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Abstract. The tensor products of (restricted and unrestricted) finite dimensional
irreducible representations of %q(sl(Z)) are considered for ¢ a root of unity. They are
decomposed into direct sums of irreducible and/or indecomposable representations.

1. Introduction

When the parameter of deformation g is not a root of unity, the theory of representa-
tions of quantum algebras 77, () (with " a semi-simple Lie algebra) is equivalent
to the classical theory [1]. In the following, we consider %q(sl(Z)), with ¢ a root
of unity. In this case, the dimension of the finite dimensional irreducible represen-
tations (irreps) is bounded, and a new type of representations occurs, depending on
continuous parameters [2-5]. Moreover, finite dimensional representations are not
always direct sums of irreps: they can contain indecomposable sub-representations.
Some kinds of indecomposable representations actually appear in the decomposition
of tensor products of irreps.

Another peculiarity with ¢ a root of unity is that the fusion rules are generally not
commutative. There exist, however, many sub-fusion-rings that are commutative. The
well-known one is the fusion ring generated by the irreps of the finite dimensional
quotient of %q(sl(Z)) [6-8)]. Families of larger commutative fusion ring that contain
the latter will also be defined later.

The following section is devoted to definitions, to the description of the centre of
’?Aq(sl(?.)), and finally recalls the classification of the irreps of %q(sl(2)). The irreps
of 7,(sl(2)) can be classified into two types:

— The first type, called type .Z in the following, corresponds to the deformations
of representations that exist in the classical case ¢ = 1. These representations are
also called restricted representations since they are also representations of the finite
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dimensional quotient of %, q(sl(2)). [This quotient consists in imposing classical values
to the enlarged centre of %q(sl(Z))]

— The second type, denoted by .%, contains finite dimensional irreducible repre-
sentations that have no finite dimensional classical analogue. They are generically
characterized by three continuous complex parameters, which correspond to the val-
ues of the generators of the enlarged centre, and they all have the same dimension.
(This property is a particularity of 74, (sl(2)). At higher ranks, several dimensions are
allowed for irreps. The dimension remains however bounded.)

Section 3 is a review of the fusion rules for type .Z or restricted irreps [6-8]. The
fusion ring generated by the type .% irreps also contains a class of indecomposable
representations of dimension called .7nd , representations in the following.

Section 4 deals with the composition of type .% (restricted) with type %
(unrestricted) irreps. These tensor products generically lead to sums of type %
irreps. For non-generic parameters, these fusion rules also lead to a new class of
indecomposable representations called .7'nd , representations.

The composition of type .% irreps is the subject of Sect. 5. The tensor product
of two type .% irreps is generically reducible into type .% irreps. However, it can
also contain .7nd , representations when the components of the tensor product
do not have generic parameters. For sub-sub-generic cases, the indecomposable
representations 'nd , reappear, together with, in even more particular cases, another
type of indecomposable representations denoted by Znd ,’.

The results presented in Sects. 3, 4, 5 are summarized in Tables 1, 2, 3.

In Sect. 6, we prove that the fusion ring generated by the irreducible representations
closes with the indecomposable representations .7nd ,, nd ,’ and .7nd .

The results of Sect. 5 are finally used as an example in Sect. 7 in the decomposition
of the regular representation of ”/éq(sl(Z)).

2. Definitions, Centre, and Irreducible Representations
2.1. Definitions
The quantum algebra %q(sl(2)) is defined by the generators k, kL e, f, and the

relations
kk™'=k""k=1, kek™'=ql,

k—k~! _ _ (2.1
le,/1=~—=, kfk™'=q7f.
q—q
The coproduct A is given by
Ak)=k®k,
Ae)=e®1+kQe, (2.2)

A(f):f@)k—l“"‘l@f)

while the opposite coproduct A’ is A" = PAP, where P is the permutation map
Pz ® y =y ® z. The result of the composition of two representations o, and p, of
%q(sl(Z)) is the representation p = (9; ® p,) o A, whereas the composition in the
reverse order is equivalent to o' = (9; ® p,) o A"
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2.2. Centre of %q(sl(z))

The usual g-deformed quadratic Casimir
C=fet(g—qg DN gk+q 'k 2.3)

belongs to the centre of %q(sl(2)). When ¢ is not a root of unity, C' generates this
centre.

In the following, the parameter ¢ will be a root of unity. Let m’ be the smallest
integer such that qm/ = 1. Let m be equal to m’ if m' is odd and to m/'/2 otherwise.

Then the elements e™, f™, and k*™ of “?éq(sl(2)) also belong to the centre [2].
Together with C, they actually generate the centre of ?Jq(sl(Z)), and these generators
are related by a polynomial relation [5]. We write here this relation as follows: let
P, be the polynomial in X, of degree m, (P(X) = X" + ---), such that

Pal) = T e(q - q“‘)2X) , 2.4
where T, is the m™ Chebychev polynomial of the first kind
T,,(X) = cos(marccos X). 2.5)
Then the relation becomes
m BT kT

P (C)=emf" +q 2.6)

(q—qt)ym

2.3. Finite Dimensional Irreducible Representations of ?éq(sl(Z))

We now recall the classification [2] of the irreducible representations of %q(sl(2)).
The new facts (with respect to the classical case or to the case ¢ not being a root of
unity) are that the dimensions of the finite dimensional irreps are bounded by m, and
that the irreps of dimension /m depend on three complex continuous parameters. In the
following, we will call type .Z irreps those that have a classical analogue (restricted
representations) and type .% irreps the others. We will mostly use a module notation.

We will denote by z, y, ¥, and c the values of €™, f™, k*™, and C on irreducible
representations.

The g-deformed classical irreps (type %) are labelled by their half-integer spin 7,
which is such that 1 < 25 + 1 < m, and by another discrete parameter w = +1 [9].

They are given by the basis {wo, - ,wzj} and, in a notation of module,
kw, = wg¥ " *Pw,, for 0 < p < 2j
pr:pr for0<p<2j-—1
fwzj =0 2.7)
ew, =w[pll2j —p+ 1w, , for1<p<2j

where as usual
T _ o~
FI 2.8)
qa—q
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We denote this representation by .%’pin(j, w). On it, the central elements e™, f™, k™,
and C take the values z =y = 0, z = (wg¥)™ = £1, and ¢ = w(qg — ¢~ )2 (¢¥ ! +
q~ %) respectively.

Note that the representation . pin(j,w = —1) can be obtained as the tensor product
of “pin(j, 1) by the one-dimensional representation #pin(j = 0, w).

A type & irrep is an irreducible representation that has no finite dimensional
analogue when ¢ is equal to one. It has dimension m.

It is characterized by three complex parameters x, y, 2 corresponding to the values
of €™, f™, k™, and by a discrete choice among m values c; for the quadratic Casimir
C. These values are just the roots of

z—l—z‘l

If we define ¢ by
z+ Z—] gm + g—m
zy +q™ = , (2.10)
O e e o
then, by virtue of the identity
m—1
cosmy — cosme = m-l H (cosp — cos(¢p + 2kmw/m)), 2.11)
k=0
the ¢;’s are given by
21 —1,-2
ngLiiﬁ—ql=Q“wm—L 2.12)

(g—q 1)

Let A be an m™ root of 2 and c one of the ¢;’s. Then the type .%-representation,
denoted in the following by .%(z,y, 2, ¢), is given in the basis {vy, ..., v,,_,}, by

kv, = A\qg~*v, for0<p<m-—1
fvp:vp+1 for0<p<m-—2
fom 1 =yvg

1
e'Up = (C — m(/\q_ZP-H + A_qup—l)>vp_1 for 1 S p S m— 1
1

1
evg=—|c— ——=Ag+ 17! "1>vm_.
0 y( PRI 7))V

(2.13)

Remark 1. In this basis, the generators e and f do not play symmetric roles. The
normalizations of the vectors are such that f is extremely simple in this basis. There
exist of course more symmetric bases, and bases where e has a simple expression
(related to the latter by a simple change of normalization). The advantage of this basis
is that it can describe (irreducible) representations with two highest-weight vectors
(e vanishes on two vectors of the basis) and a non-vanishing y. For cases where y
vanishes but not z, another basis could be preferable. However, the limit y — 0 is
)\q + )\—Iq—l

well-defined if c = ——————
(g—q ')

and evy = Pv,,,_, B € C.
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The representation (2.13) is actually irreducible iff one of the four following
conditions is satisfied:

a) ¢ #0,
b) y #0,
©) z# +1,
2w

d C= —m8m— w = :tl .

T )

2w .
Remark 2. Note that .%(0,0, +1, m) = .pin((m — 1)/2,w) (fourth case)

is actually of type .Z. This case will not be considered as type . in the following.
So a type .7 irrep will have (z,y, z) # (0,0, £1).

Remark 3. The representations described by (2.13) with (x,y,2) = (0,0,£1), and
one of the other possible values for ¢ (5 arbitrary, cf. Remark 1) are indecomposable.
These representations, called .7 nd ,’, will appear in the last section as indecompos-
able parts of some tensor products.

For further use, we define the function ¢(¢) by

¢+¢
(g—qH*
The representation (2.13) will be called periodic if zy # 0 In this case it is
irreducible and has no highest-weight and no lowest-weight vectors. A semi-periodic
representation is a representation for which only one of the parameters x and y
vanishes. It is then also irreducible. Following [10], a type .% representation with
x =1y =0, z# +1 will be called nilpotent.

Q) = (2.14)

3. Composition of Type ..# Representations

This section will be a brief review of the results of Pasquier and Saleur [6], of Keller
[7], and of Kerler [8]. The tensor product of two representations .’pin(j;,w,) and
S pin(j,,w,) decomposes into irreducible representations of the same type and also,
if 2(j, + j,) + 1 is greater than m, into some indecomposable spin representations.
An indecomposable spin representation .7nd ,(j,w) has dimension 2m. It is
characterized by a half integer j such that 1 < 25+ 1 < m and by w = £1. In

a basis {wyg,...,w,,_;,%g,...,2,,_; } the generators of #,(sl(2)) act as follows:
L —25-2-2
kw, = wqg™™ Pw,
Jw, =w,, for0<p<m-2
fwm—l =0
ewp:o.)[p][——Zj——]0—I]wP_l for0<p<m-—1
G.1)
kz, = wg? Pz
Jz, =z, for0<p<m-2
f‘rm~l =0
ex, = fPrm=H 2w, + wlpll2j —p+ 1z for0<p<m-—1.

p—1
(In particular, ex, = w
module.)

—_— m m
m—2j—2 and €z, = w,,_,, and €™, f™ are O on such a
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Table 1. Summary of the fusion rules for type .7 irreps

Fpin(j;,w;) ® Fpinj,, w,) Decomposes into
2 +5)+1<m Spin(j, wyw,)
20, +7)+1>m Zpin(j, w;w,) and .7'nd ,(j, w,w,)

This indecomposable representation contains the sub-representation .%’pin(j, w).
It is a deformation of the sum of the classical .*pin(j) and #pin(m/2 — j — 1)
representations.

The fusion rules are
min(j+j2,m—j1—72—2)
Zpin(j;, w)) @ S pin(j,, w,) = < Ypin(j,wlw2)>

J=lj1—72l

(m—=1)/2
@< @D %d./g(j,wlwz)), (3.2)

J=m—y1—ja—1

where the sums are limited to integer values of j if j, +j, is integer, and to half-(odd)-
integer values if j; + j, is half-(odd)-integer. In conformal field theories, the fusion
rules (3.2) are truncated to the first parenthesis, keeping only those representations
that have a g-dimension different from 0.

The fusion rules for type .% irreps are summarized in Table 1.

The fusion rules of type .Z representations close with

Fpin(iy,wp) ® 7nd ,(y,wy) = €D Tnd ,(j,w)

some j,w

7nd ,(j,w) ® 7nd Gy, w) = €D Ind ,(,w).

some j,w

3.3)

The .“’pin and .7 nd , representations thus build a closed fusion ring.

4. Fusion Rules Mixing Type .Z and Type .% Representations

Proposition 1. The tensor product of a type .5 representation B (x,y, z,c) with the
+2
spin 1/2 representation ¥ pin(1/2, 1) is completely reducible iff ¢ # G 7 More

1)2‘
o ¢+ ¢!
recisely, if c = ¢(() = ——————,
b »¥ ¢ (q—q1)?
B(x,y, z,¢) @ Fpin(l/2,1)
= B, ¢y, q"z,c0) © H(@,q™y, ¢z, cq" ) “.1)
+2
If c = (1) = m, the tensor product is a type & indecomposable
representation of dimension 2m, denoted by 7nd 4(x,q™y,q"z,c¢ = c(£q) =
-1
1+4q and defined below.

(g—q7 17
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¢+¢
(q—q M
space of the tensor product is diagonalizable iff ¢ # +1 and the eigenvalues are
c(q¢) # c(q~'¢). Each eigenvector of C generates a type .% irrep B(x, ™y, ¢z, c)
since (z,q™y,q™z) # (0,0,%1).

When ¢ = =1, the eigenvalues c¢(¢¢) and c(g~'(¢) coincide and C is not diago-
nalizable. It has only one eigenvector (up to a normalization) on each weight space,
which generates a type .% irrep B(z, ™y, ¢™z, c(q)). The quotient of the total rep-
resentation by this subrepresentation is again equivalent to .#(x, ¢y, ¢™z, c(£q)).
The tensor product is hence the 2m dimensional indecomposable representation
7nd y(z,q™y, ™z, ¢ = c(£q)).

Proof. First write ¢ = The matrix of the quadratic Casimir on a weight

Definition. The type .% indecomposable representation Znd ,(z,y, 2, ¢) is charac-
terized as follows: the central elements f™ and £™ take the scalar values (y, z), and

there is a basis {v(l) . ,v(z) , (i = 1,2), in which this representation is written
kol = )\q—ZPUI(}) for0<p<m-—1
fv‘”:vgll for0<p<m-—2
f (0)) - —yv
(Aq—2p+l +>\—lq2p—l) m
evél): (c— G )Up-1 forl<p<m-—-1
y_oaf, g+ D A
T Ty )

@) = \g—2Py@ B (4.2)
kv, = Ag™ Py for0<p<m-—1
fv(2)—-v;31 for0<p<m-2
fo 5721) 1= Y% %

)\q—2p+l +)\—1q2p—1)
ev<2>=<c_( ) @ +u), forl<p<m-—1
P (@—qb? =P=
—1,—1
2) 1 A +2"'g )) @ o)
-1 (o S ok
(q—q1)?

with A™ = z. We call this representation a type .% indecomposable representation,
because (x,y, z) # (0,0, %1). It does not belong to the fusion ring generated by the
type % irreps.

The sub-representation generated by the set of v(", as well as the quotient of the
whole representation by this sub-representation are equivalent to .%(z,y, z, ©).

If ¢ = ¢(¢) with ¢>™ = 1 and ¢ # 41 (which will always be satisfied in the cases
we will consider), the central element e™ is scalar with value x on Z'nd ,(x,y, 2, c(()).
Otherwise, we would have

m (1) ) @ @, m" =™ 0
e, = TU,°, ev = TU, + ——v

y ¢(—¢t P

In the following, we restrict the definition of .7'nd , representations to those represen-
tations that have one of the special values for ¢ (i.e ¢*™ = 1). The operators e™, f™
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and k™ hence take scalar values on 9'nd , representations. As we will see in the next
section, the property that these operators are scalar on a representation is preserved
in the composition of representations. The fusion ring generated by the irreducible
representations then contains only representations with diagonal €™, f™ and k™.

The case z = 0 and y # 0 (semi-periodic representation ® spin 1/2) is included
here. The description of the case « # 0 and y = 0 is simply obtained by considering
bases with simple action of e instead of f. The case x = y = 0 (nilpotent
representation ® spin 1/2) is included in this proposition and it does not lead to
indecomposability since the parameter z, c¢ (related to the highest weight A\ through
z = A" and ¢ = ¢(q()) of the type .% nilpotent representation has to be generic (see
Remark 2).

Let us again consider . (z, y, z, ¢) with ¢ = ¢(¢) (2.14). As a consequence of the
previous proposition, we have:

Theorem 1. The tensor product of the type 5 representation B(x,y, z,c) with the
spin j representation ¥ pin(j, 1) is completely reducible as long as all the values
= c(@P%E) for | = 0,...,25 are different (which is satisfied in particular if
¢?™ # 1). Moreover,

23

B(x,y,2,¢) ® Spin, 1) = P B, ¥y, 7"z, ¢ = dg? ). (43)
=0

The tensor product is not-completely reducible when some pairs of ¢; = c(g¥ ()
(I = 0,...,2§) coincide (since 2j + 1 < m, the 2j + 1 values ¢, can be only
doubly degenerate). In this case, the decomposition is obtained from (4.3) by simply
replacing each pair of irreps arising with the same c; by the indecomposable type .77
sub-representation .7 nd ,(z, g™y, ¢P ™z, c) (4.2).

Proof. The previous proposition with the coassociativity of A is the basic tool.
The representation .%(z, y, z, ¢) is composed with (#pin(1/2, 1))®%, which contains
B(x,y,z,¢) ® Fpin(j,1). We however still need to know the result of the
composition of .7'nd ,(z,y, 2, ¢) with pin(1/2, 1), since 7' nd ,(z, y, 2, ¢) can appear
in intermediate stages.

¢+¢
(@—q 1
tensor product

Let ¢ = We look at the matrix of A(C') on a weight space of the

Ind 4(z,y,z,¢) ® Fpin(1/2,1).

This matrix is a 4 x 4 matrix. It can be decomposed into two 2 X 2 non-diagonalizable
blocks with eigenvalues c(q¢) and c(¢~'¢) if ( is different from +¢q and +q~!. If
¢ = +q*!, it can be decomposed into one 2 x 2 non-diagonalizable block with
eigenvalue c(£¢?) and two 1 x 1 blocks containing c(£1). So the tensor product of
Ind 4(x,y, z,c) with .#pin(1/2, 1) reduces to
7nd y(z,y,z,0) ® pin(1/2,1)
= Ind 4(z,q™y,q™ 2, c(g0) ® Tnd y(@,q"y, q" 2, g ) (44D
if  is different from 4-¢ and ¢!, and
7nd ,(z,y,z,¢) @ Fpin(1/2,1)
=.7nd 4(@,q™y,q" 2, (£ © 28, ¢y, q" 2, c(£D) 4.5)
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if ¢ = 4q*'. The factor 2 means a multiplicity of 2 of the representation in the
decomposition, i.e. C? ® ... .

Proposition 2. If (>™ # 1 the tensor product of the type .5 representation 5(x,y, z, )
with a type .% indecomposable representation 7nd ,(j,1) is completely reducible
and

.%(l',y,Z,C) ® ynd,/z(jv 1)

) ) 25—21 —2j+21 ~—1
= 2/3?<ac,q2]my,q23mz, 4 C+q_] 5 ¢ ) 4.6)
pard (g—g7")
If *™ = 1, we have
m—1
B(w,y,2,0 @ 7nd (5, 1) = @ Tnd 4, ¢ ™y, 7" 2, @), @)
=0

with the prescription that 7nd ,(z,q* ™y, ¢* ™2, c(£1)), if it appears, has to be
replaced by 2.8(x, q” ™y, ¢¥™z, c(£1)). (Such a prescription is of much easier use
than an exploration of all the cases: the parity of m', 2j and the value of ( enter in
the game.)

Proof. The proof follows from the fact that .7'nd ,(j,1) enters in the decomposi-
tion of tensor products of some ordinary spin irreps, as explained in the previous
section. This result is then obtained as the previous theorem by further composition
with the .“’pin(1/2, 1) representation and using the coassociativity of A. (Note that
the reducibility obtained for (>™ # 1 holds although each root of the characteristic
polynomial of the quadratic Casimir is doubly degenerate, whereas in the case of
non-complete reducibility we do not get 4m-dimensional indecomposable represen-
tations.)

The same technique leads to the decompositions of the tensor products .7nd , ®
Zpin and .Ind , ® Ind ,. We can actually replace .% by .7nd , in (4.3) and
(4.6), (4.7), always using the prescription given for (4.7). (The representations
Ind 4(., ., .,c(£1)) never appear in our fusion rules, which is a key point for
the closure of the fusion ring.)

We have only considered w = 1 in the type .Z representations entering in the
fusion rules. We complete the fusion rules of type .Z with type .% representations by
adding

ﬂ(ma Y, 2, C) & *ypin(07 _1) = ﬁ(m’ (—l)my’ ("1)m27 —C) . (48)

These fusion rules were already considered in [11], in the cases involving generic
semi-periodic representations. The sub-cases leading to indecomposability were
however not considered.

The decomposition of tensor products of type .% irreps with type .# irreps is
summarized in Table 2. The cases involving the “nd , and .9nd , representations
are also summarized.

One could remark here that the “logarithm” of the parameter ¢ used in the
expression of ¢ extends the role of the spin to the case of type .% representations:
the value of ¢ for .“’pin(j, 1) is ¢**!, whereas the tensor product by the spin 1/2
representation changes ¢ to ¢*!¢. This is however not so simple in the following.
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Table 2. Summary of the results of fusion of .% or .7nd , representations with type .4 representa-
tions

B Ay Decomposes into

A irrep with (3™ # 1 pin(j,, w,) B

A irrep with (3™ # 1 7nd (G, wy) 7

7 irrep with (7™ =1 S pin(d,, w,) 7nd ; andfor 5(., ., ., c(£1))
Znd , rep (with (7™ = 1) pin(jy, w,) 7nd 4 andfor Z(., ., ., c(£1))
B irrep with ¢ = 1 7nd ,(jy, w,) Znd , andfor (., ., ., c(£1)
7nd 4 rep (with 2™ = 1) 7nd ,(4y,w,) 7nd , andfor F(., ., ., c(£1))

5. Fusion of Type .% Irreducible Representations

This section has many subsections. A summary of its content, including the subsection
numbers, is given in Table 3.
Consider two irreps of type .#: g, = B(x,,y;, 2,,¢;) and g, = B(Xy,Yp, %5, ).
Then the central elements e, f™, k" are scalar on the tensor product ¢ = (¢, ®
0,) 0 A and take the values

T =2z, +22,,
y:y132_1+y2> 5.1
Z=22.

They are also scalar on ¢’ = (o; ® p,)0 A’ and take the values (' =z, + 2,2,y =
ho L2 = 22).
In fact, since
A" =" Q@1+ k" @e™,

A" ="k +1e ™,
Ak)™ = k™ @ k™,

the fact that the operators e™, f™ and k™ are scalar is preserved by the tensor product
operation. Hence, since they are scalar on irreps, they remain diagonal on the whole
fusion ring generated by the irreps.
We also see from (5.1) that ¢ and ¢’ can be equivalent only if their parameters
belong to the same algebraic curve [12]:
Ly Ly Yy — Yy (52)

= b __1 _1
L=z 1=z 1-z 1 — 2

and that in this case z = 2/, y = ¥/, z = 2’ also satisfy these relations. In other
words since the coproduct is not co-commutative, the fusion rules of representations
are not commutative. If the values of the parameters are restricted to belong to the
same algebraic curve, the corresponding restricted fusion rules are commutative.

For physical purposes, this condition will probably always be required. However,
for more generality, we now consider the composition of g, and g, with A, without
imposing the condition (5.2).
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The set of tensor products that we consider in this paper can be restricted in such
a way that the representations belong to a given subset defined by

x = const (1 — z) and/or y = const’ (1 — z71). 5.3)

This subset of representations is stable under fusion. Restriction of the fusion rules
to this subset defines a sub-fusion-ring that is commutative (when both conditions
are imposed). The sub-ring generated by the type ..# irreps is contained in these
commutative sub-rings. (The question of the closure of the fusion rings will be
considered at the end.)

Each weight space of .Z(x,y;,2,,¢;) ® B(x,,Y,, %, C,) has dimension m. The
weights are all the m™ roots of z = z,z,.

The following lemma is the main tool for all the further decompositions:

Lemma 1. On a weight space of the tensor product
~7f'($17y1>21,01) ® ﬁ(%,yp 32302) 9
the characteristic polynomial of A(C) is equal to the polynomial

242!

P (X)—zy —qm(q—_‘m

(5.4)

where x, y and z are given by (5.1).
Proof. The matrix of

—1
AC)=e® f+ fhk@ ket COE +hoC - %k@k-l (5.5)
q9—4q
on a weight space is an m X m tridiagonal matrix (with three full diagonals, including
two terms in the corners). The characteristic polynomial of this matrix is then of
degree m, and it contains basically two types of terms:

— The first type consists of the product of the elements of the upper diagonal (respec-
tively lower diagonal) elements. These two terms do not involve the indeterminate
X. They correspond to the values of (¢ ® f)™ and (fk ® k~'e)™, i.e. x,y, and
©2y1217; - :
— The terms that involve at least one diagonal element of the matrix of A(C)—
X -1 ® 1. These consist in fact of products of diagonal elements with pairs of
symmetric off-diagonal ones. The diagonal elements, which are evaluations of the
last three terms of (5.5), depend on c; and z, only (¢ = 1,2). The products of
symmetric off-diagonal elements have the same property, since the products ef and
fe are involved in their evaluation, not e and f individually.

So, one part of the constant term of the characteristic polynomial of A(C) is
D™ @y, + 3y,2,25 ') whereas the remaining terms only depend on ¢, and
z;. The values c; are related with the products x,y, through (2.9), but it is clear that
we can vary x; and y; in such a way that their products (and c,) remain constant. This
proves that we can vary continuously the constant term of the polynomial, keeping
the other terms constant. So this polynomial has m distinct roots for generic values
of the parameters. These roots are then the m distinct values for ¢ allowed by (2.9)
with the corresponding generic (z,y, z). The characteristic polynomial of A(C) is
then equal to (5.4) for generic (x,y, z). Since the characteristic polynomial of A(C)



186 D. Arnaudon

on the tensor product is continuous in the parameters, it is equal to the polynomial
(2.9) for all the values of the parameters of the representations.

We know that the roots of (5.4) are either simple, or doubly degenerate. The tensor
product will then always be decomposable into a sum of representations of dimension
m or 2m, corresponding to the characteristic spaces of C' (each of them being either
irreducible indecomposable or again decomposable).

5.1. Generic case

Theorem 2. Consider two type B irreps B(x,,Y;, %, ¢;) and B(xy,Y,, 25, ¢,). Let
(z,y, 2) be defined by (5.1), and ¢ by (2.10). If { is not a 2m-root of 1 (generic case),
the tensor product B(zy,y, 2, ¢|) @ B(xy, Yy, 2y, ¢,) is reducible and

ﬁ(xp y17 Z[acl) ® ]7’(53213&: 22,62)

m—1 €q2l+c—1q—2l)

= l@ﬂ(a:,y,z,cl = c¢g™ = ) (5.6)

Proof. We first note that the assumption on ( forbids (x,y,2) = (0,0,%1). So the
tensor product cannot contain type .# irreps. The type .7 irreps involved in the
decomposition will be related to eigenvalues of the quadratic Casimir C' (2.3) (by the
way, today is St. Casimir’s day!). The previous Lemma identifies the characteristic
polynomial of A(C) with the polynomial (5.4), which has only simple roots if
(™ # 1. The eigenspaces of C then have dimension m and they correspond to
the type .% irreps of (5.6), which are the only m-dimensional representations of
O/féq(sl(Z)) with parameters (z, y, 2, ¢)).

Remark 4. This theorem shows that two tensor products of type .% representations
leading to the same (x,, z) with (*™ # 1 are equivalent, since their decompositions
are identical.

The generic case of composition of type .7 irreps is then reducibility into type .7
irreps.

Remark 5. Tn [12], the underlying quantum Lie algebra is the affine ?éq(ﬁ(N )).
Analogous tensor products are in this case irreducible, in contrast with the present
results. Remember that in our case the dimension of irreps is bounded by m.

5.2. Sub-generic cases

We consider in this subsection the tensor product

4!
B(omme =)= S0 )

+ —1
® %’(mz,yz,zz,cz = (G = (—52—_—(1%)—2> 5.7)

leading to (z,y, z) with (™ = 1 (2.10). (The generic case was (?™ # 1.)
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52.1. (z,y,2) # (0,0,£1). We first assume (z,y, z) # (0,0,+1). All the values ¢,
(2.12) are now doubly degenerate roots of the characteristic polynomial of A(C) on

any weight space, except c(%1) = which can occur at most once.

(q—q7 1)
The characteristic spaces of A(C), which are sub-representations of the tensor
product, can have the following structure:

— If related to the eigenvalue c(£1), it has dimension m and is equivalent to
Sz, y, z,c(£1)). In this case,there is only one possibility.

— If related to the eigenvalue ¢; # c(£1), it has dimension 2m. The only possibilities
in this case are

— the corresponding representation is equivalent to the indecomposable representation
7nd 4(x,y,2,¢).

— it is reducible into a sum of two representations equivalent to .Z(z,y, 2, ¢;).

The study of some cases shows that the first possibility is generic, whereas the
second also exists for special values of the parameters.

Conjecture. We conjecture that the tensor product (5.7), in the case sz =1 (2.10)
and (z,y, z) # (0,0,%1) (5.1), is obtained from the decomposition (5.6) by coupling
the pairs of type .7 irreps .%(z,y, z,¢;) whose values of ¢; coincide into type .77
indecomposable representations .7'nd ,(x,y, z,¢;) (4.2). For special values of the
parameters, however, they can remain decoupled. A necessary condition for this
decoupling is that ¢; and (, are also 2m-roots of 1.

522 (z,y,2) = (0,0,%1). Consider now .Z(z,,y;,2,,¢, = c((}) ® HB(zy,Y,
2y, ¢, = ¢((,)) leading to (z,y,2) = (0,0,£1). We choose z = + 1, the other case
being similar. Thus z, = —zflccl, Yo = ~Z2\Yy, 2y = zfl. Applying Eq. (2.10) to
each set of variables (z,,y,,2,¢,) and (2,, Y, 25, ¢,), we can fix (, = ¢¥!(, with
2j, integer (< m).

5.2.2.1. zy, # 0. In this case, A(e) and A(f) have a rank equal to m — 1 on each
weight space of the tensor product. In other words, each weight space contains one
and only one highest-weight vector, and also one and only one lowest-weight vector
(up to normalization).

Each highest-weight or lowest-weight vector is an eigenvector of A(C) (since it
is an eigenvector of A(k)).

Lemma 2. The pin(j,w) irrep is a sub-representation of the tensor product
By, yp, 21, ¢) @ By, Yy, 29,¢) If and only if (/G or (\(, is a weight of
S pin(j, w).

Proof. Consider a vector of weight wq? in the tensor product, annihilated by A(e)
(unique up to a normalization; its computation is straightforward). This vector is the
only candidate as highest weight of .”"pin(j,w). From the relations satisfied by the
generators of 74(sl(2)), we know that the first power of A(f) that can annihilate this
vector is either 27 41 or m. In the first case (and in this case only), the representation
pin(y, w) is a sub-representation of the tensor product. An explicit calculation proves
that the condition for A(f)**! to cancel our highest-weight vector is then exactly

II G+ —wGd +¢G ) =o. (5.8)
l=—j,—j+1,...,5

In this subsection, we already fixed ¢, = ¢*1(;, but Lemma 2 forces us to consider
again two cases:
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5.2.2.1.1. (3™ # 1. Consider (j,w) such that ¢*™w™ = z. In the case ;™ # 1,
the preceding lemma proves that the tensor product contains either .#’pin(j,w) or

pin (% - l,qmw> (not both).
Each characteristic space of A(C) (of dimension 2m) then contains one, and
only one, irreducible sub-representation, which is of course of type .”’pin since

r =1y = 2> — 1 = 0. The only representation of 7/(sl(2)) of dimension 2m, with
weights of multiplicity 2, with two highest-weight vectors, two lowest-weight vectors

and only one sub-irrep .pin(j,w) (or Spin (% -7 - l,qmw) respectively) is

Znd_,(j,w) (or Ind , (% —-j—1, qmw) respectively).
We then have the following proposition:

Proposition 3. The tensor product B(x,,y,,%,,¢;) ® B(Xy, Y, 2, Cy), With

T, =y +y, =0,

212y =1,
‘lel 75 0,
G= q2j'§1 )
Gm#L,
is equivalent to the sum
b snd.Gne @  TndGam, (5.9
e = G it
]ST m—1
IST5

with by convention Ind_,((m — 1)/2,w) = . pin((m — 1)/2, w).

Only type .7 representations appear in this decomposition. No continuous param-
eter survives in the result.

5.2.2.1.2. Cfm = 1. In this limit, some Clebsch-Gordan coefficients related to the
decomposition (5.9) diverge and the equivalence does not hold. The previous lemma
shows that more type % irreps (&pin(j,w)) (than in (5.9)) are sub-representations of

the tensor product. For some (j, w), the irreps #pin(j, w) and #pin (%L- —j—1, qmw)

can both be sub-representations of our tensor product. They appear in this case
as sub-representations of the same characteristic space of A(C). In this case, the
only possibility for the corresponding characteristic space of A(C) is neither
Znd ,(j,w) nor nd , (T —-j—1, qmw), which contain only one sub-irrep, but the

. 2
direct sum

7nd ,'(G,w, B) & ﬁnd\/(% - l,qmw,ﬁ> : (5.10)
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where Znd ,’(j,w, B) is an m-dimensional indecomposable representation contain-
ing .%’pin(j,w) as sub-irrep, and described by (2.13) with

(@=0,y=0,2z=W¢), c=cwd), \=we”,

(respectively A = wqg™ 2 72), but 3 # 0 (see Remarks 1 and 3). These representations
never appear in the fusion rules of type .# irreps for the following reason: although
they are not periodic (they correspond to x = y = 0), they share with periodic
representations the fact that e? and f™ P can have non-vanishing matrix elements
between the same vectors, in the basis of (2.13), which diagonalizes k. Moreover,
unlike the previous case, a continuous parameter (5 in Remark 1) remains in these
representations, which depends on the parameters of the initial representations. (After
all our constraints are taken into account, two parameters remain, e.g. y; and z,.)

The parameter § in .7nd ,’(j,w, ), which is the ratio of the action of e and
f™ 1 on e~!{ker f}, can be considered as intrinsic and basis-independent. The limit
08 = 0 is well-defined and appears in the following. The limit 5 — oo, which is the
symmetric of 3 — O when the roles of e and f are exchanged, is also well-defined
but the representation has first to be written in the basis where e, instead of f, has a
simple expression.

Let ¢, = ¢", { = ¢2,0 <1, <m—1,2j, = |l, —,|. Denote by 27, either [, +1,
if [, +1, <m, or 2m — [, — [, otherwise.

Proposition 4. With the data given above, the decomposition is

D 7nd (G, 1) @ - 7nd ,(G,q™)
J=S0R132) SR+ 9= ~inf(gy,2), 2 ~inf(gy 321,
]SmT-l . m—1
<75
sup(ji,j2)—1 m
® D (7na, G 1@ 7nd, (5 - 1,0"6)), 61D

F=inf(G1, 2,06, 52)
for some [3’s.

5.2.2.2. x;y, = 0. The results in this case are essentially the same as when x,y, # 0.
However, they can be obtained through different proofs, using simpler expressions
for the highest-weight and lowest-weight vectors of tensor products.

The representations involved in the tensor product (5.7) are now semi-periodic or
nilpotent. In the case of a tensor product of semi-periodic representations, we consider
z; = z, = 0, the case of lowest-weight semi-periodic representations (y, = y, = 0)
being symmetric of the latter. In this case, their parameter ¢ can be related to their
highest-weight A through ¢, = ¢\, and {, = ¢~ '\

As for periodic representations, we have to distinguish two cases:

5.2.2.2.1. (3™ # 1 (and hence (2™ # 1). In this case, the ranks of A(e) and A(f)
are still m — 1 on each weight space of the tensor product (5.7). So the number of
highest- and lowest-weight vectors on each characteristic space of A(C) is the same
as when z,y; # 0. Lemma 2 is still valid, and the decomposition (5.9) still holds.

! These indecomposable representations were denoted by .7nd ,” in a previous version of this paper.
We apologize for this change of notation (note that there is no possible confusion) motivated by the
fact that 7nd ,’ representations are representations of the finite dimensional quotient of ?éq(sl(Z)),

like type . irreps and .7'nd , representations. They are actually quotients of .7nd , representations



190 D. Amaudon

Table 3. Summary of the results of type .7 irreps

Section i Ty Such that Decomposes into
5.1 ¢m £ 7

52 m =1

5.2.1 (x,y,2) #(0,0,%1) 7nd ,,. 5B
5.2.2 (z,y,2) =(0,0,£1)

5.2.2.1 zy; Z0 Ty, # 0

52211 £ Ggm £ 7nd
52212 m =1 =1 Ind ,,7nd ,’
5222 zy;, =0 Ty, =0

5.222.1 ¢m £ gm £ 7nd ,
52222 am = m— 7nd ,,.7nd ,’

5.2.2.2.2. (3™ =1 (and hence (3™ = 1). In this case, each representation entering
in the tensor product has two highest-weight vectors, since the weights are 2m-roots
of 1. We consider only tensor products of irreps, so we must have no lowest-weight
vectors and hence y,y, 7 0. (The representations are semi-periodic, not nilpotent.)
The rank of A(e) can now be m — 1 or m — 2 on each weight space, depending on
the weight, whereas the rank of A(f) remains m— 1 on each weight space. If a highest-
weight ¢* is degenerate, we can check that the weight ¢~* 2 also corresponds to
two highest-weights. Consequently, the characteristic space of A(C) that contains

them is equivalent to nd ,'(4,1,0) & .7nd~%’(% —j—1, *1,0). For the pairs of

highest-weights ¢% and ¢~2/~2 which are not degenerate, it is easy to see, from their

explicit expression, that one only is the highest-weight of a ./"pin sub-representation.
This leads then to the same decomposition as for periodic representations, i.e. formula
(5.11) with now vanishing 3’s.

The results of this section are summarized in Table 3.

Some of the fusion rules of type % irreps have already been considered in the
literature. In (7,8,10,13], the fusion of nilpotent representations was studied. The
generic case of fusion of semi-periodic irreps was considered in [10]. The fusion of
generic periodic irreps for ¢ = ¢ was described in [14]. Generic fusion rules were
also presented in [15]. General results on fusion rules and .72-matrices for ”Zéq(sl(Z))
were given in [16], and developed in [17].

6. Fusion Ring Generated by all the Irreps of 7,(sl(2))

Theorem 3. The fusion ring generated by all the irreducible representations of
’Zéq(sl(Z)) CONSISts in

— the irreducible representations of type ./ and .73,

— the type % indecomposable representations I nd ,(j,w),

— the type B indecomposable representations 7 nd 4(x,y, z, c(Q)) (with ¢ = 1and

C#+1),

— the indecomposable representations of type 7nd ,'(j,w, B).
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This fusion ring contains sub-fusion-rings defined by imposing one or both of the
relations (5.3) on the parameters (x,y, z). When both conditions are imposed, these
sub-rings are commutative.

Proof. previous results show that these four types of representations are involved
in the fusion ring. We still have to prove that it closes without other types of
representations.

The tensor products that have already been considered are

— irrep ® irrep

- 7nd , ® pin — Ind , (Sect. 3)

- 7nd A4 ®.7nd , — Znd , (Sect. 3)

- A ®.7nd , — B or.7nd, (Sect. 4)

- 9nd , ® pin — Ind , or B(., ., .,c(£1)) (Sect. 4)

- 7nd , ®7nd , — Jnd 4 or B(., ., ., c(£])) (Sect. 4)
(Reversed tensor products are similar, although not always equivalent.)

For the remaining tensor products, we will apply the following procedure: we
consider the indecomposable representations involved in the tensor product as a term
of the decomposition of a tensor product of irreps. These irreps will always be chosen
with the most generic allowed parameters. The decomposition of the original tensor
product will then be a part of the decomposition of a tensor product of three or four
irreps, on which we will use the coassociativity of A (associativity of the fusion rules)
and the previous results on the composition of irreps. The first case will be treated in
detail, the other being sketched.

— . ® 7nd , with, on the result, (z, y, ) and ¢, depending, as usual, on the original
parameters. Then

A ®@.7nd, C.LR(FH Q.15
C(PRL)R 5.
./, is considered as generic and the parameters of .7, are related to those of .7, in
order to contain .7nd , in their fusion. Then . % @ .7, = €D .7, the irreps .7, being
as generic as .7,.
— If (™ # 1, then .5, ®@ .5, = @ .7, so that
A®7nd, — P.7.
— If ¢(*" =1 and (z,y, z) # (0,0,%1), then
Ty @ By = EBJ’ nd , and/or .7 ,

so that
A ®70d, — P Ind 5.

— If ¢ =1and (z,y,2) = (0,0, £1), then ., ® .5, = @.7nd ,, so that
LB ®Ind , — @Ynd_,( .
- Bz, y,z,¢Q) @ Ind ,) C B(x,y,z,¢) ® B, ® B, The parameters (z,y, z)

of the result are those of the type .7 irrep of the tensor product since the .7nd ,’
representations carries (0,0, £1).
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~ If(*™ £ 1, then % ® .5, = @B, and B, ® B, = P .%,, so that
ﬁ@ﬁnd‘//)/ —)@%

- (* =1 (and (z,y,2) # (0,0,+1) otherwise the first irrep is of type .#), then
BB =@ Indy,, B and (Ind, or By) @ By, =@ .Ind ,, B, so that

B ®Ind ,’ —»GBQndﬁ,y?.

- 7nd ) ® Ypin C B @ %, @ pin. Since .#, @ Spin = P .7nd 4, %, and
ﬁl ® (.ynd‘/}),ﬁ) = @gnd‘%, 9nd¢ ,, we have

Znd ,' @ ¥pin= @9ndy/z ,7nd ,".

~ The remaining cases, .7nd ® .7nd, with at most one .nd , in the tensor product,
can be seen as included in .7, @ %, ® I'nd, for which we use the previous cases.
The conditions (5.3) define sub-rings of the whole ring of representations. Taking
the intersection of the fusion ring generated by irreps with these sub-rings provides
interesting commutative sub-fusion-rings.

7. Decomposition of the Regular Representation of 77,(sl(2))

Using (5.9) for nilpotent representations, we can achieve the decomposition of the
regular representation.

The regular representation of uZéq(sl(Z)) is the finite dimensional module defined
by the left action of 7, (sl(2)) on itself, with the further relations e™ = f™ = 0 and
=1

A natural basis is given by {f"e™k™} with r, r, € {0,...,m — 1} and

m’—1
= 3 g ™Pfrenk"™} which
7‘3=0
diagonalizes the action of k, the regular representation was decomposed in [16] into
the sum

ry € {0,...,m’ — 1}. Using the basis {v

T1,72,P

m’—1
P 50,0, 3™, c(g)) ® B©,0, A7, c(q"' A1), (7.1)

p=0
which is then equivalent to
(m—=1)/2 (m=1)/2

P @i+nand,GH e (GB (2j+1)9nd‘,g(j,~1)>. (7.2)

j=0 if m’ is even) §=0

We see that the multiplicity of each indecomposable representation is equal to the
dimension of its irreducible part. Although (7.1) is valid for arbitrary A, it is not a
surprise to find that the regular representation is of type .%. This result agrees with
the decomposition obtained in [18].
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