v in B,(N), we map it to a linear combination of link states of B;(N), by replacing the
2¢ defects of v by the linear combination w;(2¢). As shown in [13], for z = £q°¢, the action
of EPTLy(f) on this basis is invariant, so this indeed produces a submodule of Wy 4o¢(N).

For Qj zqot(N), we define its basis as spanned by the subset of link states of B;(N) with
r < £ —k. The action of EPTLy(B) on this basis includes an extra quotient relation, which
is an equation on the inserted state: w;(2¢) = 0. This relation can be written in terms of the
complementary projector 1 — Py, as vi(2¢) = (1 — Pyy)vi(2¢), making it clear that the state
vi(2£) whose crossing number is r = £ — k is mapped to a linear combination of states with
r < £ —k. The quotient relation allows us to rewrite any link state with crossing number
r = [ —k as a linear combination of states in the basis.

14
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The dimensions of these representations are

N
i Ry eqo () = B, = w ), (462)
2

N N
i Qe (V) = 1B )] = B, = ( e ) = e ) (46b)
2 2

This is clear from the homomorphisms (22) and the Loewy diagram (23), and can also be
verified in terms of the cardinalities of the bases defined above. Interestingly, for the special
case { = k + 1, the dimension of Qi 4ox+1)(N) is precisely equal to the dimension of the
standard module V;(N) of the usual Temperley-Lieb algebra with 2k defects. This generalises
the same property already known for the vacuum module V(N) corresponding to k = 0.

3 The fusion modules of W; , x W, ,
In this section, we first review the definition of the modules X; ; . ,, ,(N) that we defined pre-
viously in [13]. We then define the new modules Y} 4 . , 1, ,,](N) and describe their various

properties.

3.1 The modules X; ;. , .(N)

In [13], we defined a family of modules X; ; . , ,(N) that we argued were suitable candidates
for the fusion of two standard modules. In this section, we review the definition of these
modules. Their vector space is spanned by link states drawn on a disc with N nodes and with
two marked points a and b. Here are three examples of such link states, respectively arising
in Xo,0,x,y,2(12), X1,0,x,y,:(12) and X%’l (12):

3:X,Y53

The modules X; ; . ,,(N) are defined for N > 2 with k,{ € %Z>O satisfying % —k—{ €Zy.
A link state for Xy ; ., ,(N) is a diagram drawn on a disc with N marked nodes, with non-
intersecting curves connecting the points pairwise or tying them by defects to the points a and
b. In these diagrams, we also label as ¢ the midpoint on the outer perimeter between N and
1, and draw the dashed segments ac and bc. The defects are always drawn in such a way as
to not intersect the segments ac and bc.

One key property of these link states is their depth p, which measures the minimal number
of loop segments that one must cross to travel from a to b. In the above examples, the depth
is p =2 for v; and v,, and p =1 for v;.

In general, the module X; ; , ., ,(N) is constructed on sets of link states with a number 2r
of defects that varies, with r taking the values |k—£|,|k—£|+1,...,k+£. Of these, (r +k—{)
are attached to the point a and (r + £ — k) are attached to the point b. Thus k and ¢ count
the maximal number of defects that can be attached to a and b respectively. If either k = 0 or
¢ =0, then r only takes one value, and in this case one marked point has zero defects whereas
the other has a fixed number of defects. If both k and £ are non-zero, the number r takes
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more than one value, and thus the states do not all have the same total number of defects. In
this last case, the basis of Xy ., ,(N), as defined in [13], is such that the only link states with
non-zero depth are those which have exactly 2k + 2£ defects. Finally, one last feature of the
basis regards link states of depth p = 0 in the case where one of the two marked points has
no defects. Let us suppose that the marked point without defects is b. In this case, the only
such link states that are part of the basis are those where b is positioned in such a way that
the dashed segment bc does not cross a defect of a. The same principle applies if it is instead
a that has no defects. To illustrate, here are the link states of X, o , ,, ,(N):

(48)

(49)

is not an element of the basis of X;, ,.(4). As a second example, the basis states of
X % 1 (4) are

33:X,Y5%

<
=)
<
&)

&
2 3 2
2N
N/2

. N
dim Xy gy, (N) = By (V)| + D 2m|B,(N)| =(%—|k—f|+1)(g e gl) . (51)
m=|k—{|+1 2

)(
) (

The dimension of X 4 . ., ,(N) is

We now describe the action of the algebra on this basis. First, the parameters x and y play a
similar role for the action c-v in these modules, around the points a and b respectively, as they
do in the standard modules W, and W, .. Indeed, depending on whether k =0 or k > 0, the
parameter x either parameterises the weight a, = x + x~! of the loops encircling the point a,
or it plays the role of a twist factor for the defects of a when they cross the dashed line ac. The
same holds for the parameter y for loops and defect windings across bc, with a, = y + y L.
Moreover, if two defects of a given marked point are connected by the action of EPTLy(B),
the result is set to zero. The parameter g is an extra variable that couples the two standard
modules in their fusion, namely it either parameterises the weight a,,, of the loops encircling
both marked points, or it couples to the winding of the defects of a across the line bc and the
defects of b across the line ac. In the case k, ¢ > 0, the total number of defects may decrease
if defects of a connect to those of b. There is then a non-trivial rule involving a weight u that
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arises when two of these defects connect, and that depends on the respective positions of the
dashed lines ac and bc. Here is an overview of the diagrammatic rules for X ; .. , ,(N):

@) @) @+ @=L
=X , = — , = — , = — ,
x x Z
1 1
W5 @ @) @70 =
y 2y
@ @ @ .®
=z , = — , =g , = — ,
z Z
with .
a,=x+x1, ap=y+y?!, ap=z+z", ,u:y—. (53)
x

More generally, the twist factor assigned to a defect that winds around the marked points
and possibly crosses the segments ac and bc multiple times is obtained as the product of the
weights of the individual crossings. For example,

i)
X

Moreover, with the above diagrammatic rules, the state v defined in (49) evaluates to

(55)

and is thus proportional to a state in the basis (48).
In [13], we argued that this diagrammatic action indeed produces a representation of
EPTLN(B). We also obtained the decomposition

N/2 2m—1

Xptxyz:MN) 2 Wi . (NO D P Wt omeimmm (N, (56)
m=|k—f|+1 n=0

for generic values of z. Here and below, we use the convention W_, , = W,, .1 to define
standard modules with negative defect numbers. In this way, the first term in the right side of
(56) is well defined for k < £.

3.2 Definition of the modules Yy ;. , (.. (NV)

Some of the diagrammatic rules defining the modules X, , . , , are not the most convenient
for the study of fusion of connectivity operators. First, some of the rules in (52) allow one to
displace a marked point across a defect (with some weights), which is not what one typically
expects when computing correlation functions. Second, the link states of X, , , , have at
least |k — £| defects, and the action of the algebra cannot reduce this number further. As we
discuss at the end of Section 4.3, this turns out to be an issue for the associativity of fusion
products. Finally, it is convenient to define modules where the weight a,,, and the weights for
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the unwinding of the defects across both marked points are parameterised by two independent
variables w and z, instead of by a unique variable z.

We now define a second family of modules Y; ; , , . ,,1(N), also built from link states with
two marked points, that have better properties related to the above remarks. The new modules
have some similarities and differences with the modules X ; . , ,(N), which we emphasise
throughout.

Like for the modules X; ¢ ., ,(N), the modules Yy 4 . , 1, ,,)(N) are defined for N > 2 with
k,{ e %Z;O and %—k—@ € Zs,. The parameters x, y, z and w are non-zero complex variables
that arise in the action of the algebra on the basis states. The vector space for Yy . ., .,j(N) is
spanned by link states on a disc with two marked points a and b, and N nodes on the perimeter.
The basis link states satisfy the following five properties:

(P1) The marked points a and b are on the right and the left, respectively. The dashed line ac
leaves c on the right of the line bc, and these lines never cross.®

(P2) Loop segments may connect pairs of outer nodes, creating arches.
(P3) A defect can connect a to b.

(P4) A defect can connect a to itself only if the resulting curve separates the component of
the disc containing b from the component adjacent to the boundary. The same holds for
a <= b. In other words, the diagrams

and (57)

(P5) A defect can connect a marked point to a node on the boundary of the disc. A defect
connecting b to an outer node can cross the line ac at most once, and in this case, the
point a must lie to its right along the dashed line. Such a defect may also cross the line
bc, but only if the following condition is satisfied: a walker traveling on the defect from
b to the outer node must cross the line ac before the line bc. Similarly, a defect attached
to a can cross the line bc at most once, with the point a to its right along the dashed line.
Moreover, a defect attached to a can never cross the line ac. Finally, the total number of
defects crossing dashed lines can take the values 0, 1,...,2k +2{ —1.

are not set to zero.

Here are examples of link states in Y% 1 ’X%[Z’W](lz):

Vl = , V3 == . (58)

For k > {, the link states spanning the vector space of Yy ¢, , [, w](IV) split into four types:

(i) Link states with 2k and 2/ defects attached to a and b respectively, and with the depth
p taking the values 1,2,..., % —k—{.

®We sometimes place the marked points higher or lower in the diagrams for the states of Yo t,x,y,[zw]> DUt always
keep a on the right and b on the left.
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(ii) Link states with (r +k—{) and (r + £ — k) defects attached to a and b respectively, with
r=k—L0,k—£+1,...,k+£, and with depth p = 0. These are obtained from link states
of type (i) by connecting (k + £ — r) pairs of defects between a and b.

(iii) Link states where b has no defects and a has 2r defects, with r = k— ¢ — s, and
0 < s < k—{. These are obtained from link states of type (i) by connecting 2{ pairs
of defects between a and b, and then s pairs of defects attached to a.

(iv) Link states with no defects, obtained from link states of type (i) by connecting 2¢ pairs
of defects between a and b, and then k — £ pairs of defects attached to a. These link
states are only allowed if N is even and 22~ = 1. Otherwise, they are not included in
the basis.

The dimension of Yy, [, w](N) is larger than or equal to the dimension of X; ;. ,.(N).
Indeed, the modules X, ., ,(N) only have link states of types (i) and (ii). For k <, the link
states also split into four types, following the above rules with k <= £ and a «<— b.

As a first example, here is the basis of Y1 ¢, , 1, ,1(4) for 22 =1:

> 1

IS
-

w

32 3 2 3 2
3 2 3 2 3 32 3 2
e &

This is different from the basis for X, o, ,(4). In this example, the first, second and third
lines respectively depict the link states of types (i), (ii) and (iv). There are no link states of
type (iii) in this case. Comparing this with (48), we see that the second line has twice the
amount of link states for Yy ¢, , 1, ,,(4) and that the last line is absent for X, o , , ,(4), thus
confirming that Yy ¢, ) ,(4) is a larger representation. In particular, we see that the state
(49) is a basis state of Yy, ) 1, ,1(4), but not of X, ¢, ,, ,(4). Moreover, if z2 # 1, the basis
of Y1 0.x,y,[z,w](4) is obtained from (59) by removing the states of the third line. As a second

example, here is the basis of Y 11 ,x’y,[z,w](4):

2
Q

-
N
~

24
Y

-

Jun

W ADN
-
’

S

—
IS

o @

In this case, we readily see that there is a bijection with the basis states of X 11,y ,(4)in (50).

N E w

g:

WA ‘}.a“’
U
w N w
v g
N w

a

N i w

@.N

J‘J

Q

i w

@:

4

4N

-
N
-

[

A-w
N
’
N
}w
[\

w

S

N
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The action c - v of the algebra on this vector space is defined as before, namely one inserts
the link state v inside the connectivity ¢ and reads the results from the outer perimeter of the

diagram. The rules for assigning the weights are
- 0 )

©O @
S

&

’@@

OV v =220y v e Y mw ), (62)
where the weights of the non-contractible loops are parameterised as

a,=x+x1t, ay=y+y?t, ap=w+w'. (63)
Moreover, if 22k=0 £ 1, the diagrammatic rule that allows pairs of defects attached to the
same marked point to connect with unit weight is changed if its application produces a link
state of type (iv). In this case, it instead yields a vanishing result. Thus it is only possible to
produce a link state of type (iv) if N is even and 220 =1,

We note that, for k > 0 or £ > 0, applying the rules (61) for the action ¢ - v may produce
states whose defects do not satisfy the property (P5). But the property (62) then allows us to
re-express these states in terms of basis link states satisfying this property.

These rules are different from those of the modules X; ¢ . ., ,(N) given in (52). First, we
see that the defects attached to a given point may connect in pairs if they do so after encircling
the second marked point. Second, the point a is always on the right of the point b. There
is thus only one way that a defect can connect these two points. This defect is removed and
replaced by a unit weight. There is thus no parameter u. Third, there are no rules that allow
one to move a marked point across the dashed line attached to the other marked point. Finally,
the parameter w now parameterises a,,, whereas z only arises in the connection of pairs of
defects. We also note that there are some coincidences between the two families of modules:

N even: YO,O,x,y,[z,w](N) = XO,O,x,y,W(N) > (64a)
Nodd:  Yio, ((N)=Xio, (N), Yo, (N)=Xoi, .(N).  (64b)

We now make the following claim.

CLAIM 3.1 The vector space Yi gy y [z,

EPTLy(B) produces a representation.

W](N ) endowed with rules (61) and (62) for the action of

This is a non-trivial claim which we leave without proof, and which we have verified for many
small system sizes using a computer.
It stems from (62) that the eigenvalues of Q are given by wy /5 , withn € {0,1,...,N—1},

where
Omn = Z(k—ﬂ)/meim‘c/m ) (65)

We define the projectors over the corresponding eigenspaces of 2

1 N—
— w ol
_EO o Q. (66)
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We also note that Yy . , 1, w] does not depend on z for (k,£) = (0,0), whereas it has a z-

dependence in all the other cases. Moreover, it depends on w only if N is even and z2*<=8) =1,
and in this case the module is invariant under w — w™!. We use the notation Yt xy[zw] (V)
for all cases, but sometimes write Yy ; . , ,(N) when discussing the case where N is odd.

The reason for the extra condition on z for the link states of type (iv) to be in the vector
space is clear. In our construction, 2V acts on these link states as the identity times a unit
prefactor. If these link states were to be included and 22— # 1, then (62) would no longer
hold and in fact one could show that the result is no longer a representation of EPTLy (). This
is related to the issue discussed in [21] whereby it is impossible, for N even, to simultaneously
have a module with the relations QY = y1 with y # 1, and E = e4e,...ey # 0, since QVE = E.

3.3 Properties of the modules Y; ;, , . .,j(N)

The representation Yy ;. , [, w](N) has many useful properties. The similar properties of the
modules X;.; . ,, ,(N) were studied in [13], so here we keep the presentation brief and do not
repeat all the proofs. Some of them are given in Appendix A.

Cyclicity. Consider the link state of maximal depth p = % —k —{ defined as

2k+p
2k

Ut (N)= o nten é A : (67)
D

N 1

For (k,£) # (0,0), the module Yy ; , [, w(N) is cyclic with respect to any link state of type
(i) of maximal depth p = % —k — (. In other words, the entire module is generated from the
action of EPTLy(3) on any such state. These states are u; o(N) and its shifts Q- ur¢(N). The
same result holds for k = ¢ = 0 if at least one of a, or ay is non-zero.

Gluing map. In[13], a gluing operator g, was defined as acting on pairs of standard modules
Wi (N,) and W ,,(N), creating states in Xy ¢  ,,.(N), and assigning to those states the action
of EPTLy () with the rules (52). Here we introduce a gluing operator g, ,,] that acts similarly,
but instead endows the vector space of the glued link states with the action of Yy ¢  , 1 ,j(N).
The gluing map

8lzw] * Wk,x(Na) ® Wlf,y(Nb) - Yk,ﬁ,x,y,[z,w](N) s N =N, + N, (68)

is a linear map defined as follows. For any pair of link states (u,v) € By(N,) x By(IN,), the
result of g, ,,1(u, v) is the link state with N = N, + Nj, nodes, obtained by inserting the state u
on the nodes (1,2,...,N,), and the state v on the nodes (N, + 1,N, + 2,...,N, + N,). Here is
an example for N, =5 and N, = 6:

(69)
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By a slight abuse of notation, we define the gluing acting on any pair of submodules
M, € Wy (V) and My, €Wy, (Ny), as

8rew)(MaMp) = {c - gy V) [ue M, , v eM,, c € EPTL(B)} . (70)
For (k,£) # (0,0), from the above cyclicity property, we have

g[z,w](Wk,x(Na)’ Wl,y(Nb)) = Yk,ﬁ,x,y,[z,w](N) . (71)

The same applies to (k,£) = (0, 0) if either a, # 0 or a}, # 0. By construction, g, ,,1(M,, M)
is always a submodule of Yy ¢ 15 w)(N).

Dimensions. The dimensions of the representations are given by

K N N
B+ 2 2miBal = (5 1) (), 0 =1,
N even: dimYj,.,w(N)=1 n2 m=1 NN ? (72a)
Z 2m|B,,(N)| = —(N) ) otherwise,
= 2\3
m=1 2
N/2
N+1( N
N odd: dimYy,,,.(N)= Z 2m|Bm(N)|:—2 (NH). (72b)
m=1/2 2

The argument leading to this dimension counting is developed in Appendix A.

Filtrations. The action of the algebra can never increase the depth p. It may only reduce it or

leave it unchanged. We denote by Y;f)e xoyz W](N ) the submodule of Yy ¢ 1, ,,)(N) spanned

by link states of depth at most p, with p =0,1,..., % —k —{. The submodule Y;f,)f,x,y,[z,w](N )

decomposes further. Indeed, the defects of states of zero depth may connect pairwise. How-

ever the action of the algebra cannot undo the corresponding processes. We then denote by

Y;{OZ' ) (N) the submodule of Y (N) where the total number of defects of a and
,x,y,[2,w] k,L,x,y,[z,w]

b is at most 2r, with r < k + £. We have the filtrations

. (0,0) (0,1) (0,k+¢) _ ()
N even: Yk,l,x,y,[z,w](N) < Yk,f,x,y,[z,w](N) CoC Yk,(,x,y,[z,w](N) - Yk,l,x,y,[z,w](N)’ (73a)
. (0,1/2) ©0,3/2) (0,k+0) _ v
N odd: Yk,e,x,y,z(N) C Yk,e,x,y,z(N) C---C Yk,[;,y,z(N) = Yk,[)x’y,Z(N) , (73b)
and
©) M (N /2—k=0) _

Yk,l,x,y,[z,w](N) C Yk,f,x,y,[z,w](N) C-C Yk,f,x,y,[z,w](N) - Yk,l:X,}’;[Z;W](N) ’ (73C)
for both parities of N. For N even with 22— £ 1 the filtration (73a) holds with
Yf’f) (N) = 0. We also define the quotient modules

$l ’x’y’[z’w]
o,r) _ v(0,1r) 0,r—1)
Mk,é,x,y,[z,w](N) - Yk,é,x,y,[z,w](N)/Yk,é,x,y,[z,w](N) ’ (74a)
®) RV ) o))
Mtz =Y et MDY gV (74b)

The equivalence relations associated to the above filtrations will be useful in the subsequent
discussions. We say that two elements v;, v, in Yy ¢ , - ,,(IN) are equivalent at depth p if their
difference consists only of states of depth at most p — 1. We write this as

vi=vy [[p—1]] = Vi—Vy € YEZZ;’%[Z’W](N) . (75)
Similarly, we write
v =V, [[0,r—1]] = V] —Vy € Y;f”g;l’)y’[z’w](N) . (76)
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Eigenvalues of F and F and genericity of [z, w]. Let us define

£ —1 — -1 n — -1
fO:f0:W+W ) fm,n:qmwm,n+q mwm’n’ fm,n =dq mwm,n+qmwm’n- (77)

These are the eigenvalues of F and F in the modules Wy w(N) and W, ,, (N).
Repeating the arguments used in [13] for the module X ; ., ,(N), we find that the eigen-

values of F in the quotient modules M(p ) oy 2] @04 M;{O . . y.[zw] 2Te given by
Mf;)xy[zw](N) : {fO}, (783)
Mz e [1=0,1,...,2r =1}, 0<r<k+{, (78b)
My (] (N {fertepn | n=0,1,...,2k+20+2p—1}, p>1. (78¢)
The eigenvalues of F in Yy, , . ,,1(N) are given b}_r the union of those of its quotient modules
Mg(o E’ ) and M®? The eigenvalues of F in these modules are obtained from (78)
,6,Y,[2,w] kﬁxy[zw

by changing ¢ — q~
We say that [z, w] is generic for Y g,y [2,w](IV) if all the eigenvalues (78) of F are distinct,
and likewise for those of F. To analyse the coincidence of these eigenvalues, we define

f(mw)=q"w+q "w !, fmw)=q"w '+q "w. (79)
Recalling that we work with values of q that are not roots of unity, we observe that, given a
pair of modules (W, ,,, Wy ), the equalities f(m,w) = f(m’, w’) and f(m, w) = f(m’, w’)
hold simultaneously if and only if w and «’ are of the form

w=¢eq°™, w =eq’™, o,e€{+1,—1}. (80)

There are three kinds of non-generic values of [z, w] for Y ; , , 1, ,(N):

e The first kind arises for N even with 22k~ =1 and w = eq°™, where me {1,2,..., %

and o,¢ € {+1,—1}. In this case, the eigenvalues of (F ,F) coincide on the pair
(Wo,eqom> Wiy ). These eigenvalues are given by f, = fo = e(¢™ +q ™).

* The second kind arises for N even with z2k—0 = qzomm/, where m, m’ are distinct in-
tegers in {1,2,..., %} and o € {+1,—1}. In this case, the eigenvalues of (F,F) co-
.. . _ /
¥nc1de on t.he two pairs (Wm’q[,m/,Wm/’qm)'and (Wm’_qatn/,Wmi’_qam). If M = mm
is not a prime number, then there may exist several pairs of integers {m;, m;} such
that m;,m; € {1,2,..., I;]} and m;m; = M. For each pair {m;, m}}, the two pairs of
modules (W m/,W 1 qomi) and (W om!» Wor _,om; ) have coinciding eigenvalues of

m;,q m;,—q° ™ 4
— . o -0 _AO (0 -
(F,F). These elgenvalues are given by ((pmi,m;, cpmi,m;) and ( L cpmi,m;) respec
tively, where

/

(Pr(;’m/ — qm+0'm’ +q—m—o’m , @r(:l’m/ — qm—o-m’ + q—m+0’m/ . (81)

Note that all these pairs of eigenvalues are distinct, namely

(o (e

gi(wmi’mga Sorcqu,mg) 75 ej((pglj’m;; (ij’m}); if {mi’ mi} 7& {mj; m;} or g; 7é Ej . (82)

e The third kind arises for N odd with z2k—0 = sqz"mm/, where m, m’ are distinct half-
integers in {2, 3aee .,Y¥Y and 0,e € {+1,—1}. In this case, the eigenvalues of (F,F)
coincide on the pair (Wm,sqm/,Wm/,gqm). Here, like for the second kind, several such
pairs of modules can coexist, and they always correspond to distinct eigenvalues.
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3.4 Decomposition of Y} , .

y.1zw](N) and fusion rules for generic [z, w]

For generic values of [z, w], the module Y ; . , 1, »w)(N) decomposes into a direct sum of irre-
ducible standard modules as
N/2 2m—1
Wo, M@ D D Wae,, @), 229 =1,

N even: Yk,l,x,y,[z,w](N) > /2 2m—1 m=1 n=0 (833)

N
EB @ Wi, (N), otherwise,

m=1 n=0

N/2 2m—-1

Nodd:  Yipey.(N) =~ B P Wi, (). (83b)
m=1/2 n=0

This is obtained using the same arguments as those used in [13] for X, . ,, ,(N). We discuss
this further in Appendix A. This decomposition has a natural diagrammatic interpretation:

QL
8[z,w] “,

| 850

m=k+{+1 n=0

‘ m=1 n=0 -~
L 2m 1 -
(84)
For illustrative purposes, these diagrams are drawn here for Yy ¢ . , 1, .,J(N) with N even, k > ¢,
and z2¢=0 = 1. In these diagrams, only the loop segments that act as effective defects are

drawn, and not the other arcs that are present and contribute to the total number N of nodes.
The splitting of the right-hand side in four contributions corresponds to the classification of
link states in the types (i), (ii), (iii) and (iv) described in Section 3.2. For z2(k=0) # 1, the only
difference is that the last term with link states of type (iv) is absent. Thus in the decomposition,
the effective number 2m of defects accounts for both the total number of defects and for the
arcs lying between the two marked points that contribute to a non-zero depth p. The sums
over n account for the possible eigenvalues (f;, ., fm’n) of (F,F). Then the quotient modules

MEZ)E’X’%[Z’W] and M;f”g’)x%[z’w] each correspond to one value of m in this decomposition, namely
M;f,’;,)x,y,[z,w](N) = WO,W(N) > (85a)
2r—1
My e (V) = @0 W, (N),  0<r<k+l, (85b)
n=
2m—1
M trtem @) D W, (), m=ktlip, p=1. (850)
n=

From the decompositions (83), we see that

Yk,l,x,y,[z,w] =~ Ye,k,y,x,[z—l,w] . (86)
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Let us define the elements of EPTLy ()

N/2 —
/2 2m’—1 F_fm’,n’

Qo = l_[ l_[ o Fom (87a)

m’=t n’=0

N/2 2m’—1
F_ F_ / 7/
an=—f° 1 A, m=u,0+1,...,%, n=0,1,...,2m—1, (87b)
fm,n_fO m'=t n'=0 fm,n_fm’,n’
(m’,n")#(m,n)
where

0, N even,
L= { (88)

7, Nodd.

In Y ¢ .x,y.[z,w](N) with [z, w] generic, these elements act as projectors on each of the individual
irreducible standard modules in the direct sum decomposition (83).

The definition of F in (28) expresses it as a sum of 2V terms. Using this decomposition

and acting on link states with the maximal number of defects and with depth p = % —k—1¢,
we find

Fov=("?Q+q?a™") v [[5-k—t-111, VveMZ 0 (N). (89

After simple manipultations, we obtain

Oyj2,vF V= fujon oy v [[5—k—¢—111, (90a)
l—IN/2,VQN/2,n'VEgv,nHN/Z,n'v [[%_k_e_l]] (90b)

This implies that
Qujzn VEDypev [[z—k=€-111,  ¥veME0 (V). 2V

Therefore, the action of Q5 , and Iy /5 , in Y gy 12 w](IV) on link states of depth p = %—k—@
is identical modulo states of smaller depths.

Generic fusion rules. Here we use the definition of a fusion rule of two modules presented
in the Introduction and apply it to the fusion of two irreducible standard modules W, ,(N,)
and W, (N,). For this, we consider the modules Y, [, »(N) on increasing values of
N = N, +N,, for fixed values of the parities of N, and N,,. For a given indecomposable module
M, we write Wy, x W, , — M if there exists a positive integer Nj such that, for all N > N,
with N = N, mod 2, the module M(N) appears as a direct summand in the decomposition of
Yit,x,y.[z,w](N) for some values of [z, w]. We also write Wy, x W, , — {My,My, M3, ...}, if
each M; is indecomposable and satisfies W, x W, ,, — M;. The decompositions (83) then
induce the fusion rules

WpelmeZyy, m+k+Le€Z, W, , is irreducible}, k#¢L,

92
Wit | m € Zxy, t2m =1, W,, , is irreducible}, k=¢. ©2)

Wk,x X W(’y — {

Indeed, for these values of m and t, and for N large enough, there is always a choice of [z, w]
such that W,, ,(N), with t fixed to a value where this module is irreducible, appears as a
submodule of Yy ¢, 1 w](N).

We stress that (92) does not give the full fusion rules for the product of two standard
modules. Indeed, to get the full fusion rule W, , x W, ,,, one must consider the decomposition
of Y ¢ x.y [s,w] for all values of [z, w]. This also includes the non-generic ones, which we have
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not considered here. This decomposition will include modules that are indecomposable yet
reducible. As shown in [13] and further discussed in Appendix D for the case k = £ = 0,
this can include indecomposable modules that have three composition factors. We in fact
present the full fusion rule for Wy, X W ,, in Section 5.1. We expect that the same kind of
modules arise in general in the decomposition of Yy ¢ . , 1, ,,] for non-generic values of [z, w]
and arbitrary values of k and £. This analysis is however beyond the scope of the present paper.

4 The fusion modules of Wy , X Ry ,qm and W, X Qg ;gm

In this section, we focus on fusion products involving a standard module W ,.(N,) and an
irreducible module that appears in the decomposition of the standard module with zero de-
fects W oqom(Ny). We discuss both the fusion with radical submodules Ry ,4om(N,) and with
quotient modules Qg ;qom(Np,). Throughout this section, we focus on generic values of the fu-
sion parameters [z,w]. We describe the construction of the fusion modules as well as their
decomposition over the irreducible standard modules. After giving the general definitions in
Section 4.1, we illustrate these concepts for the two simplest examples, namely m = 1 and
m = 2, in Sections 4.2 and 4.3 respectively. Then in Section 4.4, we describe the constructions
and decompositions in the general case.

4.1 Definitions and preliminaries

Let us first discuss the fusion product W x R between a standard module W ,.(N,) and a radical
submodule Ry ;4om(Np). It is defined as

(Wk,X(Na) X RO’qum(Nb))[Z,W] = g[z,w](Wk,x(Na), RO,&‘qu(Nb)) 5 N - Na +Nb 5 (93)

where g, ,,] denotes the gluing operation on submodules of standard modules, as defined
in (70). Indeed, because R qom(N}) is a submodule of W ..om(Ny), the action of g, ) is
automatically defined on Wy ,(N,) ® Ry .qom(N}), namely it is obtained simply by restricting
to states in the corresponding submodule. A basis of Ry ,4om(N},) is described in Section 2.4
in terms of linear combinations of link states of Wy ;4om(Np,). Here is an example where the
gluing g(, ] acts on a pair of basis states of W ,(4) and Ry .4(4):

(94)
The action of the algebra EPTLy(3) on these states thus involves twist factors as well as
weights for the various types of loops following the rules (61). With the definition (93), it is
clear that (W . (N,) X Rg cgom(Np))[z,4] is @ module over EPTLy (), and that it is a submodule
of (Wi (N,) X W zgom(Np))[5,]- Obtaining its decomposition amounts to looking at (83) and
figuring out which factors belong to the submodule. As will become clear in the next sections,
this turns out to depend non-trivially on x and [z, w].

We now discuss fusion products W x Q involving a standard module W, ,.(N,) and a quo-
tient module Qg ;qom(N},). One can define the fusion module (W ,(N,) X Qg gqom(Np))[z,w] D
two equivalent ways. It can first be defined directly in terms of the diagrammatic action of the
algebra on certain subsets of glued link states, which involves an extra quotient relation. Link
states in Yy g y eqom [zw] have two crossing numbers, r, and ry, counting the loop segments
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crossing the dashed lines ac and bc respectively. It is then natural to consider as a basis for
this fusion module the subset of link states in Y g \ cqom [54] for which the crossing number
associated to b satisfies r, < m. There is however an extra subtlety arising in this definition,
namely one must apply this procedure not to the entire module Y} g qom [ ], but instead
to a certain submodule corresponding to an eigenspace of the central element F. This will
already be clear in Section 4.2 in the discussion of the example m = 1.

The second definition of the fusion module for W x Q is

(Wk,x(Na) X QO,eqU"l(Nb))[z’W] = (Wk,x(Na) X WO,sq"m(Nb))[z,w]/(Wk,x(Na) X RO,eqU"‘(Nb)) (95)

[z.w]”

The second definition is useful, as it allows us to deduce the decomposition of W x Q directly
from the decompositions of W x W and W x R. It is also natural from a CFT point of view.
Indeed, fusing with Q requires that one sets the radical states to zero, in the same way that
the fusion of Virasoro modules where one is a degenerate conformal field requires studying
modules with null states set to zero. We make the two following claims.

CLAIM 4.1 The two definitions of the fusion modules of W x Q given above are equivalent.

In Section 4.1, we show that this claim holds in the case m = 1.

CLAIM 4.2 The decomposition of Wy ,(N,) X Qg ¢qom(Ny,) is independent of N = N, + Nj,.

Equivalently, the decomposition of Wy ,(N,) X Ry ,qom(Np,) can be read off directly from the
minimal case (N,,N,) = (2k,2m) by changing the upper bound on r of the direct sum of
standard modules W, , from k + m to % In Appendix B, we prove this claim in the case
m=1.

In the next sections, we present the construction and the arguments for y = eq™ with
m > 0, understanding that the same arguments for y = ¢q~™ are obtained by substituting

q — q*. For this discussion, it is also useful to define the operators
j+1 j+1

j=12,...,N. (96)

These objects are not elements of EPTLy(f3), as they have N nodes on one perimeter and
N — 2 on the other perimeter. Clearly, they are obtained by removing one of the two arches
from the diagram e;, either the inner or the outer one. They satisfy the relations

T. o _ T_ T
cjc; =ej, cjc].—ﬁl, cjcjil—l, 97)

where 1 stands for the identity in EPTLy_5(f), and the labels of c; and ¢! are understood
modulo N. The action of ¢; on a state in Yy ¢ . , 1, ,,](N) produces a state in Yy ¢ 15 ,)(N —2).
In our calculations below, the outer arches of e; always act as spectators, and thus using c; and
c; instead of e; allows us to simplify the presentation of some of the arguments.

Let us also define the seed states

2k+m

Viem = (1o ® Popy) - Uy o(2k +2m) = , (98)
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where uy (N) is defined in (67), as well as the reduced intermediate seed states

®» _ —
Ulim = Cokmtp+1 - - - C2k—1C2k * Viem » p = max(m—2k,0),...,m—1,m. (99)

Each subsequent action of the operators c; reduces the number of nodes by two units, so that
®) e Yk,0,x,6qm [2,w](2k + 2p). Moreover, each application of c; reduces the maximal depth

k,m
of the states by one unit. For k = %, these states can be represented diagrammatically as

(o2

o = okt

k,m (100)

In this diagram, the number of defects of a attached to the projector is m—p, and the maximal
depth of the link states composing this state is p. The states cr;f)m will be useful in our investi-
gation of the decomposition of W xR and W x Q, namely they will allow us to determine which

composition factors of M;f)o xeqm [z W](N ) are present in these modules. In our analysis, we will
0,x,6q™,[2, o

also define further intermediate states 0" for 0 < p < m—2k, as well as states 05{0’2 that will

k,m
allow us to perform the same analysis for the factors of Mf’é’x eqm [z W](N ). Their definitions
will depend non-trivially on the inequalities satisfied by k, n’1,’ p and r and will be given on a
case-by-case basis. In particular, we investigate the states 08 )m in further detail in Appendix C.
Finally, we note that the expressions that we derive in this section for the intermediate seed
states are valid for z,w € C*, although here we only use them to elucidate properties of the
fusion modules for [2, w] generic. Their values for non-generic values of [z, w] will be useful

in Section 5.

4.2 A first example: the case m =1

We set m = 1 for this entire section. We first discuss the fusion W x R and subsequently
the fusion W x Q. We present the construction for N, = 2k, N, = 2 and N = 2k + 2, with
k € Z~. The generalisation of the arguments to larger values of N is discussed in Appendix B,
confirming Claim 4.2 in this case.

The fusion W x R. In the fusion module (W ,(N,) X Rg .4(Ny))[z ), the gluing operator
creates link states where the point a has 2k defects, whereas the point b has no defects and
is associated to a Jones-Wenzl projector P,. Both W ,(2k) and R, ,4(2) are one-dimensional
modules. The gluing operator produces the seed state

2k3 2k3
V=V = =1y ®P) u, with u= =ugo(2k +2).
o 2k+1 2 “ ’ 2k+1 2 “

2k+2 1 2k+2 1 (101)
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The state v is a linear combination of the link states u and ey ; - u, with respective depths
p = 0 and p = 1. Both u and eq; - u have 2k defects attached to a. The fusion mod-
ule (W (2k) X R 44(2))[z,w] is the submodule of Yy ¢\ .q1zw](N) generated by the action
of EPTLy(B) on the seed state v. The decomposition of Yy oy ¢4 [zw](INV) is directly read off
from (83) specialised to £ = 0. Obtaining the decomposition of (W ,(2k) x R .4(2))f;,,] then
amounts to finding which of the factors are in the submodule generated by v.

With N =2k + 2 and ¢ = 0, the filtrations (73) read:

. (0,0) ©.1) . (0,k—1) ) o)
N even: Yk,O,x,sq,[z,W] < Yk,O,x,Eq,[z,WJ c c Yk,O,x,sq,[z,WJ c Yk,O,x,sq,[z,W] < Yk,O,x,sq,[z,W] , (102a)
. (0,1/2) (0,3/2) . (0,k—1) (0) )
N odd: Yk,O,x,sq,z c Yk,O,x,sq,z C c Yk,O,x,sq,z c Yk,O,x,sq,z c Yk,O,x,sq,z : (102b)
For N even, (102a) holds for z2* = 1, but also for z%* # 1 provided that we set Yg{o‘(‘;)x eqlzm] =0

We proceed in three steps, acting repeatedly on v with the algebra and examining whether
nonzero states of type (i), (ii), and (iii-iv) can be generated. The action of the algebra on
these states, in turn, respectively produces the factors appearing in the decomposition of the
quotients modules M;{l,)o,x,sq,[z,w], M;f,)(),x,sq,[z,w], and {Mgco,’(;,)x,sq,[z,w]’ r < k—1}, given in (85).
We now discuss how the different families of states are produced by the action of EPTLy(f):

* States of type (i): These are the states of depth p = 1, namely u, Q-u, Q% u, ..., Q%1 .u.
Using the projectors IT;; , defined in (66), we construct the nonzero states I , - u,
withn=0,1,...,2k+1. These are eigenvectors of Q with respective eigenvalues w1 .
Let us also recall that v = u [[0]]. In the quotient module Mgcl,)O,x,eq,[z,w](Zk +2), the state
Iy 41,,-u spans the one-dimensional submodule Wy, ; , (2k+2). In Y g 1 oq [5,w](2k+2),
the same one-dimensional submodule is spanned by the state Q. ,, - v. Since, by (91),
Qikt1n "V = g1 -u [[0]], the state Qi , - v is clearly non-zero. This confirms that
each of the factors Wy ,, (2k + 2) arises in the decomposition of the fusion module
(Wi x(2k) x Rg 2q(2))[z,w1- This holds for all x,z,w € C*.

* States of type (ii): These are the states of depth p = 0 with 2k defects attached to the
point a. We first note that

ej-v=0, je{l,2,...,2k—1}u{2k+1}. (103)

For k = %, the action of ey gives

eg vV =_cr o

ok Ok 1 where 05(0)1 =cop-v=(x"10+¢l)- ug o(2k). (104)

Here, u; o(2k) is defined in (67) and is a state of maximal depth in Y g 04 12w](2K)-
Applying eq .5 to v, we find that the result is also expressible in terms of 05{0)1:

— T ©)
€ok+2 "V = EX Cop Oy - (105)

Hence, whether the resulting action of the algebra yields a zero result depends only on

the reduced intermediate state 0';(0)1 S I\/Ig))0 eqls W](Zk). To see which of its composition

factors are produced, we apply Il; ,, and find
I, - 05{0,)1 = (x "t wpn+ &) My - weo(2K), Wpn =2 elmn/k (106)

(0)
k,1

generates the whole quotient module Mf)o x.eqlz W](Zk), namely the direct sum of factors

Wk’wk’n(zk) withn€{0,1,...,2k —1}. If instead

If 22K £ (—ex)?*, all the above vectors are nonzero and the action of the algebra on o

z=3; = —gxe Tk for some j€{0,1,...,2k—1}, (107)
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then 2% = (—ex)?* and I ; - 0%, = 0. We conclude that, in this case, the ac-
tion of the algebra on the seed state v produces at depth p = 0 the subspace
(0) . . . .
Do<n<ok—1,n#j Wk’wk)n(Zk) of Mk,O,x,sq,[zj,w](Zk)' By using the insertion algorithm to
reinsert the extra arc, we conclude that the action of the algebra on the seed state v
produces the factors Po<p<or—1,n£j Wi, (2k +2) of type (ii). The missing factor is

Wk,wk’j |z:zj = Wk,—&‘X‘

The value k = 0 is special. In this case, the module always has states of depth p = 0 and
the action of the algebra involves the parameter w. In this special case, we have

ez-v=|:(x+x_1)+e(w+w_1):| 2,,1 . (108)

If w # —ex*!, then e, - v is a nonzero element of the submodule

Yg),)(),x,sq,[z,w](z) ~ Wy, (2). For generic values of w, this module is irreducible,
+1

and hence the action of the algebra on e, - v generates W, ,,(2). If instead w = ex
then e, - v = 0 and this submodule is not produced by the action of the algebra on v.

* States of type (iii-iv): These states are only present for k = 1. They have 2r defects
attached to point a, with r < k. These states are obtained by acting with the algebra
on ey - v in such a way as to reduce the number of defects attached to a. We therefore
define the reduced intermediate seed states

0,k—1)
0'5(1 =Cop_1 Cok 'V, (109a)

0(0 D= (co)k 1T ~0§(°’f_”, r<k—1. (109Db)

Using the graphical rules (61), we readily find that 0(0 ") is proportional to the seed state

u,o(2r) with a nonzero coefficient. The action of the algebra thus generates all the
composition factors of Mi’é’)x’gq’[z’w](m) given in (85). Using the insertion algorithm,
we find that the corresponding submodules of Yy o , .4 [ w](2k + 2) that are generated
from the action of the algebra on ey - v are EBzr Lw, ., (2k+2) for 0 < r < k and

Wy, (N) for r =

We recall that all of these arguments are presented here for N, = 2k, Ny, =2 and N = 2k+2.
In Appendix B, we argue that the results in fact extend to arbitrary larger values of N,, N, and
N satisfying N = N, + Ny,, which is thus consistent with Claim 4.2. To summarise, we have for
generic values of [z, w]

YO,O,x,sq,[z,w](N)/Wo,fsx(N) > k=0 , W= Sxil >
(Wk,x (Na) x RO,Sq(Nb))[z,w] = Yk,O,x,eq,[z,w](N)/Wk,—sx(N) 5 k = % > =(= SX)Zk (110)

Yk,O,x,sq,[z,w](N) ) otherwise.

Importantly, we recall that Ry ., > W, , and compare (110) with the fusion

(Wk,x(Na) X Wl,s(Nb))[z,W] &~ Yk,l,x,s,[z,w](N) . (111)

It is thus clear that Wy, x Ry . and W, x W, , yield different results in general, in particular
because w,, , takes different values in Yy ¢ \ oq[z,w](N) and Yy 1y o [z w](NV). This shows that
two modules that are isomorphic do not necessarily behave identically under the fusion defined
with the modules Yy, , 17 (V).
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The fusion W x Q. The natural way to define the fusion modules of Wy, ,.(N,) and Qg .4(Np)
is to start from the module Yy ¢, .4 [2w](IN) and include the extra quotient relation (35) to the
diagrammatic rules (61) that dictate the action of EPTLy(f) on this module. In this context,
this extra relation allows us to commute the marked point b across any loop segment at the
cost of a sign —e. As we shall see, this has non-trivial consequences.

Let us first describe the case k = 0 where there are no defects at all, as this case is the
simplest. We construct a basis of link states made of the subset of link states of Yo ¢ 1 ¢q [1z,w](IN)
for which the marked point b is adjacent to the perimeter of the disc, between the nodes N and
1. In other words, this basis consists of link states with r, = 0. There is an obvious bijection
between the link states in this subset and the states in By(N), from which we conclude that
the dimension of this module is (N]\;Z)'

The action of EPTLy () on this basis may produce states with r, > 0, in which case the
quotient relation (35) for Qg .4(N},) is used to commute the marked point across the crossing
loop segments and write the result in terms of states with r, = 0. The extra quotient relation
then implies that

(112)

Thus with a,, = w+w ™! and a, = x +x "}, this identity holds only if w = —ex*!. For all other
values of w, endowing Y ¢ \ .4 [zw] With the extra relation does not produce a representation
of EPTLy(B). We then say that the result of this fusion product vanishes.

We still need to understand the decomposition of these modules in the case where they are
non-zero. To answer this question, we define a new basis where the two marked points are
adjacent. All the states in the new basis have depth p = 0. The change of bases is diagonal
and simply requires that we commute b across the loop segments for each state, leading to
a multiplicative factor ™. In the resulting representation, all the non-contractible loops that
are produced encircle both marked points and have the weight @ = w +w™! = g(x + x™1).
This is true for both w = —ex and w = —ex ™. The resulting fusion module is thus isomorphic
to Wy ,,(N). In summary, we have

Wy, (N), w= —ex*,

113
0, otherwise. (113)

(WO,X(Na) X QO’Eq(Nb))[z,w] ~ {

It is clear that the same decomposition is obtained using the definition (95) and the first
line of (110), thus confirming Claim 4.1 in this case. To understand why this is the case, let
us note that the relation (112) can be written alternatively as

=w+w D+elx+xH=0. (114)

B la,=—cp

Comparing with (108), we see that the diagram on the left side of (114) is equal to ¢, - v,
which is the intermediate seed state for Wy, X R .. Thus the module W x Q constructed
diagrammatically with the extra quotient relation acting on the link states is precisely the
module obtained by quotienting W x W by W x R, as defined in (95).

We now discuss the case k > 0. The extra quotient relation (35) again allows us to com-
mute the marked point b across the loop segments up to signs. It allows us to express any link
state in Yy gy ¢q[z,w](2k + 2) in terms of a link state with crossing number r, = 0, up to some
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sign. The quotient relation then implies that
ANV

B SP
(AF 12 = —ex 19-2“2 , (115)

where for simplicity we have not drawn the extra spectator arc and the two nodes attached to
it. Comparing with (104), we see that this relation can alternatively be written as

ol = (x4 1) uyo(2k) = (116)

The states uy o(2k) and € - uk,O(Zk) are distinct. Therefore for this equality to hold, the co-
efficients of both of these states in (116) should be zero, however it is clear that they do not
both vanish here. One then concludes that endowing the full representation Y ¢ y ¢ [z,w] With
the extra quotient relation (35) never leads to a representation of the algebra EPTLy ().
To construct non-zero fusion products W x Q in this case, one must instead consider certain
submodules of Yy o  ¢q.[,w] cOTresponding to specific eigenspaces of F and endow these sub-
modules with the extra quotient relation. It is however easier (yet equivalent) to perform
this analysis on the quotient modules Mgf)o x.eqzw] and apply the projectors IT; ,, associated to
eigenspaces of . In the eigenspace corresponding to the projector Il ,,, Q acts as w1 and
the relation (116) is replaced by

Men - Oy = (X g + &)y o(2k) =0 (117)
This is a single algebraic relation and it is satisfied for z = z, = —ex e "k The fusion module
W x Q constructed in this way is thus non-zero for z = z,,, and it is clear from the construction
that this module is precisely equal to the quotient of W x W by W x R. The decomposition

of W x Q can then be read off directly from (110). Using Claim 4.2 to extend the result to
arbitrarily large values of N, and N,, we have in summary

Wo_x(N), k=0,w= —ex*!,
(Wk,x(Na) X QO,sq(Nb))[Z,W] & Wk,—sx(N): k> % > g2k = (_SX)Zk 5 (118)
0, otherwise.

Finally, the generic fusion rule reads
x X QO,sq - {Wk,—sx} . (119)

Thus we see that the vacuum module V = Q, _, acts as the identity in the generic fusion rule,
namely W, x V — {W; , }.

As will be clear in Section 4.4, the fusion modules for W x Q vanish for all [z, w] except
for a discrete set of values. The resulting fusion rule then involves only a finite set of modules.
This is analogous to the fusion products in CFT involving one module whose null states are
quotiented out. (The full analysis is given in Section 6.) In contrast, the fusion modules W x W
obtained in (92) are always non-zero and the corresponding fusion rules involve a continuum
of modules labeled by [z, w].

4.3 A second example: the case m =2

We set m = 2 for this entire section. Here, we only describe the fundamental case where
N, = 2k, N, = 4 and N = 2k + 4 throughout. Following the ideas presented in Appendix B
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for m = 1, it is not hard to show that the same constructions can be done for m = 2 with
N > 2k + 4. This would prove Claim 4.2 for m = 2. However, we do not present this proof
here and simply assume that Claim 4.2 holds.

We proceed as before, namely we first study the fusion W x R and subsequently W x Q.
Like in the previous section, there are two definitions for the fusion modules W x Q. The
first is obtained by applying the extra quotient relation (40) to a submodule of Yy g y 2 [z w1,
and produces a representation only for certain values of x and [z, w]. The second one defines
W x Q directly as (W x W) /(W x R). We assume that Claim 4.1 holds and thus take for granted
that the two definitions are equivalent. Hereafter, we use the second definition to obtain the
decomposition of W x Q directly.

The fusion module for Wy ,(2k) X R .42(4) is defined as

(Wk,x(zk) X RO,e:q2 (4))[z,w] = g[z,w](Wk,x(Zk)’ RO,€q2(4)) . (120)

It is thus the submodule of Y} ¢ , .2 15 w](2k +4) defined from the action of EPTLy (/) on the
seed state

2k

V=Vgo = ‘ (12k®P4)-u, with u=

- = uk’0(2k+4) .

2

2k+4 1 2k+4 1
(121)

The decomposition of Yy gy .42 [zw] IS directly read off from (83) specialised to £ = 0. To
obtain the decomposition of W x R, we must figure out which of the factors are part of the
submodule. The arguments presented below are different for k =0, k = %, k=1and k = %
We describe these four cases separately, and in each case we proceed like we did for m = 1:
we act repeatedly on v with the operators e;, and examine whether nonzero states of types (i),
(ii) and (iii-iv) can be produced.

3 . .
The case k = 5. In this case, the different types of states are produced as follows:

* States of type (i) with depth p = 2: These are the states u, Q-u, ... Q2*3.u. The projector
P4 is equal to 1 plus some terms that involve the generators e;, so as a result we have
v = uy o(2k+4) [[1]]. Using the same reasoning as for the states of maximal depth in the
case m = 1, we readily deduce that all the modules Wit2,0012, withn=0,1,...,2k+1
are generated by the action of EPTLy () on v.

» States of type (i) with depth p = 1: The only generators that act on v to produce a
non-trivial state of depth p =1 are ey and ey, 4. A simple computation shows that the
resulting states e, - v and eqy4 - v are proportional, and that the proportionality factor
is non-zero. The corresponding intermediate reduced seed state is

02)2 =Cor V. (122)
Using the relation (27a) for the projector P4, we find
ol = (logo1 ® P)(X Q2+ £1) - 1y o(2k +2). (123)

Using (27a) once more for P3, we obtain

o, = (Tl +e1) - o(2k +2) [[0]]. (124)
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To see which composition factors are produced, we apply the projectors onto eigenspaces
of Q and find

Mpq1n U;;,]z = (0 Orgrn+ &) Meyrn - Ueo(2k +2) [0]],  @pyy, =2F/EFD o/ (k4D 1 (125)

withn =0, 1,...,2k+1. For 22K # x2*2 none of these states vanish. Using the insertion
map and acting with the algebra on these non-zero states, we deduce that all the corre-
sponding factors Wy, appear in the decomposition of W x R. In contrast, if z is

such that 22 = x%*2, then exactly one of these states vanishes in M‘" (22w (2K +2).

k,0,x,€e
The corresponding value of z is z; = (—ex)k+D/keminj/k 1n this case, we find that the
factors Wk+1,wk+1,n are all produced except the one corresponding to n = j. The corre-
sponding missing factor is Wk+1,wk+1j |Z=Z]_ =Wii1 —ex-

* States of type (ii): These states have depth p = 0 and have 2k defects attached to a. The
seed state for this sector is

U;{O’)Z = Cok—1Cok 'V = Cok—1 ° U;{l’)z . (126)
Starting from the expression (123) and using the relation (27a) for P5, we find

oy = (Log—z ® P)(x ' Q+ £q1)(x " Q +£q™'1) - uy o(2k) . (127)

Using the same argument as the one above for states of depth p = 1, we apply the
projectors IT; , to 052)2 and find that the result vanishes only for w; , = —exq*l. If
z is such that wy, # —exq*!, then all factors Wi o, With n € {0,1,...,2k — 1} are
produced by the action of the algebra in the submodule generated by the seed states.
Ifz=z2= —exq*le /% the submodule contains all factors Wi, €xcept the factor
Wk,wk,j |z:zj = Wk,—exqil-

* States of type (iii): These states have 2k — 2 defects attached to a. The corresponding
seed state is given by

(0,k—1) __ _ 0)
Oy = Cok—2Cok—1Cok *V = Cok—2" O - (128)

Applying ¢y, to (127), we obtain

ops =1+ el) g o(2k—2). (129)

Applying TI_; , with n = 0,1,...,2k — 3, we find that the result is zero only if
Wi—1,, = —€x. Therefore, for z = z; = (—ex)}/k=Demimi/(k=1) " the submodule is made
of all composition factors Wk_]-;wk—l,n except for the factor Wiy, - lez:zj = W1 —ex-
For the other values of z, all the composition factors W;_; ,, , —are produced.

* States of type (iii-iv): These states only exist for k = 2 and have 2r defects attached to
a, with r < k — 2. The corresponding seed states are given by

k-2 _ _ (0,k1)

Ok = Cok—3C2k—2C2k—1C2k "V = C2k—3 " T 5 > (130a)
©r _ k—2—r | _(0,k-2)

Oy = (co) r kg r<k—2. (130b)

Applying the rules (61) for the action of the algebra on Yy o \ .42 [5w], We find

052’2’) =u,o(2r), r<k-—2. (131)
Since these are the seed states of the modules M{*” the entire corresponding

k,0,x,eq%,[z,w]’
module is generated by the action of the algebra on v, with all of its composition factors.
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In summary, the fusion modules W x R decompose as

2k __ 2k+2
Yk,O,x,qu,[z,w]/Wk:tl,—ex , 2T = (—8)(‘) P
2k __ +1y2k
(Wk,x X RO,eqz)[z,w] ™~ Yk,O,x,EqZ,[z,W]/Wk,—sxqil , 27 = (—S.X’q ) y (132)
Yi0,x,6q2 [zw] » otherwise.

Using (95), we directly deduce that the fusion modules W x Q decompose as

Wis1,—ex> 22 = (—ex)?*2,
(Wk,x X QO,eqz)[z,w] o~ Wk’_exq:tl B sz = (—Exqil)zk , (133)

0, otherwise.

The decompositions (132) and (133) hold if the special values for %2k are distinct. Coinci-
dences of these special values can only happen if x? € {1,—1, g%, g~2k}. If two of the special
values coincide, the resulting module W x R is obtained by quotienting Y} o y ¢q2 [»,w] DY the two
corresponding standard modules, and W x Q is the direct sum of these two standard modules.
For instance, we have

(Wigk X Qo eq2)igr+1,w] = Wit —eqk ® Wi _gqis1 - (134)

We conclude that, for k = % and generic values of x, the decomposition (133) yields the
generic fusion rules

Wk,x X QO,sq2 - {Wk+1,—sx 5 Wk,—exq 5 V\/k,—exq—1 5 Wk—l,—sx} . (135)

The case k = 1. Here, the analysis of states of types (i) and (ii) is the same as for k = %
Moreover, there are no states of type (iii). The states of (iv) exist only if 22 = 1. In this case,
the seed state reads

01y =co 0y =Py (x IR+ eq)(x T+ eq 1) -1y 0(2). (136)

Using the fact that Q2 - u; o(2) = u; (2), we find

0'(1()”20) =(x+xHD+ew+w?). (137)
Hence, the submodule W, ,, is generated by the action of the algebra on v and appears in the
decomposition of the fusion product W x R only if 22 = 1 and w = —ex®!. Otherwise, it is
absent. We conclude that the fusion module (W, , X Qg ¢2)[z,»] decomposes as

Wy ey s 22 = (—ex)*,
:|:1)2

’ 138
Wi _ex 22=1,w=—ex*!, (138)

Wi _exqit 22 = (—exq
(Wl,x X QO,eqz)[z,w] =~ o

0, otherwise.

This shows that the fusion rule (135) extends to k = 1.

The case k = % In this case, there are only states of types (i) and (ii). The analysis of the
states of type (i) is the same as for k = % For states of type (ii), the seed state is

25

0(10)2 = ¢y 0(11)2 =coPs(x 1 +el)- u 0o(3). (139)
L .
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We use the expression

[2] 1
P;=1+—(e;+ey)+ —(eje5+eyeq), (140)
3 [3] 1T )T gt T e
and find after some simplifications
0(10)2 =(exz) Nz +eqx)(z+eq  x)(z+exh) uy o(1). (141
2 ’

As before, the decompositions of the products W x R and W x Q follow directly. In particular,

we have

Wg z = (—ex)3,

_,_Sx b
(W%’x X Qo,pq2)z Wi z € {—exq,—exq ', —ex71}, (142)

P
0, otherwise.

Using the convention W_; , = W ,-1, we see that the fusion rule (135) extends to k = %

The case k = 0. Here, we compute separately the two non-trivial seed states, namely 08)2

and 08’)2. An explicit calculation yields

‘78,)2 =coPy-ugo(4) = [(x +x D +e(Q+ Q_l)] “ug0(2) [[0]], (143a)
0'8))2 = (co)?*Ps- ugo(4) = (qwx)2(ex + qw)(eqx + w)(ewx + q)(eqwx + 1). (143b)
The state I1, , - o, vanishes for w; , = —ex*!. Because Q> acts in Y, ;2 [4](2) as the

0

identity times a unit prefactor, this can only occur if x> = 1. Similarly, the seed state O

vanishes for w € {—exq™!,—ex"1q*!}. As a result, we obtain

W _prot1, wE {—exq*!,—ex1q*'},
0.mexq _ xX2#£1, (144)
0, otherwise,

(WO,x X Q0,:3q2 )w >~ {

and

_ / £1
Wl,—é‘e" (&) WO’_Eglq , W=—€€(q ,

(WO,S/ x QO,sqz)w =~ { g e {+1,—1} . (145)

Wi _eers otherwise,
Thus we have the fusion rule

{WO,—axq P \NO,—sxq*1 5 Wl,s P Wl,—s} 5 x ==I,

146
{Wo,—exq> Wo—exq1} > otherwise. (146)

WO,x X QO,eq2 - {

Remarks on associativity. We argue here the relevance of using the modules Y g 15 ]
instead of the modules X; ; . ,, , to define the fusion of link states modules. With this in mind,
let us denote the fusion of two modules M and N using the construction X . ,, , as (M x N)x.
Repeating the arguments presented above, but using the modules X; ; , , , instead, we find
the fusion rules

(Wix X Wy Ix = Wy Im+k+L€Z,m=|k—L], W, is irreducible} (147a)
(Wk,x X QO,sqz)X - {Wk+1,—sx B Wk,—&‘xq P Wk,—z;xq*1 } . (147Db)

The only difference between (135) and (147b) is that the module W,_; _,, is absent from the
latter fusion rule. Moreover, we see that in the fusion of two standard modules, the integer m
has a lower bound that depends on k and £.
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To test whether the fusion rules associated to these two candidates can possibly be associa-
tive, it is then natural to assume that one can compute the triple fusion products (M x N) x P
and M x (N x P) by first applying the fusion rules to fuse the pair of modules inside the paren-
thesis, and then by fusing each of the resulting composition factors with the third module.”
Setting for simplicity ¢ = —1, we compute

((Wk,x X QO,fqz)X X Wk+1,y)x_) {(Wk+1,x X Wk+1,y)x» (Wk,xq X Wk+1,y)x» (Wk,xq—1 X Wk+1,y)x } E)

(Wk,x X (QO,—q2 X Wk+1,y)X)X - {(Wk,x X Wk+2,y)X: (Wk,x X Wk+1,yq)X: (Wk,x X Wk+1,yqrl )X } . (148)

Applying the fusion rules (147a) for (W x W)x to each element in the sets in the right-hand
sides, we find that the first triple product allows for factors W, ;, whereas the second does not.
This shows that, under the above assumption for computing the fusion of three modules, the
fusion (M x N)yx cannot be associative. Repeating the calculation with the fusion built from
the modules Yy 4 . , 1. ], we find that the same issue does not arise.

4.4 The general case m = 1

In this section, we investigate the fusion products W , xR ;qm and Wy , x Qq 4m for arbitrary
values of m. We only present the arguments for N, = 2k and N, = 2m, and assume that
the decompositions of the module W x Q are identical for larger values, following Claim 4.2.
The discussion below splits between four cases: k >m—1, k=m—1, 3 <k <m—1, and
0 < k < . Remarkably, the final result for the generic fusion rules W x Q is uniform over
these cases and reads

Wiex X Qoeqn = {Wiisjmexgei | L7 € =252 —52, ., 224, k>0, (149)

where we recall that W_; , = W, 1 is used for the modules with negative defect numbers.
The case k = 0 is special and discussed at the end of the section.

The strategy that we use is identical to the one presented previously for m =1 and m = 2,
namely we study the decomposition of the fusion products W x R and W x Q by evaluating
the corresponding intermediate seed states Gz)m and ‘72),}:1)' If such a state vanishes, then the
corresponding composition factor is absent from the fusion product W x R, but from (95) it is

then present in W x Q.

The case k > m —1. The set of intermediate seed states is {O';z)m}0<p<m and {02’2}r<k, ob-

tained by acting with the operators c; on the seed state v = vy ,, defined in (98). We now
discuss the various types of states that can be produced.

* States of type (i) with depth p = m: In this case, using (27a) on P,,,, we readily find
that the seed state v satisfies v = uy o(2k +2m) [[m —1]]. As a result, the projected
states [Ty, ,-v withn=0,1,...,2k+2m—1 are all non-zero. The action of the algebra
on these states generates all the composition factors Witm,opm, I M;(":z)’x’gqm’[z,w]. This
results lifts to Yy o x ¢qm [2,w] Dy DOting that each state Q. p, , - v is also non-zero.

* States of type (i) with depths 1 < p < m— 1: These are generated by the intermediate

seed states ag’)m defined in (100). These states admit a remarkably simple expression,

given by the fc;llowing proposition.

7Our construction of fusion is not guaranteed to satisfy this assumption, however fusion rules in CFT are ex-
pected to have this feature.
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PROPOSITION 4.1 The intermediate seed states are given by

rnpl

o = (Logomsp ® Pap) [ xP ™ ]_[ (Q+exq®1) | -weo(2k+2p).  (150)

PROOF. We first note that this result holds trivially for p = m. This will play the role of
an initial condition in our inductive proofs on decreasing values of p. We introduce a
set of auxiliary states

O-;z)m,]:(]-Zk—m+p®Pm+p)(x_1ﬂ)"'uk,0(2k+2p): p=1121"'7m7 j:07 11"'7m_p' (151)

(]

Using (27a) on Py, we find that the action of cx_p4p O 0 i

yields
o?” = [2p + j]o_(p—l) n ab[p +]] o® ™V 4 []] o@D

Cok—m+p " O k,m,j [m+p] k,m,j+1 [m+p] k,m,j [m+p] k,m,j—1° (152)

for j=0,1,...,m—p. This is a closed system of equations, namely it involves only the
states defined in (151). We use it to show that agf)m is of the form

00 = Qaemmap ® Prip) AL (Q) - w0 (2K +2p), (153)

where A(" ) is a polynomial in Q of degree (m — p). In other words, (153) states that

agf) isa llnear combination of the auxiliary states ogf) mj To prove this claim, we first
remark that it holds trivially for p = m. Second we assume that (153) holds for a given
value of p. Because a;f Y=o —m+p cr , the relation (152) guarantees that (153) also

holds for p — p — 1, thus ending the 1nduct1ve proof of this equation.
To determine A(]f)m(ﬂ), we use (152) and find after some manipulations that it satisfies

xQ1

A(P 1)( ) _q_m_p[

e(PxTIQ)AP(q Q) — p(g PxTTAY(¢TIQ)],  (154)

where p(w) = w? + ayw+ 1. For a, = e(q™ +q ™),
m—p—1
2
4 @=xn [] (@sexe, ass

__m—p—1
S=—7

is the unique solution of this polynomial recursion, satisfying the initial condition
A" (©2) =1 and proved inductively for p < m. -

From (150), we have

m—g—l
oin= [ ] @+exgD) | wo(2k+2p) [[p—111. (156)
As a result, the state Il,, - oz’) vanishes in M;f)o“qm zw] if and only if
@lk+p,n = qu S with s € {— _P 1,_ _5_3,.-., —5—1}‘
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 States of type (ii): These states have depth p = 0 and 2k defects attached to a. The
above derivation of 0(" ) readily extends to p = 0 and yields

m—1
=z
Uffm =(lop—m ®Pp) | x ™ (Q+exqg*1) | - uy o(2k). (157)
=gt
The state I , - 02),) therefore vanishes in M;{O)O x.eqm [w] 1f and only if wy , = —exq?

m—3 _1}

withs € {—mT_l,—T, e,

* States of type (iii): These states have 2r defects attached to a, with k —m < r < k. The
corresponding intermediate seed states are defined as
©n _
Okm = Ck—m+r+1 -+ C2k—1C2k " Vi,m - (158)

In order to give simple expressions for these states, we follow the same arguments as
those used in the proof of Proposition 4.1. First, we define the auxiliary states

O-;Co:r:‘l),]' = (1k—m+r ® Pm—k+r) : (x_lﬂ)j : ur,O(zr)’ J = 0’ 1’ cee, M k+r—1. (159)

Second, using (27a) for the Jones-Wenzl projector, we find the simple relation

o,r) __ [J] (0,r—1)

Ck_m"'r.o-k,m,j_m k,m,j—1° r:k—m+1,k—m+2,...,k. (160)

For r = k, this holds with the identification 05(0 k)] = ag’)m . Moreover, because
O';{Or]; Vo= o k m, the initial condition for the induction argument below is the

(0)

expression (157) for o . Third, we use (160) to prove that

o ”_(1k mr ® Pt )AL (Q) - upo(2r), (161a)
A(Or 1)(9) XQ [A(o r)(q Q) A(Ii):rrz(q—lﬂ)]’ (161b)

qm—k+r — q—m+k—r

where A(]f’:n_”(ﬂ) is a polynomial in 2 of degree m — k + r. Fourth, we prove inductively
on decreasing values of r that the solution is

m—ktr—1
2

o0 = mer @ Prirr) [ [ @4 exg®D) | ugo2n).  a62)

__ m—k+r=1
S= 2

0,r)

We conclude that the state II,, - o®” vanishes in M if and only if

Oke,m k,0,x,eq™,[2,w]
_ m—k+r—1 m—k+r—3 m—k+r—1
o)r’n——sxq *,withs € {——F—,—""——,...,——}.

* States of type (iii-iv): These states exist only for k = m and have 2r defects attached to
a, with r < k —m. These are generated by the intermediate seed states

Uf; "™ = Cok—am+1Cok—2m+2 - - Co2k V5 (163a)

0(0 D= ()T -cr;f’:;m), r<k—m. (163Db)

From (162), we have 05{0 kom) — = Uy_m 0(2k —2m). Then, using the graphical rules (61),
we directly get

02’)}2 =u,o(2r), r<k—m. (164)

These are the seed states for the quotient modules M®” ,
k,0,x,eq™,[z,w]

responding composition factors are generated by the action of the algebra on v.

and thus all the cor-
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The fusion modules W x R are the direct sums of all standard modules appearing in the de-
composition (83) of W x W, except those for which the corresponding seed states Iy, - ogz)m
or Il , - a%’”rrn) vanish. In contrast, from (95), the fusion modules W x Q generally vanish, ex-
cept in the cases where some seed states vanish, in which case they inherit the corresponding

composition factors. The above results are then conveniently summarised as

sz — (—qu25)2k+2p,
Wietp —exg pe{-m+1,—m+2,...,m—1},

sefomoil _mopis | molplt (165)

(Wi x X QO,sqm)[z,WJ = }
yery 3 ,

b

0, otherwise.

Hence, the allowed generic fusion rules are

pe{-m+1,—m+2,...,m—1}
Wiex QO,Eqm - {Wk+p,—8xq23 m—|p|-1  m—|p|-3 m—|p|—1 } (166)
S € {_ 2 T 2 LR 2 }

Changing variables to i =s + £ and j =s— £, we obtain (149).

The case k = m —1. The derivation is identical to the case k > m — 1, except for states of
type (iv). For 22k # 1, there are no states of type (iv) in the basis of Yi,0,x,6qm,[z,w]> SO let us
discuss the case z2f = 1. From (162), we have

o0l =Py(x'Q+eql)(x '+ eq 1) 1y o(2)

m—1,m

=(x21+el@+qg DOxQ+1) uo(2) +e 2‘\1 . (167)

Hence, the action of ¢ yields

(0,0) (0,1)

Omim=C0" 0 1 m= (x+xHD+ew+w), (168)

which vanishes for w = —ex*!. As a result, the decomposition of the fusion module W x Q is

2212 = (—gxq® )22
Wi 14p —exg2s pe{—-m+2,—m+3,...,m—1},
(W1 X Qo eqn )] = 3 se (=g LR (169)
Wo—ex, 22" 2=1,w=—ex™,
0, otherwise.
We conclude that the fusion rule (149) also applies to k =m—1.
The case % <k <m—1. Inthis case, the intermediate seed states are
o;{’ﬂﬂ = Copomtp+1Cokomipta---Cok 'V, O p<m, (170a)
Gg),};) = Chgr—m+1Ckar—ma2---Cox "V, m—k<r<k, (170b)
og’,’gf = (co)™ kT Uf,’rz_k) , O0<Sr<m-—k. (1700)

The first two sequences of intermediate seed states are evaluated using the same polynomial
recursions as in the case k = m—1. The results are given by (150) and (162), respectively. The
calculation of the states O'g),’r;) with 0 < r < m—k cannot be done as before by deriving recursion
relations where r varies. It is however possible to derive such relations where m varies, similar

to those presented for the states ag’)m in Appendix C. Here, we simply conjecture the results.
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CONJECTURE 4.1 The intermediate seed states satisfy

m—k+r—1 m—k—r—1
2 2
U;{‘lr;) = yk-—m—r qk-—m+r l_[ (Q+xeq®1) l_[ (exQ+q*1) | -u.o(2r) [[0,r—1]], (171)
’ s:_mkarrfl s:_m—k—r—l
2 2
for0O<r<m—k, and
m—k—1
2
A k— 2. 2.
oV =(wl T [ w+exq®)(exw+g*). (172)
m—k—1
s=—T==

It follows from these conjectures that the fusion modules W x Q decompose as

( 52k — (_Exq25)2k+2p ,
Wk+p—sxq2* PE{—k+1,—k+2,...,m—l},
m—|p|—1 m—|p|-3  m—|p|—1
sef B- . it k8
2 2 2
ZZk — (_Ex—1q23)2k+2p ,
(Wiex X Qoeqn)izant ™ { Wisp_exign { PEIk+L—k+2,. ,m=2k—1}, (173)
m—2k—p—1 m—2k—p—3 m—2k—p—1
sef , },

WO,—Exqzs m—k—1 m—k—3 m—k—1
sel-—7(—

{ 2 =1, w=(-exq®)*,

TR

\ 0, otherwise.
Using the convention W_; , = W 1, the second line is equivalently written as

sz — (_Sx—1q23)2k+2p ,

(Wk,x X QO,Sqm)[Z,W] o] Wk+p,—€xq29 , for p S {_m + ]., —m+ 2, e, —k— ].} s (174)

m—|p|-1 _ m—|p|-3 m—|p|-1
se{——F—,——5—...,—5— 1},

b

where we operated the change of variables (p,s) — (—2k — p,—s). Hence, we find that the
fusion rule (149) also holds for % <k<m-—1.

The case 0 < k < % Here, the seed states are

O';:l)rnzczk_m_'_p_}_l...Czk’v, m—2k<p<m, (1753)
o= p o, 0<p<moak, a7sy
o=@l Teol,,  0<r<k, 759

where we note that ag))m = G;f}];)' The first set obeys the same polynomial recursion as in the

case k > m — 1, with the solution given in (150). We again conjecture the results.

CONJECTURE 4.2 The intermediate seed states satisfy

m—p—1 m—2k—p—1
2 2
O';Z)m = xPmQ2k+p—m | | (Q+exqg*1) | | (exQ+q*1) “uy o(2k +2p) [[p—1]],
___m—p—1 _ m—2k—p—1
=" s=——5

(176a)
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for 0 < p <m-—2k,

m—k+r—1 m—k—r—1
2 2
on=xkmorgkemir T (2+xeq®1) [T (ex@+q*1)| uo2r)0,r—111,
s=— m—k;—r—l s=— m—kz—r—l
(176b)
for0<r <k, and
m—k—1 k 1
oY = (ew)k™ l—[ (w+ exq®)(exw + ¢%). (176¢)
s=—m é( 1

In Appendix C, we derive a set of recursion relations for these expressions for the special case
k =0. For 0 < k < %, the above results yield exactly the same decomposition as the one given
in (173). Thus in this case, the fusion rule (149) also applies.

For k = 0, the module does not depend on the parameter z. The decomposition of the
fusion modules depends on the value of x, and is different if x is one of the special values in
the set

¥={*w,|re{,2,..,m=1},ne{0,1,...,2r 1}, r e {=2=1 —mr=2 | mo=lyl | (177)

where we recall that w,, = e™/" in this case. For x ¢ X, the decomposition of the fusion
module W x Q is

W:I:l — _8xq25 ,
WO,W m—1  m—3 -1

(Wox X Qo eqnlw = se{—"F,—%.... 7}, (178)

0 otherwise.

For x € X, some of the factors in (176a) vanish. There may in fact be more than one such
vanishing factors. For each x = g2 ‘w, ,, we define the set of standard modules

Ern =W, | @pw = —€@pn, p€{1,2,...,m=2]t| =1}, n' €{0,1,...,2p—~1}}. (179)

The values w, / are those for which I, , - 0(") =0 [[p—1]] for x = ¢*' w,,. We then have

+1 2t+2s
wt =—gq w,
WO,W ® @ W { m—1 -3 -1
Wee, , SG{_ 2 > 2 2 3y }:
(WO’thwr’n X Qo’sqm )W ~ (180)
GB W, otherwise.
Weé, ,

Thus, for the values of x for which Wy, , is irreducible, the fusion rule is

Wo o X Qoeqn = {Wo __erqa |5 € (=252, — 252, ..., 22} (181)

This holds for both x € X and x ¢ X. For x € X, there is the additional fusion rule

Wogziar,, X Qoeqn = {Wio, , .p €{1,2,...,m=2lt| -1}, 0,y =—€ w4y}  (182)

42


https://scipost.org
https://scipost.org/SciPostPhys.17.5.132

e SciPost Phys. 17, 132 (2024)

5 The fusion modules of Qg g« X Qg ¢, q¢

The objective of this section is to study the fusion modules (QO,Saqk X QO,sbqe)[z,W] for k,f € Z>,
and determine their structures. We will see that the natural diagrammatic definition of this
fusion module is equivalent to the quotient of Y o, ¢k ., 4t [z,w] DY the sum of the two submod-
ules (WO’ank X R e,qt )[z’w] and (Ro’gaq;< X W g, 4t )[Z’W]. The fusion module Q x Q turns out to be
a non-zero modules only for w = —¢,¢,q™, where m is an integer in a specific interval. These
are non-generic values of w. Hence, we start in Section 5.1 by studying the decomposition of
Y =W x W for non-generic [z, w]. Then in Section 5.2, we determine the structure of the sub-
module W x R, for both generic and non-generic value of [z, w]. Finally, we study the fusion
module Q x Q in Section 5.3.

5.1 The decomposition of W, , x W, , for non-generic w

We first recall that the module Ygq,,[,w is independent of z and satisfies
Yitxyizwl = Yitxyzw1]- As discussed in Section 3.3, the non-generic values of w
for Yo 0.x,y,[zw] are of the form wrl = gq™ with m € {1,2,...,%}. As stated in (64),
the modules Yooy yzw] and Xgg .y, are identical. The decomposition of the latter for
non-generic w was studied in [13]. The coincidence of F eigenvalues occurs between the
standard modules W, ,, and W, ., with

m m 0, =1,
fO:fm,nSZE(q +q M), ng = (183)
m, €=-—1.
The module Yg g y y [z,w=eqm] thus decomposes as

N/2 2r—1

Yooy tem=eqm) = Zo0xytzm=sqm @ DD Weo,,, (184)
r=1 n=0

(rnm)#(m,n,)

where Z g . [ w=eqm] iS the kernel of (F — fol)?in Y0,0,x,y,[z,w=eqm]- Here we make a stronger
statement than the one presented in [13] for the structure of Zg o, , [, w=gqm]- FOr N > 2m,
the submodule Z . 1, w—¢qm has the structure

- -
QO,SCI'" +1 25

y=—&x""q",
\ OWpn e { sef{—m-l _ms3 m-1y

2 > PR

Z00

00,7,z w=eqn] 3 /

QO,aqm otherwise.

N\

Ro,eqm

\ L
(185)
The proof is given in Appendix D. Only the bottom case was studied in [13].

With this information, we are now able to state the full fusion rules for W, , x W, .. For
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convenience, let us define

W

/

Pre=| Qoeqn . (186)

AN

Ro’gqm

m,e

For y not of the form y = —ex*!g* with ¢ € {—1,+1} and k € Z, we have
Wo o x W, = {Wp, (M € Zx, t*™ =1, W, is irreducible}
U{Pme|meEZsg, &’ € {—1,+1}}. (187)
For y = —ex*1q* with ¢ € {—1,+1} and k € Z, we instead have
Wo o x W, = {Wp,  [m € Zx, t2m =1, W,, , is irreducible}
U{ W eqn Im € [kl + 142250} (188)
U{PmelmeZog\ (k| +1+2Z50)}.

5.2 The fusion modules of W, .« X Ry, . for generic and non-generic w

Let k,{ € Z>, and ¢,, ¢, € {—1,+1}. The fusion modules of W x R are defined in (93) using
the gluing operation as

(WO,saqk (Na) X RO,ebqf (Nb))[z,w] = g[z,w](WO,aaqk (Na)’ RO,ebqf (Nb)) . (189)

These are modules over EPTLy () with N = N, + N,. We now describe the decomposition of
the above modules, following the same arguments as those used in Section 4.4. The structure
of the module W x R depends on two factors: (i) the vanishing of the intermediate seed states,
and (ii) the decomposition of Y ; gk ¢, ot [z,w]- The analysis detailed below is divided between
certain cases depending on the value taken by w (but not z, as this parameter does not arise
in this module). It is convenient to introduce the notation

Eap = —E4Ep - (190)

For point (i), applying the same idea that led to (180), we find from (176) that the inter-
mediate seed states satisfy

o"=0 o w*

o V=eq™, with me{k—L+1,k—0+3,...,k+£—1}, (191a)

m,-00 =0[[r—1]] < Gongr), wih 4 PSTSETREL o
o = r— e, =exp(intn/r), wi

rn oy ab = €XP rik+le2Z+1.

The latter holds for all values of w. This means that for all values of w (and thus in all the
cases examined below), certain standard modules are absent from the decomposition of the
fusion module W x R if the conditions in (191b) are satisfied. We use the notation

( N/2 2r—1

PP w.,,. (>k+1,

. r=1 n=0

W W <U—k—1 ,s+k+0€27+1
D Wi, = § Moo B ST RS20 (192)
nn N/22r—1

@ @ Wi, otherwise.

\ r=1 n=0
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Regarding point (ii), an important difference for w = ¢,,¢™ as in (191b) is that the decom-
position of Yo o gk ¢ gt [z,w] MAY contain indecomposable yet reducible factors. For x = £,q"
and y = ¢,q", the condition for the top case of (185) can be expressed as

wl =e,q™, with  me{lk—f|+1,]k—€+3,....,[5—10r §]}, (193)
where the factor in the bracket is chosen so that it has the same parity as |k —¢| + 1. In
contrast, if one sets w*! = g,,q™ where m € {1,2,..., N1 but not in the above set, then the
decomposition of Y o, ¢k ¢ [z,w] IS given by the bottom case of (185).

We now discuss the decomposition of (WO e.qk X Ro quz)[ for the different values of w.
»“a > Z,W]

* Case 1: wis not of the form w*! = ¢,,¢™ withm € {1,2,..., ¥}. In this case, the generic

decomposition (83a) of Yo o ¢ gk ¢, gt [wz] @PPlies. We consider separately two subcases.

(0,0)
0,¢

(Woe,qt % RO,qu@)[z,W] =Wo,, ® EB Wio., - (194)

rn

- Case la: w # ¢,;,. In this case, the state o, is nonzero, so we find

— Case 1b: w =g, In this case, oée) vanishes for { 2 k+ 1 and k+/¢ € 2Z + 1, but

is non-zero otherwise. This yields

Pw.,., (>k+1, k+0€2Z+1,

Wo. o X R, o _ rno (195)
( ,€a2q ,€bq )[z,sab] WO,sab ® @ Wr,w,,, , otherwise.
r,n

e Case 2: w¥l = g,,q™ with m € {[1 or2],[3 or 4],...,|k — £| — 1}, where the factors
in the brackets are chosen to have the same parity as |k —£| — 1. The bottom case of
(185) applies, where Z ¢, , [ w] has three composition factors. There are two subcases,
depending on the values of k and £.

- Case 2a: £ > k+ 1. In this case, we have I1,,, , - " 8"2 =0[[m—1]] and 0'(0 D=0,

and therefore none of the factors of Zy , , 1, ] are produced. This yields

(Wo’gaqk X RO)que)[z,saqu] =~ @ Wr,wm . (196)

rn

We note that the factor W, .~ that acts as the head of Z . , [, is absent from
the direct sum because of the restriction over (r,n) described in (192).

— Case 2b: £ < k+ 1. In this case, [T, ,,_ - (’") , Z 0 [[m—1]]. Thus the head of the
module Zy o, 1, w] is produced by the actlon of the algebra on the seed state of
the module (Wo’gaqk X RO’quz)[z’W]. This implies that the entire module Z ¢y ;15 w]

is generated. Moreover, none of the projected intermediate seed states in (191b)

vanish, and therefore
(Wo,eaq" X RO,ebq‘)[z,aaqu] = Y0,0,6,0% 40", [2,209™] 197)

e Case 3: wrl =g, pqm withm e {1,2,...,%} and either m>k+{—1orm+k+/{ € 2Z.
In this case, the intermediate states satisfy IT,;, , - . oo ¢ Z0[[m—1]]and a(o D #£0. We
thus deduce that

(WO’ank X RO,equ)[z’gaqu] = ZO’O’gaqk’gbq[,[z’gaqu] @ @ Wr’wr,n . (198)
r,n
(r)#(m,ne,, )
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There are thus two restrictions on the values of (r,n) in this case. The decomposition of
Z0,0,6.q% 00 [2,6.5q™] 1S 8iven by the top case of (185) for m+k +{ € 2Z + 1, and by the
bottom case for m + k + £ € 27Z.

e Case 4: w*! = ¢g,,q" withm € {|[k—£|+1,|k—£|+3,...,k+£—1}. The top case of
(185) applies, and the intermediate seed states satisfy I1p, ,,_ . o™ £0[[m—1]] and

0,0
O'g)’go) = 0. Hence we have
(Woxeaqk X RO’que)[z,saqu] =~ Wmﬁgab @ @ Wr)wr,n = @ Wr)wr,n . (199)
rn r,n
(r)#(m,ne,, )

We note that, for ¢ < k, we have (WO’ank X Ro’tgbqe)[Z W] = Y0,0,6.qk, 604t [z,w] 1D all the cases
except for Case 4.

5.3 The decomposition of Q x Q

In this section, we investigate the fusion Qg ¢« X Qq ¢ q¢ Of tWo quotient modules with zero
defects. The corresponding fusion modules are defined diagrammatically by endowing the
module Yo o . gk ¢ 4t [z,w] With two extra quotient relations. To obtain the decomposition of
this module, it will also be useful to formulate its definition in terms of the fusion modules for
W x W, W x R and R x W that we already investigated.

Let us first illustrate the diagrammatic construction for the simplest example with
k =€ = 1. In this case, the action of the algebra EPTLy(f3) on the link states of Yo ¢ , , 5 4] iD-
volves two quotient relations that allow us to commute the points a and b across loop segments,
at the cost of signs —e, and —¢, respectively. The argument presented in (112) generalises
directly. We deduce that the fusion module is non-zero only if a,, = —¢,a, = —¢&,a,, or equiv-
alently for w*! = g,,q. As a basis of this module, one can choose the subset of link states of
Y0,0,x,y,[z,w] that have both marked points adjacent and located close to the perimeter of the
disc, between the nodes N and 1. There is a direct bijection between this basis and the basis
of the vacuum module V. The action of the algebra on this Q x Q module assigns weights
a,p = &, to loops encircling the two points a and b. As a result, we directly conclude that

+1
QO,W> W = €549,

(QO,eaq X QO,ebq)[z,W] = { (200)

0, otherwise.

As a second example, we consider the case where k = 1 and £ > 1. In this case, only the
marked point a can be moved freely across loop segments. Repeating again the argument in
(112), we deduce that the fusion module is non-zero only for w*! = ¢,,q*. By moving a across
loop segments, we can restrict our focus to the subset of link states of Y . , 1, ] Where a is
directly adjacent to b. There is a direct bijection between this set and the set By(N) with no
defects and one marked point. The action of the algebra on these link states follows the action
in W, ,,,, except that it also involves the second quotient relation. This second relation allows us
to express any link state with r, = £ in terms of link states with r, < £. As a result, the basis can
be restricted further, so as to include only link states with r, < {. The standard module W, ,,
with w! = g,.q" is reducible, with its structure as given in (23). The extra quotient relation
is precisely the one that maps the radical R, ,, to zero, leaving only the quotient module Qg ,,.
We thus conclude that

+1 _ J4
QO,W’ w =€&€:q >

(QO,eaq X QO,ebqf)[z’W] = { (201)

0, otherwise.
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The cases with k, £ > 1 are more complicated, as the resulting fusion modules are non-zero
for more than one values of w. The diagrammatic definition of the fusion modules for Q x Q
is equivalently written as

(QO,ank x QO,que)[z,w] = YO,O,Saqk,qu[,[%W]/ [(WO’ank X R0>€bq[)[z,w] + (RO,Saqk X WO,que)[z,w]:l - (202)

The sum of W x R and R x W, as vector spaces, is clearly a submodule of W x W. Taking the
quotient as in (202) thus amounts to setting to zero in Yo o gk ¢ ¢ [z,w] ll states in this larger
submodule. To determine the structure of the module Q x Q, one should in principle consider
the two seed states

U= (P ® 1)) Q" ug(2k+20),  v=_(1yx ® Py) 2 ¥ -ugo(2k +20), (203)

and study the action of the algebra on arbitrary linear combinations of these two states. This
analysis is certainly tedious, and here we instead take a shortcut to obtain the decomposition.

From the last remark of Section 5.2, it readily follows that, for Cases 1, 2 and 3, at least
one of the fusion modules (Woysaqk X RO,qu‘)[z,W] or (Ro’gaqk X Wo,gbqe)[z’w] is isomorphic to
Y0,0,6.qk gt [z,w]- Thus it is clear from (202) that the corresponding fusion module Q x Q
vanishes in these cases. Hence, the only values of w where Q x Q is potentially nonzero are
those for Case 4, namely

wil =g q™, with me{lk—L|+1,|k—£|+3,...,k+£—1}. (204)

Here, the system size is assumed to satisfy the inequality % =k +{ —1, so that all the values
of m in (204) are in the set {1,2,..., %}.
For Case 4, both (Wo,gaqk X Ro,gbqe)[z’w] and (Ro’gaqk X Wo,gbqe)[z’w] decompose as in (199).

Each factor Wr’wm with r = 1,2,...,% and n = 0,1,...,2r — 1 appears in at least one
of the modules W x R or R x W. As a result, these factors also arise in W x R+ R x W.
For (r,n) # (m,n,,), the module Wr’wm arises exactly once in the decomposition of
Y0,0,6.q5,e!,[zw]- AS @ result, their multiplicity in W x R+ R x W is also equal to one. In
contrast, Yo gk e gl [zw] Nas two copies of W, . . Indeed, the composition factors Ry z¢m
and W, . arising in the top case of (185) are isomorphic to the same irreducible module I, ..
The fusion modules for W x R and R x W have identical decompositions, with one copy of the
module |, .. But these may not involve the same copy of |, ., out of the two copies arising
in Yo,0.6.qk epqt [z,w]- Moreover, the factor Qg ,m never arises, as the action of the algebra on
both u and v produces intermediate seed states that vanish for all values of w associated to

Case 4. As a result, we conclude that

N/22r—1
(Woagaqk x Ro’gbql)[z,wzb‘aqu] + (Roi‘gaqk x Wo’gbql)[Z,W:Eaqu] S 2Wm’8ab ® @ @ Wr’wr,n : (205)

r=1 n=0

(nm)#(m.n,,))

To establish an equality and obtain the decomposition of (W x R+ R x W), we need only
determine whether the multipicity of W is equal to 1 or 2. This leaves two possibilities for
the decomposition of Q x Q:

m,€&,p

QO;Eaqu

(Qo,e,qx X QO:qu[)[z,wzeabq"‘] = \ » Or (QO,an" x QO,sbq‘)[z,w=gaqu] > Qoe,qm -
RO,sabq""
(206)
We now show that the leftmost decomposition is not possible. Let us assume without loss of
generality that k < £. If QxQ had the leftmost structure, this would imply that Q x Q and QxW
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are both isomorphic to Wy ,,. The module Q x W has a well-defined basis whose elements are
written in terms of linear combinations of link states of Y o . ¢k ., 4t [z,w]> fOr Which the crossing
number ry, is not restricted in terms of £. By writing Q x Q as (Q x W)/(Q x R), one effectively
imposes an extra quotient relation to the action of W, ,,, that allows one to express all link
states with ry = ¢ in terms of link states with r, < £. This implies that a basis for Q x Q is
necessarily strictly smaller than a basis of Q x W, thus excluding the leftmost option in (206).
We conclude that the fusion module Q x Q has the structure

Q {W:{;aqua
O me{lk—el+1,lk—0l+3,....k++1}, (207

(QO,ank X QO,gbqe)[z,w] =~
0, otherwise.

The multiplicity of W, . in (W x R+Rx W) is therefore equal to 2. The corresponding fusion
rule is

Qoe.gt X Qoeyet = {Qoengn [m e {lk—Cl+ 1, 1k—1+3,...k+E+1}}. (208)

6 The CFT interpretation

In this section, we study the scaling limit of the dense loop model and its description with a
logarithmic bulk CFT. We use known facts about the scaling limit of the standard modules to
derive CFT predictions for fusion products involving at least one quotient module Qg .4m With
m € Z>,. We compare these with our lattice derivations in the previous sections of the fusion
rules W x Q and Q x Q.

6.1 The dense loop model and its scaling limit

In this section, we consider the dense loop model on the square lattice with its configura-
tions weighted by the Boltzmann weights 3" where n is the number of closed loops and
B =—q—q ! € (—2,2) is the loop weight. For a homogeneous system defined on a cylin-
der with a circumference of N sites, the evolution operator is the transfer matrix T. It is the
element of EPTLy () defined as

— =V N
T where e + N T (209)

N—1 2
N 1

By expanding each tile as the sum of two contributions, one obtains a set of 2" connectivities
of EPTLy(B). The transfer matrix is then the sum of these diagrams, each one assigned a unit
weight.

Let us consider the action of T and of the shift operator  on an EPTLy()-module M(N).
Moreover, let A,(N) be the eigenvalues of T, with labels a« = 0,1,2,... conveniently chosen
such that |Ag(N)| = |A;(N)| = |A5(N)| = ... . For large N, these leading eigenvalues of T are
known to behave as [22, 23]

2n - c 1
log Au(N) = =N foo = (R — 75 ) +0 (), (210)
and the corresponding eigenvalues of 2 are of the form exp(iP,) with

2 —
pazﬁn(ha—ha)+rcka, kq €1{0,1}. (211)
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Here f. is the bulk free energy and it is independent of a. The gap log Ax(N) —1logA,(N)

for these leading eigenvalues thus scales as % In the scaling limit, the dense loop model
is described by an effective logarithmic CFT whose symmetry algebra is the tensor product

Vir ® Vir of two copies of the Virasoro algebra. The eigenstates for which the gap scales as %

become the conformal states in this underlying CFT. In (210), the term proportional to % is
the first finite-size correction. It depends on the central charge

c=1—6(b"'—b)?, where q = exp(—inb?), 0<b<1. (212)

It also involves the conformal weights h, and h,, namely the eigenvalues of the operators L,
and L, in a module M*° over Vir ® Vir interpreted as the scaling limit of M(N).
The character of a Vir ® Vir-module Z is defined as

XZ(T) =Tr, [qLO—C/24 qio—c/24:| , q= e2iﬂ:’t , = e—Zin% , (213)

in terms of a fixed modular parameter T = 74 +iT,, with 7,,7, € R and 74 > 0. Similarly, let
M(N) be an EPTLy(B)-module. One defines its finite-size character as

Xman)(T) = Trv [oMTM], (214)

where the integers M; and M, are given by M; = |N7; | and My, = [N T,]. In the scaling limit,
N is sent to infinity with T kept fixed, and therefore M;, M, are also sent to infinity. Eigenvalues
A,(N) for which the gap log A¢(N) —log A,(N) is larger than (9(1%) have contributions to
the finite-size character ¥ y)(7) that vanish as N — oco. Thus, one generally expects the
convergence of the finite-size characters to the conformal characters as

Lo (T) == X oo (1) (215)

6.2 The scaling limit of the standard modules

For the standard modules, the finite-size characters are known [24] to converge to the infinite
sesquilinear form of Verma characters
N—oo

X Wi expiiny ) (T) —— Z(—l)pMXv(hw,k)@\'/(hw,_k)(ﬂ , uER, (216)
PEZ

where the Kac notation for the conformal weights is

1. 12 (=1 _ 12
hr,s=(b r bs)4 (b b) , 217)

the Verma module over Vir with conformal weight h is denoted by V(h), its chiral character is
Xy = Trygy(ato?), (218)

and
0, M;+M,€27,
M = (219)
1, Mj+M,€2Z+1.
We therefore consider separately the scaling limit over odd and even values of M; + M,.

We remark that the right side of (216) is unchanged under the transformation u — u+1,
up to an overall sign (—1)™. This can be understood from the lattice construction. Indeed, let
us denote by Ty , and Q; , the matrix representatives of T and Q in W, ,.. Let us also define
the parity of a connectivity of EPTLy(f) as the parity of the number of loop segments that
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cross the dashed line. With this definition, T and  are made of odd connectivities only. It is
then easy to construct a change of basis S over W, , such that

ST xS =—Tix, S xS =—0,. (220)

This change of basis is diagonal and maps each link state v to (—1)"v where r is the crossing
number of v. We thus conclude that the finite-size character also picks up the sign (—1) under
the transformation u — u + 1. Thus the behaviour of (216) under u — u + 1 is consistent at
the lattice level with the symmetries of T and Q.

For M = 1, certain terms in the right side of (216) have negative coefficients. As a result,
this expression cannot be obtained as the scaling limit of a character of the form (213), as in
(215), because all the terms in (213) have positive coefficients. While there may be a way to
modify (213) so that this convergence holds also for M = 1, here we choose to continue the
analysis by focusing on the scaling limit with M = 0. The arguments below are presented with
this assumption. The results for the fusion rules are then entirely blind to the sign € of the
twist x.

Let us first consider standard modules W, where x = exp(iru) with u ¢ b2Z + Z. This
means that x is not of the form £g™ with m € Z and ¢ € {+1,—1}. In this case, for p € Z, the
dimensions h,,,; and h, ., _ cannot be written as h,; with r,s positive integers, and each
term in the sum in the right side of (216) is the product of two irreducible Virasoro characters.
This suggests that the scaling limit of W), is

N—oo oo

Wk,exp(inu)(N) - Wk,exp(inu) = @ V(h,u,+p,k) ® \_/(hu+p,—k) ’ u ¢ sz +Z. (221)
PEZ

The situation is different for the standard modules W, , with ¢ € {—1,+1}. In this case,
the conformal dimensions appearing in the right side of (216) are of the form (h,, x, h,, _i) with
p,k € Z. The modules V(h,, ;) with p > 0 and V(h,, _) with p < 0 are reducible modules. For
p > 0, the terms ¥ V(hp,k)®\7(hp,,k)(7) and x V(h,p,k)rza\'/(h,P,,k)(T) in the sum of characters belong

to a reducible, indecomposable (Vir ® Vir)-module that is diamond-shaped [25].
Finally, let us consider a standard module W .4 with m € Z. Its structure, read from
(5), is

Q0,:3qm
Woeqn = \\ . Rpeqn W, (222)
Ro,eqm
From (216), one has
N oo
— 00
X ) —— 12 + 2 (v, P+ v, %) (223a)
p=1
N o
— 00 - -
X 9 = 12t )+ D (Xt Ve, )+ X, BV (223b)
p=1
where we used the properties
hr—mbz,s = hr,s+m ) h—r,—s = hr,s . (224)

From (223), we deduce that the characters for the quotient modules scale to

N—o0o 2
X QO,sqm V)

p=1

N(hy ) ~ XN(hy ) (225)
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For generic values of the central charge c, the structure of V(h,, ,,) as a module over Vir is

K(hp,m)
V(i m) =~ \\ . Rlym) =V, ), (226)
R(p m)

for all positive integers p, m. Here R(h,, ,) is the radical of V(h,, ,,), namely the space of vectors
generated by the singular vector at level h,, _., = hy, ,, + pm. It follows that

o
N—-oo
X Qg o) (T) —— Z XK(hp,m)@JR(hp’m)(T) . (227)
p=1

Because the Virasoro modules in the right side of (227) are irreducible, the above equation
suggests that the scaling limit of Qq z¢m is

N—oo

Qo,eqn(N) —— Q52 = D K(hy) ® K(By) - (228)
r=1

6.3 The fusion products WK Q and QX Q

We denote by MRIN the CFT fusion of two Virasoro modules M and N. We use the same symbol
X to denote the fusion of modules over Vir and over Vir ® Vir. We are interested in computing

the fusion products Wk’x X Qo, oqn and QO,ank X QO,que. Starting with Wk, X Qo, aqn> We first

compute separately V(h,., . )®K(h,,,) and \_/(hu+p,_k) R K(h,,) with p € Z and r € Z5,, and
then take the direct sum over r and p of the tensor product of the results.

Let us start with the special case r = 1. The central charge is taken to be generic, namely
b2 ¢ Qin (212). We also fix u and k so that V(hy4pi) and \_/(hwp’_k) are irreducible Virasoro
modules, for all p € Z. In this case, standard CFT arguments yield the chiral fusion rules

m—1
N
V(i) 8K ) = D Vyuipera) (2292)
=gt
m=1
- - 2 -
V(b p ) BK )= D V(uip ria)- (229b)
="
It follows from (224) that
Rytpir2i = Mpp—epp2iriois  Mutp—kv2j = Murp—(iei)p2,—k—i+) - (230)

Using these relations, we obtain the fusion product

(V(h,u-b-p,k) ® \_/(hu+p,—k)) X (K(hl,m) ® |'_<(h1,m))

m1
= B Vyuip—isjpziriog) ® Vs p—(is bz —k—ivs) - (23D
i,j=—"11
Summing over p € Z gives
m-1
W & (K(hy) @ K(hy ) = €D 1vv;jjl._j’xqiﬂ.. (232)
i,j=—"

51


https://scipost.org
https://scipost.org/SciPostPhys.17.5.132

e SciPost Phys. 17, 132 (2024)

We note that the right-hand side exactly matches the scaling limit of the possible outcomes of
the fusion rule for Wy, x Qg .4m that we obtained from our lattice construction of fusion in
(149).

For the other components of ngg g @ similar argument yields

(V(hu+p,k) ® \_/(h,u-i—p,—k)) X (K(hr,m) ® R(hr,m))

r=1 m—1

2
= @ @ V(h,u+p+2u—(i+j)b2,k+i—j)®V(hu+p+2v—(i+j)b2,—k—i+j), (233)

_ r=1.._ m-1
Wy=——3"LJ=""3

from which we deduce that

oo
WeERQR. =D D D Vlumpu i) ® Vlupiar o ki) (234)

€Z r=1 —r=l.;._ m-l
p u,y=—"5=1,j >

r—1 m—1
2

This is the final result for the fusion of a standard module W,fjc and a quotient module Qg"; g
as Virasoro modules. Our lattice results (149) reveal that the terms with u = v all arise in the
lattice fusion rules, producing precisely the right-hand side of (232). In contrast, the other
terms with u # v are not produced, and in fact their direct sum cannot be reorganised as a
direct sum of standard modules. The product M ® N in fact gives the list of all the modules
that may appear in the fusion, and a given lattice realisation of the fusion of these modules
may produce only a subset in this list. In other words, one expects that

MxNCMEXN. (235)

Our results (149) and (233) are consistent with this expectation.

Similarly, to compute Qg‘; o X gzbq[, we use (228) and the chiral CFT fusion rules

r4s—1 k+(-1

Kh)BKMA )= B P Klhguom), (236)

_r=sl+1 k—L]+1
U="">— m="

valid for generic central charges, and find

r4s—1 k+(-1

oo 2 2
gj?aqk X gj;bqe = @ @ @ KZu,Zm ® KZV,2n . (237)

= —s|+1 k—{|+1
r,s 1u,v=|r ;I mon=\ 2|

]

This can be compared to the result (207), obtained from the lattice fusion for Q x Q constructed
from the modules Y. We see that the set of modules that arise in the lattice fusion rules are
all included in the right side of (237). They correspond to the terms with 2u = 2v € Z-; and

_ |k—0]+1 |k—L|+3 k+0—1
m—ne{ R e .

7 Conclusion

In this paper, we proposed a new candidate for the fusion Wy, x W, , of standard modules
over the algebra EPTLy(B), with B = —q—q . It is constructed in terms of new families of
modules Yy g , - w], defined with link states with two marked points. These modules have
both similarities and differences with the modules X, . , . that we constructed previously
in [13]. A first difference is that pairs of defects originating from a given marked point may
connect together in the modules Yy, . , 1, .7 if they encircle the second marked point, whereas
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this is not allowed for the modules X ., .. A second difference is in the assignment of the
weights in terms of the complex parameters x, y, z, and w, with in particular some subtleties
in the way that the parameters z and w enter the definition. Focusing first on generic val-
ues of z and w, we obtained the decomposition of Y ; . [, over the irreducible standard
modules, and used it to deduce the generic fusion rules for the fusion Wy, x W, ,, of pairs of
standard modules. The result is particularly simple, namely this fusion product can produce
any irreducible standard module W, , with m + k+{ € Z.

We also considered fusion products involving the irreducible factors that arise in the de-
composition of the standard module W, ,, in the case where g is not a root of unity and y is
non-generic. In this case, W, ,, has two composition factors: a radical submodule R, ,, and a
quotient submodule Q; . Setting £ = 0, we constructed the fusion products (W, X Rg )z w]
and (W, X Qg y)[z,w]> and obtained their decompositions. Although R, , and Q , are both
irreducible modules, their fusion products with a standard modules are drastically different.
The modules W x R are always non-zero, whereas the modules W x Q are zero except if x and
[z, w] satisfy certain equalities.

All of the analysis in fact relies on certain diagrams involving Jones-Wenzl projectors that
we called reduced intermediate seed states. Their calculation is technical and requires that we
use the recursion relations satisfied by the projectors to derive certain linear relations that can
be solved for the intermediate seed states. We gave the full proofs of these results in a number
of cases, however some cases are still left as conjectures. The arguments allowing us to obtain
the decompositions of the products W x R and W x Q only require us to know whether the
corresponding intermediate states vanish or not.

We believe that our construction of fusion using the modules Yy . , ;] is @ promising
candidate as a lattice version of the fusion of connectivity operators in logarithmic bulk CFT,
to study correlation functions of the dense loop model with homogeneous Boltzmann weights.
In the continuum scaling limit, the modules Q are believed to scale to an infinite direct sum of
modules of the form K®K, over Vir®W, where K and K are irreducible modules over Vir and
Vir respectively. We obtained the CFT fusion rules WK Q and Q ® Q with this assumption and
using the known fusion of degenerate and non-generate primary fields in CFT. Remarkably, this
yields a result that is consistent with the fusion rules obtained using our lattice discretization
with the modules Yy 4\ .1 ,]. The similar lattice discretization with X; ¢ , ., would lead to
different results and would involve fewer terms. Assuming that the fusion rules for (M x N) x P
are obtained by fusing each of the modules arising in the fusion rules M x N with P (and sim-
ilarly for M x (N x P)), we showed that the fusion rules obtained using the modules X; ;.
cannot be associative. In contrast, the fusion defined with the modules Y; . , [, ., does not
seem incompatible with associativity. Moreover, we found an example in (111) that showed
that the prescription for fusion with the modules Yy ;. , ;] is incompatible with isomor-
phisms, a somewhat puzzling feature. It would be interesting to see how our construction
of fusion is related to the Virasoro fusion rules in the presence of O(n) symmetry that were
investigated recently [26].

An important unresolved question about our construction of fusion using the modules
Y0 x,y,[zw] T€gards its algebraic definition. It is in fact easy to see that our diagrammatic
prescription for the fusion of modules is not equivalent to the algebraic constructions proposed
in [14,15] and [16]. There are however other interesting candidates that deserve further
investigations.

For N odd, one such candidate is

?
V(N,) x W(Np) = uaTLy(B,7) @11, (p)eTLy, (B) (VIN,)®W(N,)), N=N,+N,, (238)

where uaTLy(B,7) is the uncoiled affine Temperley-Lieb algebra defined in [21], namely the
algebra obtained by quotienting EPTLy () by the extra relation QY = y1. Interestingly, this
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proposed definition involves the tensor product over the subalgebra TLy () ® TLy, () of
uaTLy(B,y), and thus respectively considers V(N,) and W(N,) as modules over TLy ()
and TLy, (), even though they are also modules over the larger algebras EPTLy () and
E PTLNb(/j). If V(N,) and W(N,) are finite-dimensional modules, the fusion modules defined
by (238) are guaranteed to be finite-dimensional, because the uncoiled algebras are them-
selves finite-dimensional. An other candidate definition is obtained from (238) by replacing
uaTLy(B,v) by the uncoiled periodic Temperley—Lieb algebra upTLy (3, ), also defined in [21],
whereby the subalgebra {e;, e,,...,ex} of EPTLy(B) is endowed by an extra relation that im-
poses an upper bound on the winding of the curves around the annulus. It remains an open
question whether one of these proposals, when applied to the fusion of two standard modules,
correctly reproduces the diagrammatic rules (61) of the modules Yy 4\, 15 1.

For N even, two uncoiled affine Temperley-Lieb algebras were defined in [21]:
uaTLE\l,)(/J’, a) and uaTLE\Z,)([}, v). These differ in the choice of the quotient relations: (i)
EQE =aEand QY =1 for uaTL{(8, ), and (ii) E = 0 and Q" = y1 for uaTL(3,7), where
E =eye,...ey. For N even, one can then construct separate fusion modules of the form (238)
for these two algebras. This would explain why our construction of the modules Yy ;s [z w]
is so peculiar in terms of the parameters [z, w] and the presence of link states of type (iv), as it
attempts to embody simultaneously these two algebraic constructions. For N even, there are
also two uncoiled periodic Temperley-Lieb algebras, upTLf,)(ﬁ, a) and upTLﬁ)([j,y). More
work will be needed before we can say which of these uncoiled algebras, if any, are the best
to study the correlation functions of connectivity operators.

One can expect such a prescription for the fusion of two arbitrary modules to be defined
as a bi-functor acting on categories of modules over the algebra. We hope that studying the
properties of such a bi-functor would resolve some of the remaining problems with the fusion
of standard modules presented in this paper in terms of the modules Yy ¢ . 1, ], in particular
its incompatibility with isomorphisms. We hope to return to this problem soon.
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A Dimension counting and decomposition of Y; ¢, 1 v ](N)

In this appendix, we sketch the arguments leading to the dimension counting in (72) and to
the decomposition (83) of the modules Y.y ;. ;[ w](IV).

To determine the dimension of Yy ¢ . . 1, ,](N), we proceed as follows. First, the link states
of type (iv), namely those with no defects, are in one-to-one correspondence with the basis
elements of By(N) — one simply needs to merge a and b into a single marked point. For the
states of types (i), (ii) and (iii), we consider the set of effective defects, comprising the defects
attached to a and b, and the endpoints of through lines. We call 2m the number of effective
defects. To each link state of type (i), (ii) or (iii), we associate the state of B,,(N), constructed
by merging a and b and turning every effective defect into a defect attached to the marked
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point. To illustrate, the three states in (58) map to

]
>(
X
<)
5Y
>(
X
<

-
N
—
N

A,w
=) ©
o
=
—
=) 0

( 0 = 2R

One can argue that each state in B,,(N) has 2m pre-images under the map, because the ef-
fective defects can be assigned to a, b and through lines in a single possible order, up to 2m
cyclic permutations. Summing over m readily yields (72). A similar argument was presented
in [13] to compute the dimensions of the modules X ; . ,, ,(N).

To prove the decomposition (83), we focus on the quotient modules M;f g )x I W](N ) and

M(PL, oy, W](N) Let us first consider the module M(pe - W](N 2m)wherem = k+£+p >0
and p = 0. In this case, the module has dimension 2m and, from (89), we see that the braid
transfer matrix acts in this module as

F-v=@"Q+qg ™ )-v[[p—1]], Vve ng)f ey [z (2D (A.3)
As a result, the states IT,, n ‘U, g(Zm) for n =0,1,...,2m—1 are eigenvectors of F with respec-

tive eigenvalues f, , = q"w,, , +q "w, . For generic values of [z, w], these eigenvalues are
all distinct. We conclude that
2m—1

Mg;xy Zwﬂznozz GE)VVm&Mm(2n0~ 0&4)
=0

For N > 2m, we use the insertion trick to define homomorphisms

@ni Woe (N)—>MP n=0,1,...,2m—1, (A.5)

ny[zwﬁAU

as follows. For each link state v.€ W, , &, ,(v) is obtained by replacing the 2m de-
fects of v by the linear combination II,, , itk ((2m). It is easy to see that the set of states
{2,n(v),v € Wy, (N)} is closed under the action of the EPTLy(f), and the map &, ,, is
indeed a homomorph1sm The same argument was used in [13] to obtain the decompos1t1on
of the modules Xk,@’x,y’Z(N ). This shows that each irreducible standard module W, ,, (N ),

withn=0,1,...,2m—1, arises as a composition factor of M(,f)e N~ (N ). Because the sum of
the dimensions of these factors exhausts the dimension of I\/Igf)l xoy[5w] (N ), we conclude that
2m—1
MY ey o D = ED Wi, (V). (A.6)
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In the special case where k = { = m = 0 and 2%*~0 =1, the decomposition is instead

© _
M(;),O,x,y,[z,w](N) - WO,W(N) . (A.7)

This is obtained by noting that there is a trivial isomorphism between the link states of the two
modules, defined by simply merging the adjacent points a and b into a single marked point.

To obtain the decomposition of the modules M;fg )x iz w](N ), we note that
o,r) _ (o,r)
Mk,é,x,y,[z,w](N) - Mk’,@’,x,y,[z,w](N) ? (A.8)

for some k’ < k and ¢’ < { satisfying r = k’ + {’. Here k’ and £’ in fact count the number of
defects of a and b, respectively, that are attached to the outer nodes, in Mf”g’)x’%[z’w](N ). The
above statement then simply says that it is equivalent to consider a quotient module where
some defects of a and b have connected, and a module where these defects were absent in
the first place. The definitions of the two modules are indeed exactly the same. The resulting
module M;{O,”’Z,’x’y’[z’w](N ) can be equivalently written as I\/If,)’l,’x’y’[z’w](N ), and its decomposi-
tion can be read off from (A.6) with p = 0 and with m = k’+¢’ = r. Finally, we note that all the
composition factors of the quotient modules are irreducible and non-isomorphic for generic
[z, w]. The decomposition of Yy 4 . , [, .,](N) for generic [z, w] is then obtained by taking the
direct sum of the factors of all its quotient modules, yielding (83).

B The fusion W; , x R, ., for arbitrary system sizes
In this section, we prove Claim 4.2 for m = 1, namely we show that the result (118) for the
fusion Wy , (N,)x Qg ¢4(Np), derived in Section 4.2 for N, = 2k and Ny, = 2, holds for arbitrarily

larger system sizes.

The case k = 0. In this case, N is even. The gluing operator for (WO,x(Na) X RO,eq(Nb))[Z ]
produces the seed state ’

v =y ®P,) u, with U= . (B.1)
The state v is a linear combination of two link states, u and ey _; - u, of respective depths p = %

and p = % —1.

We now investigate which factors in (83) belong in the submodule
(Wox(Na) X Rg ¢q(Np))[z,w)> starting with the factors Wy, ., P (N). From the proper-
ties of P,, we have ey_; - v = 0. It is also not hard to see that

ej-v=0[[5-1]], j=12,...,N. (B.2)
As aresult, the states [Ty, ,-v withn=0,1,...,N —1 generate all the one-dimensional mod-
ules Wy /3,y ,,(N) in Mg‘jéfl’gq’[z’w](N ). These modules are also in (W (N,) xRy ¢, (Nb))[z,w]’

where they are spanned by the states Q3 , - v. These states are indeed non-zero:
Qn/on 'V =Qnjan(In—2®Py) - u=Qppn - u#0. (B.3)
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At the second equality, we used the fact that Qy /, , evaluates to zero when acting on link states
. N (p) i

with depths p < 7, because the submodules YO,O,x,eq,[z,w](N ) do not contain Wy 5 ., P (N) as
a composition factor. The resulting state Qy/, , - u is necessarily nonzero, because otherwise
it would also vanish in Y oy ¢q[zw](IV), implying that Wy 5, /2,n(N ) is not a factor in this
module and leading to a contradiction.

It is in fact a general feature of the fusion of a standard module with a radical submodule
that the factors of maximal depth are always present in the submodule W x R. To build states

of lower depth, we define

v(l) =g QeN/ZeN/Z-i—l “reey_3eNy_g V= - (B.4)

The state v" is a sum of two link states, of respective depths % —1 and % — 2. Drawing the
projector Q1 , as a blue ring, we apply it to v and find

At the second equality, we used the push-through property (29). This results in a diagram with
an inserted state consisting of a projector Qy /21, € EPTLy_5(f) acting on a state with N —2
nodes, similar to v but with the maximal depth one unit smaller. Then at the third equality,
the Jones-Wenzl projector could be removed for the same reason as in (B.3). In the final
expression, the state inside the blue ring is the state u defined in (B.1), but with N — N—2. The
resulting state is nonzero, as it was in (B.3). The state on the right side of (B.5) belongs to the
submodule isomorphic to Wy /51 in (N). For generic z, Wy /5_1 4, /H’H(N ) is irreducible,
and hence EPTLy(f) generates the entire corresponding submodule in Y g 1 ¢q 1zw](NV)-
The process can be iterated by defining the states

0 — (j-1) .
vV =eQeypen i1 en—zen—2 V', J=12,...,

N|=

-1, (B.6)

with v = v. The state v is obtained from vY~? by simply moving the point a one step
closer to the point b. It is then a linear combination of two states, of depths p = % —jand
p= %’—j—l. This state is non-zero for j = 1,2,...,Y —1. This is true for j =0, 1,...,%—1.
This implies that each of the composition factors W, ,, (N) arises as a factor in the fusion
N :

(Wo(N,) x RO’Eq(Nb))[Z’W], form=1,2,...,5andn=0,1,...,2m—1.

The sector of depth p = 0 requires a separate treatment. First, we remark that any state in
(WO,x (N,) X Ro ¢q (Nb))[z,w] with a non-zero component of depth p > 0 is a linear combination
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of terms of the form

. or )

ar G

where the darker region denotes an arbitrary connectivity of the nodes inside this region. In
other words, the point a is either on one side of the projector or on the other. Indeed, this is
true for the states produced from the gluing. The action of the generators e; and O*! then
simply moves around the two nodes of the outer perimeter connected to the projector P,. This
is true as long as the depth p remains non-zero.

The only way to produce states of depth p = 0 is to connect the two loop segments con-
nected to the projector, in such a way that the point a lies inside the region closed in the

process. This produces two possible diagrams, which are equal up to a sign:

=w+w D+e(x+x71). (B.7)

a,=—¢f

This is the same diagram that we computed in (114) for the special case N, = 2k and N, = 2.
For w = —ex*!, this process produces a zero result. In this case, the states of depth p = 0
cannot be produced, and thus W, ,,(N) is absent from the corresponding fusion module W xR.
In contrast, for w # —ex*!, this process produces non-zero states of depth p = 0. The action
of EPTLy(3) then produces the entire p = 0 submodule, isomorphic to W, ,,(N). As a result,
for arbitrary values of N, and N, with N = N, + N,,, the fusion products W x R and W x Q
decompose as

YO 0,x,£q,[z w](N)/WO —gx(N): w=—ex*! 5
Wy (N,) x Ry .., (N, ~ B ’ B.8
(Wo.x(Na) > Rocq o)) { Y0,0.x,eq.1zw] (V). otherwise, ®8)
and
WO,—sx(N) , W= —ex*l 5

(WO”C (Na) % Qo,zq (Nb))[z,WJ = 0 otherwise. (B.9)

The case k > 0. In this case, the seed state is

ik

\ (B.10)

The argument to obtain the decomposition of W x R is then completely analogous to the one
presented above for k = 0. Indeed, one first finds that the composition factors generated from
states of maximal depth p = % — k are all produced by the action of EPTLy () on the seed

state v. One then defines a sequence of states v?’ for j =0, 1,..., % —k—1, with v = v, such
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that the maximal depth p decreases by one unit each time j is increased. These states turn
out to be all non-zero, implying that the composition factors of the corresponding quotient
modules M;f)o x,eql5w] with p 2 1 are all present in the fusion product W x R. The special case
of depth p = 0 is again treated separately, and the needed relation is (104) instead of (108).

The resulting decomposition for k > 0 and generic [z, w] is

Vi eq st (N [Wi—ex V), 275 = (—ex)?*,

, (B.11)
Yi0,x,6q,2w](N) 5 otherwise.

(Wk,x(Na) X RO,Eq(Nb))[Z,W] ~ {

C The reduced intermediate seed states o(P)m

In this appendix, we investigate more closely the reduced intermediate seed states ag)m cor-
responding to the case k = 0:

O.(p) —

om

(C.1)

We show that these diagrams satisfy certain recursion relations that determine them exactly.

In contrast with the states % and 0(0 ' with k > m— 1, we are not able to obtain a recursion

k,m
relation for 08’ ) where the depth p varies. Instead, we consider a fixed value of p and derive

recursion relations where m varies. The following proposition gives those relations in the case
p=1.
PROPOSITION C.1 For 1 < p < m, the state 0'(” satisfies

T EXD(Q,x,y) uge(2p) [[p—111, (C.2)

where X®(w,x,y) is a polynomial in the variables a, = x + x YL ay = y+y?!and
a,, = w+ w™ !, that satisfies the recursion relation for m = p + 1

()
Xm+1

x® (C.3)

a,a,a, ) (0112)—{m}z)(aﬁ—{m}z)(ai—{m}z)
(a " )X()+ (=g 2[2m—1][2m+1}{m}2 ~ "™V

{m}{m+1}

and the initial conditions

X®» =1 x® = ap Ay,
p J

=% iy ©

where a, =q° +q P and {m} =q" +q "

The analysis of the decompositions of the fusion modules W x R and W x Q in Section 4
requires that we evaluate X®(w, x, y) at y = eq™. We formulate the following conjecture.
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CONJECTURE C.1 For p > 1, the function X®(w, x, y) specialised to y = eq™ evaluates to

m—p—1
2

XP(w,x,eq™) = (wx)P™™ l_[ (xq* + ew)(eq® + xw). (C.5)

—p—1
r=—00=

This linear system of Proposition C.1 has a simple solution for X®’(w, x, y) in terms of the
determinant of a tri-diagonal matrix. By implementing the determinant expression on a com-
puter, we verified explicitly that Conjecture C.1 holds for m = p,p+1,...,p + 7. We now
proceed to prove Proposition C.1.

PROOF OF PROPOSITION C.1. The main ingredient for the proof is the set of four recursion
relations (27) satisfied by the Jones-Wenzl projectors, as well as the last relation in (26).

We first consider the case m = p + 2. Using the relation (27¢c) on P,,,, we find
®) ® O‘b[m:|

O = I+ TomT 0 (C.6)

where

P —
-ym -

(C.7)
Writing 2 = P, - 2%, we use (27a) on P,,_; and find
[m+plQ+[m—plQ'
20 =P, S oD (C.8)
For y®, applying (27d) to the projector P,,,_; yields
_ ) [2m—2] aplm—1] _,
YW =000, 1+ m—1] Vet Tom—1] Vet (C.9
where
2
2p 1 2p
y© = ,

(C.10)
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Writing ¥ = P, - y® and using (27b) for P,,,, we obtain

__[2m] - [m—plQ+[m+plQ! g

o] ® (C.11)

where the first term was simplified using (26). Similarly, we write y® = P,, - ), use the
relation (27b) for the projector P,,,, and find

_ —1
[m—plQ+[m+plQ Ly (C.12)

) — 1,,(P)
an; _err)1+P2P [2m] m >

where

w® = . (C.13)

Using the relation (27b) on P,,,_;, we get

» — M ®

"= om—1] “om1- (C.14)

Thus, for m = p + 2, we obtain a closed system of recursion relations. Indeed, using (C.11),
(C.12) and (C.14) to express j/\fﬁ)_l and yfg)_l in terms of the other variables, we find

ay[m
ot =i g e
2 2 2
» ap[m—1]"—[2m—2] »

+
0m1T T om_1][2m—3]  Om-2

(p) —
Yo = Q30

[m—1-plQ+[m—1+plQ~* (() ap[m—11 , )
+P Az +—y" C.15b
2p [2m—1] m=1" [9m—_2] Jm-1 ( )
[m+plQ+[m—pla!

22 =Py, f2m 1] T (C.15¢)
Eliminating y®’ and z%’, we obtain a recursion relation involving only the function og’,)m eval-
uated at different values of m:

-1
o (g, BPmIm =Py @0 16
om : [pl[2m][2m —2] om-1 '
_ (aﬁ[m_1]2_[2m_2]2)(P2me—1,—pP2me—1,p —[2m—2]21) )
[2m—1][2m —2]?[2m — 3] 0O,m=2>
where we use the notation
Qn,=[m+plQ+[m—pla’. (C.17)
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Applying the relation (27b) on P,,, we get

[2p—1] -
O, = 0g) + (2] (Pop_1 ®11) ey, - 0g, 7. (C.18)
The second term is a combination of states with depths strictly smaller than p. A similar

calculation can be made for P, QOl.o (p ) . As a result, we have

Qil (") =0+ O'g’)m [[p—11]. (C.19)
Thus, for m 2 p + 2, we obtain the recursion relation

®» — ap[2p][m][m—1](Q+ Q1) s
Tom= (a31+ [pll2m][2m —2] )OO,m—l (C.20)

[m—l—p][m—1+p][m—1]2( ) [Zm—Z]Z)( 12 [2m—2]2) »

— - Q+Q 12— ). ol 1

[2m—1][2m — 2]2[2m — 3] b [m—1]? @+a7) [m—172 Tom-a [lP=11]-
Let us now examine the initial conditions, namely the expressions for aé’?p and 08 L +1- For

() )

m = p, we have o » = Pap g, o(2p) directly from the definition of 0(" 0p- Form=p+1, the
above derivation can be easily adapted and, up to terms of depth smaller than p, we get

® » - alp+1]

Oop+1 = Yp+1 [2p +2] P+ (C.21a)
aplp]
Yoy = a,0q, + [2;—+1] P2pS2-1g0(2p) [[p—111, (C.21b)
» _ o [2p+1lQ+[1107
pr+1 =Py, 2p 1] 00, (C.210)
After some simple manipulations, this yields
ap[p+11(Q+Q71)
Og)pﬂ = ( 142 [2p + 2] “ugo(2p) [[p —11]. (C.22)

Using ug (2p) = og)p [[p — 1]], we readily see that (C.22) coincides with (C.20) specified to
(r)

m = p+1 and with O p-1
be

= 0. Hence, we set the initial conditions of the recursive system to

ooy 1 =0,  0g =Py, ug(2p). (C.23)

Using (C.20), we prove inductively on increasmg values of m that, modulo states of depth
less than p, the state a(p) is proportional to ug(2p), as in (C.2). Finally, by applying a
shift m — m+1 in (C. 20) and expressing it as a recursive relation satisfied by the functions
X®(w,x,y), we obtain (C.3), thus ending the proof of Proposition C.1. ]

In the case p = 0, the diagram in (C.1) has no loop segments connected to the perimeter
of the disc, and each of the corresponding seed state 0( ) -, 1S @ constant. Arguments similar to
those presented above lead to the following results.

)

PROPOSITION C.2 The seed states 0(0 with m > 0 are polynomials in a, = x+x"%, o, = y+y "

and a,, = w+w! that satisfy the llnear system form = 1

20,2 2Y( 2 2
o (a 2aya )o«» _ImP(ed— ), — (m)?) 20
0,m+1 {m}{m+1} m [2m+ 1][2m — 1]{m}?2 0,m—1~ ’
with the initial conditions aa
b®ab
08”0 1, O'g))l =a,+ {1}3 (C.25)

where {m} =q™+q ™"
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CONJECTURE C.2 The intermediate seed states ag)’)m(w, x,y) specialised to y = eq™ evaluate to

m 1

(0) (w x,eq™)=(wx)™ l_[ (xq® + ew)(eq® + xw). (C.26)

_ m—1
r=—"3-

We observe that this system of equations is obtained from the similar system of Proposition C.1
by taking the limit p — 0 and setting «w — w. The solution of Proposition C.2 for 0(0) (w,x,y)
can again be expressed as the determinant of a tri-diagonal matrix. Implementlng this on a
computer, we checked that Conjecture C.2 holds for m=0,1,...,7.

D The structure of Y y 5,w](IN) for non-generic w

ENETED )

can then be extended straightforwardly to N > % by using the insertion algorlthm. For this
derivation, we use the projector

m 2r—1
F —
SiliE== )
r=1 n=0 frn

(rn)#(mn)

s A5 )

In particular, we have ZO 0,,y. 5 w=eqm] 12m) = Q-YO’O’X’},’[Z’W:gqm](Zm). Let us consider the pair

s A5 )

P =Q vo(2m),  A=(F—fol)-9, (D.2)
where v o(2m) = Py, - ug o(2m). The action of F on the pair (1), A) reads
F-y=fop+A, F-A=fyA. (D.3)
Moreover, because

F~vz(qmﬂ+q_mﬂ_1)-v [[m—11]] Vv € Yo,0.x,y,[2w)(2m), (D.4)

s A )

we write for v € {0,...,2m—1}

ﬁzﬁl "Wy +q 0 = frn .
y = -V
=1 n fO _fr,n "y
nn #(m ng)
m 2r—1
Sy —1f
l_[l_[ S LR m,v'VESV,nEHm,v'V[[m_l]]: (D.5)
r=1 n=0 fr”
(r,n)#(m,n,)
and therefore
2m—1
Y= Z M, ,Q v o(2m) =1, , - voo(2m) =My, , - ugo(2m) [[m—1]]. (D.6)
=0

We conclude that v is nonzero.
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2m—1 2m—1 2m—1
[1E—fun)v=D M, [ [F=frul)-v
n=0 y=0 n=0

2m—12m—1

= Z l_[(qmwm,v+q_mw;,lv_fm,n)nm,v'V [[m_l]]
v=0 n=0
2m—12m—1

=2, [ Uny—fun) v =00lm—11. (D.7)

v=0 n=0

This implies that

2m—1
[[F—fua)-veYssh . @m). (D.8)
n=0

Letm’ € {1,...,m—1}. Any link state v/ € Yg”gx iz W](Zm) is of the form v/ = c; .. cJ' R

where ji,..., jmem € {0,...,2m —1} and v" € Yg 4y 1501(2m'). The push-through prop-
erty (29) implies that Fc! = ¢/F, where the central elements F on the left and right sides
belong to EPTLy(B) and EPTLy_5(B), respectively. Using this, we find

2m’—1 2m’—1

[[E—fwa)v=c .. []EF=fuwaD)-v'=00m' =111, D9
n=0 n=0

where the elements F and 1 are elements of EPTL,,,(8) and EPTL,,,/(B) before and after the
first equality, respectively. We conclude that

2m’—1
[1E-fwa)-v'e YD g (2m). (D.10)
n=0
Thus, each subsequent application of l_[ir:_ol(F — frn1) on v o(2m) decreases the value of p by
one unit in the filtration of modules Yg’)o xoy fzw]’ We conclude that A belongs to the submodule
of depth p = 0.
Let us now derive a crucial property of A, namely its factorisation as
mT—l
A=[G™ [ & +exg®)exy +¢*) | u, (D.11)
m—1
=73

©
0,0,x,y,[z,w=£q™]
derivation in the cases m = 1 and m = 2 before describing the general case. Here, in analogy

with (45), we introduce the states

where uy € Y is a state independent of x and y. We illustrate in detail this

Vo(2m) = (c(‘;)’“ “Ug,0(0), wo(2m) = Py, - Vo(2m). (D.12)

e For m =1, we have

1
A=
2e(g+q1)

The action of F yields

(F = f1,o01)(F = f1,11) - vo,0(2). (D.13)

F-voo(2)=(qQ+ g+ CI co) *V0,0(2), Fcy-voo(2) = focovopo(2). (D.14)
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Hence, writing A = (IT; o +I1; ;) - A, we find after some simple manipulations

A= Hl,ne CI Co - VO,O(Z) = (CO . VO,O(Z))(Hl,ns CI . quo(O)) . (D.].S)
The diagram c;, - v ¢(2) is easily computed and reads

To%ab — e+ x ) +e(y +y 1) = (xy) H(y +ex)(exy +1). (D.16)

o Vvop(2)=a,—

Furthermore, the state u =11, ;,_ ¢; - Up0(0) is clearly nonzero.

e For m = 2, we have

2 2r—1 2 2r—1
A=T1IT Go= £ [T TE—£in) voo(®. (D.17)

r=1 n=0 r=1 n=0

(r,n)#(m,n,)
The action of F yields

F-vg0(4) = (¢*Q+q2Q7 + CJ cg) - v 0(4), (D.18a)
Fcy-voo(4d)=(@Q+ glat+ c'l'L €o) o Vo,0(4), (D.18b)
F Cg . V0,0(4) = fo Cg . V0,0(4) B (D18C)

where C, = ¢ "¢} + ¢, + qc,. Inserting the projectors onto § eigenspaces, we obtain
after some manipulations

A= (cgvoo(®)u, where  u= Z (fo—frn) Ty, C3 101, ¢] Ugo(0). (D.19)
v=0,1

We identify the diagram cg‘vo’o(4) as the intermediate seed state 08”)2(W, x,y) specialised

(0)
0,m

under the exchange y «— w. This allows us to evaluate cg *V0,0(4) directly from (143b):

to w = gq™. Moreover, it is clear from (C.24) and (C.25) that o, _(w, x,y) is invariant

- voo(d) = (yx)(y +exq)(y +exq N(exy +q)(exy +q71). (D.20)

Applying P, on (D.19), we find after some simplifications

2

and hence u is nonzero.

* For m = 2, the derivation follows the same ideas. The action of F yields

"A+q QN+ Cley) ™ vy o(2m), refl,...,m},
chl_r-vo,o(Zm)z (q . q r 0) 0 0,0( ) { } (D.22)
focg' - vo,0(2m), r=0,
where
2r—1
T j—r
ci=> ¢ (D.23)
=1

After a short calculation, we find

A= (cg1 . vO’O(Zm)) u, where u=I,, C 5;_1 D 5} “Ug(0), (D.24)
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2r—1

=D (fo—fr) ', 0l (D.25)
v=0

Using the reflection symmetry of P,,,, one finds that c' - vy o(2m) = o(o) (W, x, y) with
w = eq™. Using o, (w,x,y) = og, (y,x,w) and (176c), we d1rect1y obtain (D.11).
Finally, we compute P2m U using repeatedly the identity

Py by, , C1 =— Z W K P ()N, r=1,2,..,m. (D.26)
This yields
em m—1 2r—1 wkr+17k
Pon b=7m Wo(zm); Ym= ommi Z (8Q)km l_[ (qkr Z ) . (D.27)
m: Kpokin r=1 =0 fmn, = fro

The following proposition states that this formula for y,, simplifies to a much simpler
expression.

PROPOSITION D.1 The constant v, is given by

Ym= il . (D.28)

[T (¢ —q)2

The proof is given at the end of the section.

We use (D.3) and (D.11) to determine the structure of Z o ;. ;[ w—eqm](2m) as a function
of x and y. We recall that the submodule Y\

0.0,x,y.[5.weeqn] 1S always isomorphic to W ¢gm,
which has the structure

Qo,eqm
Wo,eqn \\ . (D.29)
Ro,eqm
The analysis distinguishes between two cases.
e Case (i): for y = —ex*1q* with s € —T_l,—mz_B, cees mT_l} We now proceed to prove

that the state Hm’ns 1,[) generates a one-dimensional submodule isomorphic to W, .(2m).
First, recall that ¢ = I, , - ugo(2m) [[m —1]], and hence I, , - is nonzero. One
readily computes the action of e; on v for j=1,2,...,2m—1 as

ej - =e;QPyy - tgo(2m) = Qe; Py, - g o(2m) = 0. (D.30)
Moreover, using (D.22), we obtain
ey Y = cgaco Vo o(2m) = (c(')“ . v0,0(2m)) C Cfn 1 61‘ “Ug0(0). (D.31)

As pointed out above in the calculation of A, the prefactor ¢ - vo (2m) is in fact the

intermediate seed state 0(0) (w = gq™, x,y) — it is the factor in the bracket in (D.11)

and thus vanishes for y = —sxilq25 withs € {—251, 22 .., ™11 We conclude that

eo - Y = 0. Hence, the generators of EPTL,, () act on I, ,, - as

QM Y =ell,, Y, ey, =0 for j=0,..,2m—1, (D.32)
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which is indeed the action in W, ,, (2m). Putting the above results together, we find

QO,EqTrl

ZO,O,x,y,[z,wzsqm] & \ & Wm,s . (D.33)
RO,Eqm

* Case (ii): for all the other values of y. The structure in this case was previously discussed
in [13]. Let us consider the state e, - 2. It is clear from (D.31) that this state is a linear
combination of link states of zero depth. It is therefore an element of the submodule

(0) . . . . .
0.0.0.y.[5.w=eqn]’ isomorphic to W ,4m. This module has a nontrivial submodule Ry ;4m,
which is the kernel of the Gram bilinear form on W ,;n. We now show that e, - ¢ is
not in the kernel submodule Ry ;4m of Yg’)o __ a1 Let us denote by @ the obvious
> ,0,x,,[z,w=eq™]
[z,w=eqm] that maps any link state v of W, .4m to the link

with identical loop segments, and the points a and

homomorphism Wy ;qm — Yo 0 «
(0

state of zero depth in YO,O,x,y,[z,erqm]

b inserted together at the location of the marked point of v. The state ey -1 has a unique

preimage in W ,,m. Let us also recall that a bilinear form on W zgm ® Yo 0.y [z,w=cqm]

was defined in [13]. This bilinear form satisfies the identity (u,v) = (u, ®(v)), for all

u,v € W .qm. In particular, we can write

Y

(vo(2m), @7 (eg - 1)) = (vo(2m), e - ) = B(vo(2m), Poyy, - 1ig o(2m)) = Uz;i)m(gqm,x,y), (D.34)

where we recall that v, (N) is defined in (45). This intermediate state is nonzero for the
values of y considered here. This proves that the state e - ¢ is not an element of the
radical submodule R 4 in (D.29). As a result, we have the structure

Wm,s
ZO,O,x,y,[z,Wzsqm] it QO,sqm . (D.35)

N\

Ro,eqm

Moreover, from Proposition D.1, the state u in (D.11) is nonzero, and as a consequence
the pair (1), A) forms a Jordan cell of rank 2 that ties the two isomorphic factors W, .
and Ry zqm.

We end this section by proving the formula for y,,.
PROOF OF PROPOSITION D.1. We define

1 2r—1 wk

Spp=— » —2 (D.36)
" 2r ;) fm,nS _fr,v
so that
em m—1
_& K k,
Ym= o ) Z;{ (eq) [! Q" Srk,, —k, > (D.37)
15--5Km -

where k, runs over the values —r+1,—r +2,...,r — 1. Following the arguments presented in
section 5.3 of [21], we rewrite S, as

—r 2r—1
r k+1
q

w
Sk =" =¢ d , D.38
nk 2r ;) (C() — gq—r+m)(w —_ gq—r—m) ey écr w gr,k(w) ( )
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where

—-Tr k 1

(@) =—1 N
w)=—>—
Erk 27i (w—eq M) (w —eqTM) w2 —1

and the closed contour C, encircles all the poles at w = w,.,, in the counter-clockwise direction,
but not the other poles of g, ;(w).

Let k € {0,1,...,2r}. In this case, g, x(w) has no pole at w = 0. Moreover, changing
variables to y = w™!, we obtain an integral over y whose integrand has no pole at y = 0.
As a result, we may deform the contour C, so that it instead encircles the two other poles of
g, k(w). Evaluating the corresponding residues, we find

— k
= q 'w 1 —r4+om
Sr’k - Z Res[ (w _ gq—r+m)(w _ gq—r—m) wr—1° w—&q

, (D.39)

oe{+1,—1}
k—1 (—r+m)k (—r—m)k
€
- qn—qm (q(—qH'm)zr -1 o q(—qr—m)Zr -1 ) . (D.40)
For k ¢ {0,1,...,2r}, S, is obtained directly using the symmetry S, ., = S, ;. We therefore
write
Ym= — — — qm q ’Sr’kr —k, > (D.41)
2m (g™ —q )" Kypoky =1 "
where
(=r+m)k (—r—-m)k
1 - . ke{01,...,2r),
~ q(—r+m)2r -1 q(—r—m)2r -1
Stk = (D.42)

q(—r+m)(k+2r) B q(—r—m)(k+2r)

q(_r+m)2r -1 q(—r—m)2r 1 5 k (S {—2r, —2r + 1, e, —1} .

We now evaluate the sums in (D.41), first for k,,, second for k,,_,, third for k,,_,, and so
on. We find that

t—1
€ 1 k, k@
Ym:ﬁmkz 1 [I g rsr,k,ﬂ—kr]Kf(kt), t=12...m, (D43)
1 r=

for some functions K, (k) that satisfy

t—1
Kea()= D7 q'8q K, (0), (D.44)
{=1—t

and the initial condition K,,,(k) = 1. This recusive system is solved inductively over decreasing
values of t. The solution reads

m+r+t—2 ]! [ m—r;—t—z ]!

1 [m]mt o [T
k) =
Kb = =t Tm—112 2 T R

, (D.45)

r=—m+t,—m+t+2,...m—t

where [k]! = ﬂle [j]. The proof of the induction step is tedious but straightforward. Indeed,
starting from the right side of (D.44), one starts by spliting the sum in two, the first for £ < k
and the second for £ = k. These two sums are then evaluated individually using the geometric
series. Finally, the resulting expression is simplified using some simple manipulations. Setting
t =1, we find

1 [m]m™! k
K k — r , D.46
1( ) (q - q—l)m—l ([m - 1]')2 r:—m+1,§+3 ..... m—1 ! ( )
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and K,(0) /2
€ €
Tn= ot m_l_m)m_l ==, (D.47)
m(qm—q 17 @ —q9)
ending the proof. ]
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