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Abstract: The occurrence of the Askey—Wilson (AW) algebra in the SU(2) Chern—-Simons
(CS) theory and in the Reshetikhin—Turaev (RT) link invariant construction with quantum
algebra Uy, (sus) is explored. Tangle diagrams with three strands with some of them enclosed
in a spin-1/2 closed loop are associated to the generators of the AW algebra. It is shown
in both the CS theory and RT construction that the link invariant of these tangles obey the
relations of the AW generators. It follows that the expectation values of certain Wilson loops
in the CS theory satisfy relations dictated by the AW algebra and that the link invariants do
not distinguish the corresponding linear combinations of links.

1 Introduction

The purpose of this paper is to identify the presence of the Askey—Wilson algebra in the
Chern—Simons theory and the Reshetikhin—Turaev link invariant construction, and to discuss
the bearing it has in these contexts.

One of the fundamental problems in knot theory is to determine whether two links in
three-dimensional space are equivalent or not. In this regard, the study of link invariants plays
an important role towards a classification of knots and links up to isotopy. A link invariant
which is of interest in mathematical physics is the Jones polynomial, discovered in [32] via the
study of a trace on the Temperley—Lieb (TL) algebra. This algebra, which was introduced in
[45], is connected to integrable lattice models in physics. Other examples of link invariants
are the HOMFLY-PT [19, 42] and the Kauffman [34] polynomials, related respectively to the
Hecke [33] and the Birman-Murakami-Wenzl (BMW) [4, 40] algebras. These invariants are
two-variable polynomials which contain the Jones polynomial as a special case. An important
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feature of the TL, Hecke and BMW algebras associated to these polynomial link invariants is
that they are all quotients of the braid group algebra [1], which is central in the study of links.

The Chern—Simons (CS) theory is a quantum gauge field theory with an action that is
defined on three-dimensional manifolds without use of a metric. For this reason, the theory is
said to be topological. In [47], it is shown via the path-integral formalism that the expectation
values of the observables of the theory, called the Wilson loops, lead to link invariants. In
particular, the Jones polynomial is recovered when the manifold is the three-sphere, the gauge
group is SU(2) and all the Wilson loops are in the fundamental representation. The cases
where the gauge group is SU(N) or SO(N) lead respectively to the HOMFLY-PT and the
Kauffman polynomials (see also [2, 7, 24, 25, 30, 36, 48] for instance). Hence, the CS theory
provides an intrinsically three-dimensional interpretation of these link invariants, which usually
require a two-dimensional projection of the link to be defined.

In [43, 46], it is shown how link invariants can be constructed from Yang-Baxter representa-
tions of the braid group; this construction is related to how the Jones polynomial was originally
obtained in [32]. Integrable systems satisfy an integrability condition called the Yang-Baxter
equation. It is known that quasitriangular Hopf algebras yield interesting solutions of this
equation through the R-matrix. The HOMFLY-PT and Kauffman polynomials are recovered
in this construction [46] when considering the R-matrices in the fundamental representation of
the quantized universal enveloping algebras of suy and sop; the Jones polynomial is in partic-
ular associated to the quantum group U,(suz). Such a mathematical framework for obtaining
link invariants, to which we will refer as the Reshetikhin—Turaev (RT) construction, is further
developed in terms of ribbon Hopf algebras and functors in [44], with the aim of providing a
mathematical realization of the CS quantum field approach of [47]. Although the connections
between the CS theory and the formalism of quantum groups and R-matrices have been inves-
tigated (see for instance [26, 27, 28, 39]), the equivalence of the link invariants obtained with
both methods deserves to be spelled out.

The Askey-Wilson (AW) algebra was first introduced in [50]. It describes the bispectral
properties of the Askey—Wilson polynomials, which form the family of basic hypergeometric
orthogonal polynomials sitting on top of the ¢-Askey scheme [38]. The AW algebra is in
particular realized by the centralizer of the diagonal action of U,(suz) in its threefold tensor
product [22, 31]. The role of the R-matrix in this realization was showcased in [9]. Due
to this connection with the centralizer of U,(suz), the overlap coefficients associated to the
Racah problem for Uy, (suz) are given in terms of the ¢g-Racah polynomials, which are a finite
truncation of the AW ones [22, 37]. It is conjectured in [13] that in general the centralizer of
the diagonal action of U,(suz) in the tensor product of three spin representations of U, (sus) is
isomorphic to a quotient of the AW algebra, in the spirit of a generalized Schur—Weyl duality.
In particular, when considering three spins 1/2 or three spins 1, respectively, the TL and BMW
algebras are recovered as quotients of the AW algebra. In the context of knot theory, the AW
algebra is connected to the Kauffman skein algebra of (framed and unoriented) links in some
punctured surfaces, see [5, 6, 8, 29].

The connections that exist between the link invariants mentioned above and various alge-
braic structures such as the braid group, the TL and BMW algebras, and the quantum group
U,(suz) all hint that the AW algebra must also belong to this picture. Therefore, it is natural
to examine how the AW algebra features in the CS theory and related link invariant construc-
tions. This is the goal of the present paper. Indeed, we show that the defining relations of the
AW algebra appear in the study of the link invariants that arise from the CS theory with gauge
group SU(2) and the RT construction with quantum group U, (su2) when considering any spin
representations (see Theorems 4.1 and 5.1). A consequence of these observations for the CS



theory is that the expectation values of some products of Wilson loops are linearly related by
the AW algebra. For knot theory, the implication is that the CS and RT link invariants do
not distinguish between some linear combinations of links that correspond to the AW algebra
relations. Moreover, the fact that the same results are obtained independently in the CS theory
and in the RT mathematical framework of Yang—Baxter operators provides another reason to
think that the link invariants in both cases are equivalent.

The strategy we follow in this paper is to associate to the generators of the AW algebra
some tangle diagrams composed of three straight strands with a subset of them being enclosed
by a loop associated to the spin 1/2 representation. These are inspired by the diagrams of the
Kauffman skein algebra in [8], where punctures on a plane are enclosed by loops. Then, we
show that the values of the link invariants of these diagrams satisfy the defining relations of
the AW algebra both (and independently) in the CS theory and the RT construction. In the
CS case, the proof is done by using the connections with the Kauffman bracket polynomial
while in the RT case, it is done by computing algebraically some partial traces of R-matrices
and identifying them as the intermediate Casimir elements of U, (su2)®3.

The paper is organized as follows. Section 2 contains a review of relevant concepts of the
theory of knots and links (Subsection 2.1) as well as a definition of the braid group and its
associated braid diagrams (Subsection 2.2). In Section 3, the AW tangle diagrams are defined
and put in correspondence with the generators of the AW algebra. Section 4 provides a proof
that these AW diagrams lead to the AW relations in the CS theory on R?® with gauge group
SU(2). Some preliminaries on the CS theory are first recalled in Subsection 4.1, and the
relevant properties of the Wilson loop expectation values are presented in Subsection 4.2. The
known connection between the CS link invariant and Kauffman’s bracket polynomial is given in
Subsection 4.3. Then, the properties of the CS link invariant are used in Subsection 4.4 to prove
that the AW diagrams satisfy the AW relations. Subsection 4.5 comments on the connection
with the Temperley—Lieb algebra. In Section 5, it is shown that the same AW tangle diagrams
also lead to the AW relations in the RT construction of link invariants associated to Ug(suz).
Subsection 5.1 first recalls the definition and properties of the quantum group U,(sug), and
Subsection 5.2 briefly discusses its finite irreducible representations. The RT construction of
link invariants via traces of Yang—Baxter operators is explained in Subsection 5.3. Then, it
is shown in Subsection 5.4 that the AW tangle diagrams, viewed as partially closed braids,
correspond to partial traces of R-matrices that are equal to the intermediate Casimir elements
of Uq(5u2)®3. Section 6 contains concluding remarks. The paper is complemented by two
appendices. The first (Appendix A) contains the technical proof of a proposition regarding a
known property of the trace in the RT construction. The second (Appendix B.2) provides a
new proof that the intermediate Casimir elements of U, (su2)®? satisfy the relations of the AW
algebra, using the formalism of R-matrices and their partial traces.

2 Knot theory and braid group

This section recalls definitions and properties regarding knots, links and braids.

2.1 Knots and links

A knot is a smooth embedding of the circle S* in R3. A link with n components is the union of
n knots that do not intersect. In this paper, we will consider oriented knots and links, unless
stated otherwise.



Two links in R? are said to be ambiant isotopic if one can be smoothly deformed into the
other in R3. This defines an equivalence relation for links in R3. A link invariant is a mapping
L+ I(L) such that I(Ly) = I(Ls) if L1 and Lo are equivalent links.

A link L in R3 is conveniently represented by a link diagram Dy, which is a projection of L
on a two-dimensional plane R? with a ﬁnite number of crossings. We distinguish between the
overcrossing (L4 ) and undercrossing (L_) configurations illustrated in Figure 2.1. A crossing

R

Figure 2.1: Crossing configurations.

Lo

of type L (resp. L_) is said to have positive (resp. negative) sign. The writhe number w(Dy,)
of a link diagram Dy, is defined as the sum of the signs of all the crossings. We also define the
configuration L illustrated in Figure 2.1, which has no crossing.

Two link diagrams represent ambiant isotopic links if and only if they are related by a
finite sequence of planar isotopies and Reidemeister moves (RM), illustrated in Figure 2.2.
The equivalence relation for link diagrams induced by planar isotopies and RM of type II and
IIT only is referred to as regular isotopy [34].

o- |- D

|
w0 - )
111 /\/\\ ~ \\/\/

Figure 2.2: The Reidemeister moves (where the components can have any orientation).

A framing of a link L is a continuous and nowhere vanishing vector field which is normal
to L. Therefore, framed links can be viewed as bands. Instead of representing framed links by
diagrams of bands, we choose to represent them by usual link diagrams with the convention
that, for each component of a link, the framing is given by a normal vector field which is
always perpendicular to the projection plane. This is known as the vertical framing. In this
representation, the configurations illustrated in Figure 2.3 are not equivalent. Therefore, in
the vertical framing convention, the RM of type I is not valid anymore. Note however that
the RM of types II and III can still be used. For this reason, regular isotopy is relevant when
studying framed links.

Finally, a link L with n components is said to be colored if each component is associated
to some parameter «; (referred to as the “color”), for i =1,...,n

In this paper, we will be interested by framed and colored links, where the colors are
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Figure 2.3: Three configurations which are not equivalent for framed links.

non-negative integers or half-integers to be called “spins”.

2.2 Braid group

A convenient way of studying links is via braids. The braid group on n strands B, is generated
by invertible elements o;, for ¢ = 1,...,n — 1, which satisfy the following defining relations

0;0j = 004, |’L —j| > 1, (2.1)

0i0i 4103 = 04103011, i=1,..,n—2

The generators and their inverses can equivalently be seen as the following braid diagrams

1 i 1+1 n i 1+1 n

with the group product given by vertical concatenation. A general braid diagram is such that
n points on a line are connected by always upgoing strings to n points on a line above, with an
overcrossing and undercrossing specification. The defining relations of B,, are seen to express
an isotopy equivalence of braids. In particular, the relation o;0; 1'— 1 corresponds to the RM
of type II while the relation (2.2) corresponds to the RM of type III.

The importance of braids for links is given by Alexander’s theorem stating that any link
can be represented as the closure of a braid, obtained by connecting the top ends of the strings
on a braid diagram with their corresponding bottom ends.

3 Askey—Wilson diagrams

In this section, we define the diagrams associated to the generators of the Askey—Wilson
algebra, as will be shown later.

The idea is to consider three colored vertical strands and to encircle a (non-empty) subset
of them by a loop with spin 1/2. Since the spin 1/2 will play a special role in what is to come,



we will represent any component of a diagram associated to this spin in blue. Hence, we define

Agb | Agb b= Cb o)

Agz = ( T_T_T ) - (3.3)

The previous diagrams are known as colored and oriented (3,3)-tangle diagrams in knot theory!.
They are similar to braid diagrams on three strands, with the difference that they contain loops.
These tangle diagrams can be viewed to represent part of a colored and oriented link, where the
colors are given by spins. Unless required, the colors of the vertical strands are not indicated
on the figure. Since we will consider framed links, the equivalence relation which will be of
interest for us is regular isotopy. Hence, if X and Y are two regular isotopic tangle diagrams,
we will write X =Y to refer to their equivalence.

In what follows, we will be interested in deriving relations between the values of invariants
associated to framed links which only differ in some finite region by a combination of the tangle
diagrams (3.1)—(3.3). To do so, we first define the product XY of two such tangle diagrams X
and Y by vertical concatenation, with the convention that the diagram X is put on top of the
diagram Y. This product rule together with the regular isotopy equivalence imply that the
diagrams Aj, Ay, Az and Ajgs commute with all the diagrams in (3.1)—(3.3). Indeed, one can
move the loops enclosing only one strand inside the larger loops, and the loops enclosing all
three strands around the smaller loops. However, the diagrams Ao and Ass do not commute «a
priori because one cannot pass the top blue loop below the bottom one without encountering
a crossing in the following diagrams:

D D

A1pAg3 = , AogzAqg = . (3.4)

1D 1D

7 7

We can also define similarly the product of a braid o € B3 with the (3, 3)-tangle diagrams
in (3.1)—(3.3). It is then seen (by using again regular isotopy invariance) that the element A;3

A (m,n)-tangle diagram is such that m points on a bottom line and n points on a top line are connected
by arcs, and it can contain loops between the two lines.



can be expressed in terms of Aqs or Ass as follows:

\ /

A3 = 01Ag307t = C o ) = C o j = 05 ' Aja0s. (3.5)

In order to state the connection between the diagrams (3.1)—(3.3) and the Askey-Wilson
algebra, we need the following definition.

Definition 3.1. [8] The special Askey—Wilson algebra saw(3) is generated by Cia, Cas, Cis
and central elements C1,Cy, Cs, Cia3 subject to the relations

[Ci2, Caslg + (¢° — ¢7%)Ci3 = (¢ — ¢~ ") (C1C5 4 CaCha3), (3.6)
[Cas, Chslg + (¢ — ¢7%)Cra = (¢ — ¢ ) (C1Ca + C3Ch23), (3.7)
[Ci3, C1alg + (¢° — ¢7%)Cas = (¢ — ¢~ ") (C2C5 + C1Chas), (3.8)
qC12C23C13 + °Cy + ¢ *C33 + ¢°Cl3 — qC12(C1Ca + C3Ch23) — g ' Ca3(C2C5 + C1Ch23)

— qC13(C1C3 4 CoCha3) = (g +q~1)* = Cyg — CF — CF — C3 — C1CoC3C13, (3.9)

where q is a complex number and [X,Y], = ¢XY — ¢ Y X is the q-commutator.

Note that (3.6)—(3.8) are the defining relations of (a centrally extended version of) the
original AW algebra introduced in [50]. Moreover, the LHS of (3.9) is a Casimir element for
this algebra.

The main goal of this paper is to show that, when considering some specific link invariants,
the tangle diagrams (3.1)—(3.3) obey the Askey—Wilson algebra relations (3.6)—(3.8) under the
correspondence

Crw Ay, VIe€{1,2,3,12,23,13,123}. (3.10)

Let us mention that this correspondence between the AW algebra generators C; and the tangle
diagrams A together with equation (3.5) is consistent with our understanding of the realization
of the AW algebra as the centralizer of U,(sus) in U, (su2)®3 [9]. We will come back to this
point later in Subsection 5.4.

The two link invariants which will be considered here are: the one which arises from the
Chern—Simons quantum field theory with gauge group SU(2), and the one which follows from
the Reshetikhin-Turaev construction associated to the quantum group U, (suz). Let us mention
again that there are reasons to believe that these two link invariants are in fact the same (see
[23, 26, 27, 28, 39, 44] for instance), but since this connection is not obvious to establish, we
will consider both cases independently.

4 Askey—Wilson algebra in the Chern—Simons theory

This section focuses on the Chern—Simons quantum field theory and its link invariants. It
will be shown that the tangle diagrams defined in (3.1)-(3.3) lead indeed to the Askey—Wilson
algebra in this context.



4.1 Chern—Simons action and Wilson loops

Throughout this paper, we consider the Chern-Simons theory on R? with gauge group SU(2).
We will mainly follow the conventions of [23]. The Lie algebra sus has generators 7%, for
a =1,2,3, with Lie bracket [T%,T%] = ie®°T¢, where €™ is the Levi-Civita symbol. For each
spin j = 0,1/2,1, ..., suy has an irreducible representation of finite dimension 2j + 1. In the
fundamental (spin-1/2) representation, the generators T are represented by the Pauli matrices
with a normalization factor of 1/2. The gauge potential of the field theory is the one-form
A=3", Apdz! for p=0,1,2 with values in suy: A, (x) = >, Aj(z)T.
The Chern—Simons action is

K 29
Scsg = — TI“<A/\dA+—A/\A/\A>, (4.1)

47 R3 3
where & is the coupling constant, A is the exterior product and Tr is the trace in the two-
dimensional spin-1/2 representation of sus. The action Scg as defined in (4.1) is manifestly a
topological invariant since it is the integral of a three-form over a three-manifold. Moreover,

it is invariant under the gauge transformation
Ay(z) = Al(z) = Q@ N (2)Au(2)Q(x) — i (2)9,0(2), (4.2)

where Q : R? — SU(2) is a smooth map.
The gauge invariant observables of the CS theory are the Wilson loops, defined by

W(y,j) = Tr [P exp <z 7{ AZT(“j)dx”ﬂ : (4.3)

where ~ is a closed and oriented smooth curve in R3, P is the path-ordering operator and
T (“j) denotes the spin-j representation of the generator 7% of su(2). (Note that one speaks of
“Wilson lines” if the integral in (4.3) is taken along a path which is not closed and if there
is no trace.) More generally, we can consider the finite union of non-intersecting closed and
oriented smooth curves ; each associated to some spin j;; this defines an oriented and colored
link L. Then the product of Wilson loops associated to this link L is

i=1

The vacuum expectation value of a product of Wilson loops is given in terms of path integrals
by

[DA W (L)etScs
W) == s

In order for this expression to be well-defined, the link L must be framed. Hence, the expec-
tation value (4.5) depends on a choice of framing. To specify the choice of framing on link
diagrams, we will use the vertical framing (VF) convention. Therefore, the object of interest
will be

(4.5)

Ics(L) == (W(L))v (4.6)
where we use the same notation L for a link in R? and its two-dimensional projection diagram.
Note that Icg(L) can be expressed in terms of the deformation parameter

¢ = exp <—i—”> . (4.7)

K

In [23], the object Icg(L) is denoted E(L) and the deformation parameter corresponds to ¢2.



4.2

Properties of the Wilson loop expectation values

We now provide a list of properties of Icg(L) which will be useful for what follows and which
can be derived from the CS theory [23, 47].

1.

Ics is an ambiant isotopy invariant of oriented, colored and framed links in R3, and a
regular isotopy invariant of oriented and colored link diagrams. This is a consequence of
the topological invariance of the CS theory. Actually, since we are considering the gauge
group SU(2), the value Ics(L) does not depend on the orientation of the components of
the link L, hence the previous statement holds for unoriented links (see for instance [23]
for more details).

. If two links L) and L© are identical everywhere except at some small region where

they look as indicated in Figure 2.3, and if the component which differs is associated to
the spin j, then N
Tos(L™); ) = ™0 g (L) ). (4.8)

The property (4.8) corresponds to a change of framing of one of the components of the
link.

. If L1 and L9 are two disjoint links, then

Ics(Ly U Ly) = Ics(Ly)Ics(La). (4.9)

This factorization property is a consequence of the topological invariance of the CS theory
and of the uniqueness of the vacuum.

If Uy and U, are two unknots with zero writhe (see Figure 4.1a) and respective spins j;
and jo, then
Ji+j2
Ies(Ur, Ui jioga) = Y, Ies(Un;)- (4.10)
J=lj1—j|
This is a consequence of the fusion property of the Wilson loops and of the direct sum
decomposition rule for the tensor product of two spin representations of sus.

In a 1+ 2 time and space decomposition of R3, the (full) monodromy matrix which
describes the braiding of two Wilson lines associated to the representations of spins j;
and jo of suy is given by

B = q4T(aj1)®T(aj2). (4.11)

The eigenvalues of the monodromy matrix are

)

q—2j1(j1+1)—2j2(j2+1)+2j(j+1) (412)
for j = |j1 — Jja|, |71 — j2| + 1,..., 41 + j2. The half-monodromy matrix is given by
M = T5¢> 0% G (4.13)

where II;5 is the permutation operator that exchanges the representation spaces j; and
jo. This matrix is associated to the exchange of two punctures in the 2-space of the CS
theory. In terms of link diagrams, it corresponds to performing the crossing Ly of Figure
2.1 (and the inverse matrix corresponds to L_). The minimal characteristic polynomial



of the half-monodromy matrix leads to a skein relation (or a generalized version) for the
CS link invariant. For instance, when two Wilson lines are in the spin 1/2 representation,
M has two eigenvalues and one gets the relation

g7 Ics(Ly) — g 2 los(D-) = (¢ — ¢ os(Lo)- (4.14)

These properties of the Wilson loop expectation values allow one to compute the CS invariarllt
associated to any link in R? (see [23]). The result is a Laurent polynomial in the variable ¢2.
Some useful cases are given in the following proposition.

Proposition 4.1. [23] Denote [z], := q;__qq::.

(a) The value of the unknot U with zero writhe (see Figure 4.1a) associated to the irreducible
representation of spin j of suo is

Ies(Us ) = (2] + 1. (4.15)

(b) The value of the Hopf link Ly (see Figure 4.1b) whose components have zero writhe and
are associated to the irreducible representations of spins j1 and jo of sus is

Ios(Ls jisg2) = [(251 + 1)(242 + 1)) (4.16)
(a) (b)

Figure 4.1: The unknot (a) and the Hopf link (b).

When all the Wilson loops are in the spin-1/2 representation, the regular isotopy invari-
ance, the value of the unknot (4.15), the property (4.8) and the skein relation (4.14) uniquely
determine the value Icg(L) (see [23]). More generally, the CS link invariant can be determined
by a recursive method which reduces the computation to the case where all the spins are 1/2,
as per the following proposition.

Proposition 4.2. [23] Let L be a link with components K1, Ka, ... associated to spins j1,jo, ...

(a) Any component K; in the trivial representation can be removed from the computation of
Ics(L). That is, if j1 = 0 (without loss of generality), then

Ios(Ky, Ka, .50, 52, ...) = Los(K2, .5 2, -.). (4.17)
(b) For any spin j1 (and similarly for any other spin j; of L),
Ios(K1, Ko, o551, J2, -2) =los(K1, Ki, Ko, 5 1/2, 51 — 1/2, 4a, ) (4.18)
—Ies(K1, Ko, .1 — 1,2, -0),

where the component K1 has been doubled in a parallel way in the first term on the RHS
of the equality (see Figure 4.2).

Part (a) of Proposition 4.2 is based on the fact that any component in the trivial representa-
tion can be unlinked since the full-monodromy matrix B acts as the identity in the case j; = 0,
and also, on the factorization property (4.9). Part (b) follows from the spin decomposition
rule j®1/2=(5+1/2) ® (j — 1/2) and the fusion property (4.10).

10
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Figure 4.2: Diagrammatic representation of equation (4.18). The equality depicted above
extends when the diagrams are part of a more complicated link.

4.3 Kauffman bracket

The strategy for establishing the role of the Askey—Wilson algebra in the CS theory will rely on

connecting the expectation values of the Wilson loops in the fundamental representation of sus

with the Kauffman bracket polynomial. It is relevant to point out a parallel with the relation

between the AW algebra and the Kauffman skein algebra that was obtained in [5, 6, 8, 29].
We start with a definition of Kauffman’s bracket polynomial.

Definition 4.1. [35] The bracket polynomial Vg(L;x) for a non-oriented link L is defined by
(i) V(L) = V(L) if L and L' are regular isotopic;

(O) -t
a0 m()). wDa)-())
(iv) Vg (X)szB (Z)—i—x_lVB 00

In the previous equations, the dependence on the variable x is implicit, and it is understood in
(iii) and (iv) that the equalities hold for link diagrams which look the same everywhere except
at some small region where they differ as illustrated.

(ii) Vp

Note that given an oriented link L, one can compute its bracket polynomial V(L) by
removing the orientation. The next result gives precisely the connection between the CS
expectation values and the bracket polynomial.

Proposition 4.3. [23] Let L be an oriented framed link with all components associated to the
fundamental (spin 1/2) representation of sus. Then the following relation holds

T

Tos(L) = exp (—gw@)) Vis(Lsigh). (4.19)

The idea of the proof is to show that exp (Zw(L)) Ics(L) satisfies the properties (i)-(iv)
with x = iq% which uniquely define the bracket polynomial Vg (L; zq%)
4.4 Askey—Wilson relations from the Wilson loop expectation values
We are now ready to prove the following theorem.

Theorem 4.1. In the Chern-Simons theory on R3 with gauge group SU(2) and vertical fram-
ing, the Wilson loop expectation values (4.6) of the diagrams (3.1)—(3.3) satisfy the Askey—
Wilson relations (3.6)—(3.8) under the correspondence (3.10).

11



Let us consider the product AjsAs3. To simplify the drawings in what follows, we will
represent the tangle diagrams by viewing them from the top. In this case, the three vertical
strands look as three punctures on a plane, and the blue loops enclose them. Hence, in this
diagrammatic representation, the product looks like

A1pAg3 = D . (4.20)

The three strands (represented by the punctures) are associated to three spins ji,jo and js.
One can apply equation (4.18) recursively to reduce these three spins j1, jo and js to 0 or 1/2,
at the cost of adding a finite number of parallel strands. Because of the property (4.17), the
strands with spin 0 can be removed. Therefore, one can express the product (4.20) as a linear
combination of diagrams with spin-1/2 (blue) components:

fes (D) - Z By namslcs < {o} )> . (4.21)

In the previous equation, we have used the symbol {e} to represent a set of punctures all
associated to the spin 1/2, and we have indicated the number of punctures in each set by some
non-negative integers n;. The coefficient Sy, n,n, can be computed from (4.18), but its exact
form will not be relevant. In what follows, for simplicity the integers n; will not be indicated
explicitly on the diagrams anymore.

It is now possible to compute the bracket polynomial VB(L;iq%) of the diagrams which
appear on the RHS in (4.21) by removing the orientation. More specifically, one can use the
property (iv) of the bracket polynomial to simplify the crossings of the diagrams. Such a
computation can be found in [8], but we reproduce it here:

(@@ D)
. >_¢q— Vi (({.}} o) {{-});iq%) (1.22)

VB<{-} (o}) {o}) i
= —qVp = i +VB<{-} @) ;z'q%> (4.23)
L1 —1 {.} .
+ VB <@ {e} @;W)—q VB g

Using the relation (4.19), one can write the previous equation in terms of the Wilson loops
expectation values Icg(L) with some exponential phases. Suppose the diagram on the LHS
of (4.23) has writhe w(L) and ng punctures in the second set {e}. By inserting back the
orientations (all anti-clockwise), we find that the writhe numbers of the diagrams in (4.23) are
either w(L) or w(L) — 4ng, depending whether there are two or zero loops which enclose the
second set of punctures. Since mo is an integer, all the exponential phases of the diagrams

D=

=
[V
[NIES

:Zq

[NIES
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reduce to the factor exp (imw(L)/2), which can be simplified from the equation. Hence

Ics < {o} )> = —qlcs . + Ics <> (4.24)
+ Ics (@ {o} @) —q s il

We can proceed similarly for the product As3Aqo and find

Ics (( {e} > = —q 'cs . + Ics ( {o} @ {o} > (4.25)
+ Ics <@ {o} @> —qlcs ©

Using an argument similar to the one which lead to (4.21), each set of punctures {e} can be
put back to a single puncture e with spin j; for ¢ = 1,2,3 in equations (4.24) and (4.25).
Therefore, these two equations imply

s (CELD) e (D) om0
o (@) (O - Q)

which is the defining relation (3.6) of the special Askey—Wilson algebra. The relations (3.7) and
(3.8) can be obtained by conjugating the diagrams in (4.26) by the braids o109 and (o109) 7!
respectively. With a similar method as for (3.6), relation (3.9) can be shown to hold at the
level of the bracket polynomial V(L) [8]. Observing that each index 1,2,3 of the generators
of the special AW algebra is repeated twice in each term of this relation, one deduces again
that the exponential factors which appear in (4.19) all simplify. Therefore, relation (3.9) also
holds for the CS link invariant.

4.5 Connection with the Temperley—Lieb algebra

It is known that Kauffman’s bracket polynomial is connected to the Jones polynomial and to
the Temperley—Lieb algebra [32, 35, 45]. More recently, it has been shown through the study
of a generalization of the Schur-Weyl duality for U,(sly) that the Temperley-Lieb algebra is
isomorphic to a quotient of the Askey—Wilson algebra [13]. We offer now an interpretation of
this isomorphism in terms of diagrams.

Definition 4.2. [/5] The Temperley—Lieb algebra TL3(q) is generated by ey and ey with the
following defining relations

=(g+q Ve, €= (q+q e, (4.27)
€ij€eg2€1 = €1, €9€1€9 = €9. 4.28)
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To establish precisely the connection between the bracket polynomial Vp(L;z) and the
Temperley—Lieb algebra T'L3(q), one defines the “hook” diagrams (see [35, 34])

/ /
Ey = . Ey= . (4.29)
N N\

From the properties (iii) and (iv) of Definition 4.1, it is seen that the following equalities hold
for the value Vp(L;z) of the illustrated diagrams:

NN N /

= =z O + 27! . (4.30)

( 2 A
Moreover, the regular isotopy invariance property (i) of Definition 4.1 implies for the value of
Vs(L; )
/ / / /
_ 7 = ) (4.31)
N 7 N 7

Therefore, one deduces from equations (4.30) and (4.31) that the bracket polynomial Vp(L;x =
zq%) of the diagrams E, By satisfy the defining relations (4.27) and (4.28) of T'L3(q), respec-
tively with e; — FE;, for i =1, 2.

In [13], the centralizer of the diagonal action of the algebra Uy(slz) in the tensor product of
three finite irreducible representations of U, (slz) of spins j1, j2, j3 is conjectured to be isomor-
phic to a quotient of the special Askey—Wilson algebra saw(3). The conjecture is proven for
Jj1 = j2 = js = 1/2, in which case the centralizer is known to be isomorphic to the Temperley—
Lieb algebra T'L3(q). As a result, an explicit isomorphism between a quotient of saw(3) and
T L3(q) was obtained in [13] (see therein Theorem 6.2). In the notations of the present paper,
this isomorphism maps the (quotiented) generators of saw(3) to elements of T'L3(q) as follows

Cia = (@ +q7%) = (g—q e, (4.32)

Coz = (@ +47%) = (g—q ") e (4.33)

We have shown that, in the CS theory, the tangle diagrams A5 and Ay3 defined in (3.2) are

in correspondence with the generators Cio and Cag of the AW algebra. In the case where the
three vertical strands of these tangle diagrams have spins j; = jo = j3 = 1/2, we can remove
the orientations and compute the bracket polynomial, which is related to the CS expectation

value as stated in Proposition 4.3. It is straightforward to use the properties of Vp(L; zq%) to
find

/
Vs | ( ‘ ‘ ) vig? | = (P +q )V vigz | — (q— ¢ ")?Vp vigz | (4.34)
| N
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By adding a third vertical strand on the right (resp. left) of the diagrams which appear in
(4.34), we recognize the tangle diagram Ajs (resp. Agz) on the LHS and the Temperley—Lieb
hook diagram Ej (resp. F») in the second term of the RHS. Therefore, comparing with (4.32)
and (4.33), equation (4.34) can be seen as a diagrammatic representation of the isomorphism
between the quotient of the AW algebra and the TL algebra established in [13].

5 Askey—Wilson algebra in the Reshetikhin—Turaev link invari-
ant construction

In this section, we will consider the quantum algebra U, (sus), a g-deformation of the universal
enveloping algebra of suy, and we will recall how its universal R-matrix can be used to construct
a link invariant. We will then show that the tangle diagrams (3.1)—(3.3) also lead to the Askey—
Wilson algebra relations in this framework. It will be assumed throughout this section that ¢
is a generic complex number.

5.1 U,(suy) algebra

The quantum algebra U,(suz) is the associative algebra generated by E, F' and ¢" with the
defining relations

¢"E=qEq", ¢"F=q'F¢", [E,F|=2H], (5.1)
where [X,Y] = XY — Y X. For future convenience, we define
po= gt (5.2)
The following Casimir element generates the center of U, (suz):
Q=(q—q )2 FE+ "0 4 g2 (5.3)

We now describe some relevant features of the quasitriangular Hopf algebra structure of
U,(suz). The comultiplication, or coproduct, is an algebra homomorphism A : U,(suz) —
Uq(suz) ® Ug(suz) which is defined on the generators by

ABEY=Eoq +¢"0FE, AF)=Feo¢f+dioF AN =¢d"2q¢, (54

and which is coassociative
(A®id)o A =(id® A) o A. (5.5)

The antipode is an algebra anti-automorphism S : Uy(suz) — Ugy(suz) defined by
S(E)=—q'E, S(F)=-qF, S(¢")=q¢7". (5.6)
The universal R-matrix of U, (suz) is an invertible element R € U, (suz) ®U,(suz) which satisfies
AP(z) = RA(x)R™T Vo € Uy(suz). (5.7)

In the previous equation, A is the opposite comultiplication and is defined by A = 70 A,
where 7(z ® y) =y @ z for z,y € Uy(suz). The universal R-matrix also satisfies

(id @ A)(R) = Ri3Riz, (A ®id)(R) = R13Ras, (5.8)
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and the Yang—Baxter equation
Ri12R13R23 = R23R13R12. (5.9)

We have used standard notations: if R = R ® Ry, then Rio = R®1 = R* Q@ Ra ® 1,
Rz =13R=19R*R R, and Ri3 = (id@T)(Rm) =R*®1Q R, (the sum w.r.t. « is
understood). We will also denote Ro; = 7(R) = Rq ® R*. The universal R-matrix of Uy (susz)
is explicitly given by [16]

oo Nk
R-3U [k]q—v R 0012(p g Bt (g g )20, (5.10)
k=0 &
where [n],! = [n]q[n —1];...[2]4[1]4 and, by convention, [0],! := 1. The inverse is given by
R=(S®id)(R) = (id® S~H(R). (5.11)

5.2 Representations of U,(su,)

Like the Lie algebra suy, the algebra Uj(suz) has an irreducible spin-j representation V; of finite
dimension 2j + 1 for each j =0, %, 1,... The basis vectors of V; will be denoted by |j,m), and
the dual basis vectors by (j,m/|, for m = —j,—j+ 1, ..., 5. We have the following orthogonality
and completeness relations:

J
Gomlj,n) = 0pns Y Liym) (jom| = id. (5.12)
m=—j
The representation of Uj(suz) on the basis vectors |j,m), for m = —j, ..., j, is given by
H |j,m) = m|j,m). (5.15)

One deduces from (5.13)-(5.15) the constant action of the Casimir element (5.3) on Vj, for

m=—j,..,J:
Qlj,m) =x;li,m), where x; 1= AR (5.16)

As for the Lie algebra sus, the tensor product decomposition rule for two irreducible represen-
tations of spins j; and ja of Uy(suz) is Vj, @ Vj, = ;::‘rjf_m V;. We will denote the tensor
product of two basis vectors as [j1,m1) ® |j2, ma) = |j1, m1; j2, m2).

The universal R-matrix (5.10) with the first space in the fundamental (spin-1/2) represen-

tation of U,(suy) is given by the following two by two matrix:

- 0 (5.17)
= | g_g-! _ . .
12 Qq1¢]/2 E q H
Similarly, the element Ry with the first space in the spin-1/2 representation is given by
H ¢q'p
Lh=(%1 a7 7). 5.18
12 ( 0 q_H ) ( )



Then, one can show that the universal Yang—Baxter equation (5.9) with two spaces in the
spin-1/2 representation leads to the FRT relations [18]

RiaLyzLyy = Loz Lz i, (5.19)
RipL LT, = L LI Ro, (5.20)
LizRiaLiy = Lz Ria L3, (5.21)

where R, called the R-matrix, is the spin-1/2 representation of the universal R-matrix in both
spaces:

R=q'/? (5.22)

0 1-— q_2 q_l
0 0 0
The three relations (5.19)-(5.21) are equivalent to the defining relations (5.1) of Ug(suz).

We obtain the following relations by representing the Yang—Baxter equation (5.9) in one
space

1 0
0 ¢' 0 0
0
1

RazLyzLiyy = LipLyi3Ra3, (5.23)
RizLg Ly = Ly L3 Rao, (5.24)

The coproduct can also be defined in this formalism. Indeed, one gets
A(sz) = LELE, A(Ly,) = Lys3Ly,, (5.26)

where it is understood that A acts on the space which is not represented.
We will also denote by M the spin-1/2 matrix representation of the element p defined in

(5.2), given by
0
M= <g q_1>. (5.27)

5.3 Trace and link invariants

Let n be a positive integer, and denote the tensor product of Ug(susz)-representations of spins

jl)"'vjn by
V=V0V,®.0V. (5.28)

This vector space has dimension (2j; + 1) X ... X (24, + 1) and basis vectors |ji,m1;...; Jn, Mn),
where m; = —ji,...,4; for all i = 1, ..., n. We will now provide an action of the braid group B,
on V and define a trace which is a link invariant. The construction follows [43, 46].

Fori=1,2,...,n—1, we define the permutation operator II; ;11 which exchanges the vectors
in the positions ¢ and 7 + 1 of the n-fold tensor product space V, that is

Wit [ 3o M3 Jie 1, Mgt o) = [oo Jine 1, M1 Ji, M3 on) - (5.29)

Using this permutation operator, we can define for ¢ = 1,2,...,n — 1 the following universal
braided R-matrix:

Rii+1 = iit1Riit1- (5.30)
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The action of the operator (5.30) on V' is obtained from the explicit expression (5.10) of the
universal R-matrix, from the actions (5.13)-(5.15) of U,(suz2) and from the action (5.29) of the
permutation operator. The operator (5.30) has an inverse on V which is given by

Rt = Riialliis. (5.31)

Since 7v€m~+1 acts only on the factors ¢ and ¢+ 1 of the n-fold tensor product space V, it is seen
that the following equality of operators acting on V' holds

Riit1Rjjr1 = RjjrRiipr if i —j| > 1. (5.32)

Moreover, using the Yang-Baxter equation (5.9) and the action (5.29) of the permutation
operator, one can show that the following braid relation holds on V'

Riit1Rit1,it2Riie1 = Rig1,iv2Riit1 Rig1,iv2- (5.33)
Therefore, the following defines an action of the braid group B,, on V:
aiﬂ |71, M1 i Jn, M) = Rﬁﬂ |71, M1; s Jins M) - (5.34)

From (5.34), it is seen that we can use interchangeably the braid group generators o; and their
corresponding universal braided R-matrices R; ;41 when acting on V.
If X is an operator which admits an action on V', we define its trace on V by

J1 In
Tt (X) o= > > (s o ] X |1 mas s Gy i) (5.35)
m1:—j1 mn:_]n

We also define the partial trace of X on the first tensor factor of V', denoted Trgj 1)(X ), as the
operator acting on Vj, ® Vj, ®...®Vj,, which satisfies for all m;,{; = —j;, ..., j;, with ¢ = 2, ..., n,
the following relation

oy M3 wvss s | TEI (X) (2, €05 5 iy )
Ji
= > (1 g2, Mo do ] X |1, m03 2, €25 5 s ) - (5.36)

mi1=—ji

The partial trace of X on the n™ tensor factor of V will be understood similarly and denoted
TrY ”)(X ). Let us recall the following proposition which can be found in [43, 46].

Proposition 5.1. The following equality of operators acting on the tensor product of any two
spin representations of Ug(suz) holds

R(p@p)=(p& pR. (5.37)

Moreover, we have the following equalities of operators acting on any spin-j representation of
Uq(sug)

Trgj)(kil(,u ®1)) = qi2j(j+l)id, (5.38)
Trgj)(ﬁil(l ® ,U_l)) = 20+ g, (5.39)
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Proof. See Appendix A. O

Remark 5.1. The element pu~' with the commutativity property (5.37) and the partial trace
property (5.39) is called an “enhancement” in [46]. The R-matriz together with such an en-
hancement is said to be an “emhanced” Yang—Bazter operator.

Let L be a link with components each associated to a spin. This link L can be obtained as
the closure of a braid ¢(L) € B,, with n strands labeled by a set of spins {j;}7, as illustrated
in Figure 5.1. Note that the spins of the top endpoints of the braid must be equal to those of

jl j2 Jn f\\

o(L) — o(L)

o w

Figure 5.1: Closure of a braid o(L) representing a colored link L.

the bottom endpoints in order for the closure to make sense. In other words, the braid o(L)
viewed as a permutation must leave the ordered set {j;}-, invariant.
We can assign to the link L the value of the ° quantum trace of the braid o(L) which
represents it, defined as
Igr(L) := Teltedn) (o (L) p®m). (5.40)

A map such as (5.40) defines a regular isotopy invariant for colored and oriented link diagrams.
To see this, one can first observe that Igr (L) multiplied by a factor ¢~/ Uit Dw(L) for each spin
Jji coloring the link L is an ambiant isotopy invariant, as shown in [43, 46]. Indeed, it is known
that two braids represent ambiant isotopic links if and only if they are related by Markov
moves [3]. The invariance under the first and second Markov moves of the renormalized value
of Igr(L) can be deduced respectively from (5.37), which expresses the commutativity of the
action of the braid group B, with u®", and from the partial trace property (5.38), which is
understood diagrammatically as follows

\ _ 26 | j =26 | (5.41)
J ' j i J

Since the writhe w(L) is a regular isotopy invariant, it is then concluded that Igp(L) as defined
in (5.40) is also a regular isotopy invariant which satisfies

Ipp(L®) = ¢FHUHD [ (1O (5.42)

where we recall that the configurations L) and L(® are illustrated in Figure 2.3 (the compo-
nents must be oriented downward in order for this figure to fit with our conventions for braids
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and their closure). Note that we chose to work with the regular isotopy invariant (5.40) instead
of its renormalized ambiant isotopy version.

Remark 5.2. The trace in the RT link invariant construction was originally [43, 46] defined
as

Trdtdn) (g (L) (") ®"). (5.43)

The difference in this case is that equation (5.42) is verified with the help of the partial trace
property (5.39), which can be expressed diagrammatically as follows

K = ¥+ | / =q¢ PO+ || (5.44)
gt j

Therefore, the interpretation of (5.43) is simply that the braid o(L) is closed on the right (as is
usually done by convention) instead of the left. For the quantum group Uy(sug), both quantum
traces (5.40) and (5.43) lead to the same invariant because the irreducible spin representations
of Uy(suz) are isomorphic to their dual representations.

The invariant Izp(L) obtained in the mathematical framework of Yang-Baxter operators
and quantum groups appears to be related to the invariant Icg(L) obtained by means of the
Chern—Simons quantum field theory (see discussions in [23, 26, 27, 28, 39, 44| for instance). In
the case where all the representations are spin 1/2, it is known that both invariants lead to the
Jones polynomial [46, 47]. Here are some arguments in support of the claim Icg(L) = Izp(L) in
general. First, consider the unknot U associated to a spin j. This unknot can be represented
by the closure of the identity braid with one strand. The associated value of the invariant
(5.40) is

Ier(Us §) = TV () = Y (Gom| ¢ |j,m Z " =25 + 1], (5.45)

m=—j m=—j

which is equal to the value Icg(U;j) as seen from the result (4.15). Moreover, Igxr(L) and
Ics(L) have the same properties under a change of the form L™ « L() (see equations (4.8)
and (5.42)). Finally note that the eigenvalues of the representation of the braided universal
R-matrix of U, (suz) (see [43] for instance) are the same as those of the half-monodromy matrix
of the CS theory with gauge group SU(2), which lead to the same skein relations.

5.4 Casimir elements and Askey—Wilson relations

In this section, we will use the trace (5.40) and its partial versions to show that the tangle
diagrams (3.1)—(3.3) also lead to the Askey—Wilson algebra in the RT construction.

We start by considering the tangle diagram where a single strand in any spin representation
of Uy(suz) is encircled by a loop in the spin-1/2 representation, illustrated by:

This tangle is obtained by taking the partial closure of the braid o7 € Bs, as indicated below:
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Therefore, in the RT construction, the operator associated to the tangle (5.46) is the partial

trace Trg%)(ﬁ%(,u ®1)) = Trgé)(Rglng(,u ® 1)). The element R2;R12 commutes with the
coproduct of any element of Ugy(suz), as can be deduced from (5.4). It is known since the
inception of quantum groups [16] that the quantum partial trace of such an element belonging
to the centralizer of the diagonal action of U,(sus) in Uy(sus)®? is a central element of Uy (sus)
(see also [17, 21, 49]). In the following proposition, we compute explicitly the central element
associated to the tangle (5.46).

Proposition 5.2. The universal R-matriz of Uy(sug) satisfies the following property

1
T (R Riz(p @ 1) = Q, (5.47)
where Q is the Casimir element defined in (5.3).

Proof. Since the first space on which the operator in the trace of (5.47) acts is a spin 1/2
carrier, we can write

1
T2 (Ry1 Rua (i © 1)) = Toy (L L1y (M @ 1)). (5.48)

Using the explicit expressions (5.17), (5.18) and (5.27), we obtain

1
T2 (Ro1 R (@ 1)) = 2 + 21 4 (g — ¢ )°FE, (5.49)
which is precisely the Casimir element of Uj(sus). O

As a corollary, we can now obtain the operator associated to the tangle where two strands
are encircled by a blue loop and which can be obtained by taking the partial closure of the
braid 010501 € Bjs, as illustrated below.

’
ot
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Similarly as before, the associated operator is Trga)(Rglelngng(u ®1®1)).
Corollary 5.1. The universal R-matriz of Uy(sug) satisfies the following property
1
T (R R RusRuz (1 @ 1 ® 1) = A(Q). (5.50)

Proof. Take the coproduct of (5.47) to get

1
A <Tr§2)(72217212(,u ®1)(k® 1))> = A(Q). (5.51)
This equation can be written as
1

T (i © A) (R Ras (4 © 1)) = A(Q). (5.52)

The coproduct is a homomorphism, therefore

1

T (1 @ A)(Rar)(d @ A)(Riz)(id @ A) (1 @ 1) = AQ). (5.53)
One can show that the second relation in (5.8) implies that (id ® A)(Ra1) = R21R31. Using
this and the first relation in (5.8), one gets the result (5.50). O

Proposition 5.2 means that, in the RT link invariant construction, an open straight braid
strand enclosed by a loop (that is, a closed braid strand) associated to the spin-1/2 repre-
sentation of Uy(sug) corresponds to the Casimir element of Uy(suz). Moreover, Corollary 5.1
shows that adding a straight braid strand on the right of another strand inside a spin-1/2 loop
corresponds to taking the coproduct of the Casimir element. This process of adding straight
strands inside a spin-1/2 loop can be repeated as many times as wished, and corresponds to
applying repeatedly the coproduct on the Casimir element.

Adding a straight strand on the right of a set of strands enclosed by a loop in a diagram
simply corresponds algebraically to adding a tensor factor of the identity on the right inside the
associated partial traces expressions. Hence, from the results of Proposition 5.2 and Corollary
5.1, it is seen that in the RT link invariant construction, the diagrams Ai, Aio and Aqo3
correspond respectively to the following intermediate Casimir elements of U, (su2)®3:

Q1 =011, Q12 = A(Q) ®1, Q23 := (id ® A) o A(Q) (554)

By regular isotopy, one has

d) =) | = : (5.55)

A
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As a consequence of Proposition 5.2, the operator associated to the tangle diagram (5.55) is
Ri3 (Q@® 1Rz =R (1®Q)R12 =18 Q, (5.56)

where we used the fact that @) is central in U,(suz). Therefore, it is seen that we can asso-
ciate the diagrams Ay and Ag respectively to the following intermediate Casimir elements of
Uq(5u2)®3:

Q2=10Q®1, Rz =101Q. (5.57)

Finally, we can obtain with a similar procedure the operators associated to the diagrams
Ao and Aj3. Indeed, on one hand, it is shown in [9] that the element

Q13 := Ryz Q12Ra3 (5.58)

can be interpreted as the third intermediate Casimir element of U,(su2)®3, and that the fol-
lowing equality holds o o
Qa3 =1® A(Q) = RI21R2_31Q12R23R12. (5.59)

On the other hand, one has the following equalities of diagrams (by regular isotopy)
Alg = 02_1A1202, AQg = 01_102_1A12020'1. (5.60)

Therefore, it is seen that Aoz and A3 are associated to the intermediate Casimir elements Qo3
and ng.

Now it is known [50] that the intermediate Casimir elements Q1 belong to the centralizer of
the diagonal action of U, (suz) in U, (sus)®? and satisfy the relations of the special Askey—Wilson
algebra saw(3) under the mapping C7 — Qy, for all I € {1,2,3,12,23,13,123}. Therefore, we
have the following observation for the RT link invariant obtained by taking a full trace of an
operator acting on the tensor product of Uy (suy)-representations.

Theorem 5.1. The Reshetikhin—Turaev link invariant (5.40) based on the universal R-matrix
of Uy(suz) does not distinguish between the linear combinations of links given by the relations
(3.6)—(3.9) of saw(3) under the correspondence (3.10) for the diagrams (3.1)—(3.3).

To justify Theorem 5.1, we used the equality between the partial traces associated to the
tangle diagrams A; and the intermediate Casimir elements Q)7 of Uq(5u2)®3. However, it
is possible to obtain the first Askey—Wilson relation (3.6) by considering the partial traces
associated to the tangle diagrams which appear in (3.6) and by using the properties of the
R-matrix of Uj(sug). The relations (3.7) and (3.8) are then implied by conjugations of the first
one. This more direct demonstration of Theorem 5.1 for the three first relations of saw(3),
which is albeit technical presented in Appendix B, yields as a byproduct a different proof (based
on the R-matrix formalism) that the intermediate Casimir elements of U, (su2)®3 satisfy the
original Askey—Wilson algebra [50].

We conclude this section with some remarks.

Remark 5.3. In addition of Q13, there is another element of the centralizer of Uy(sug) in
U, (su2)®? associated to the recoupling of the first and third factors (studied in [9]):

Qi3 = Ri3 QusRi2 = R23Q12R ;- (5.61)
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According to (5.61), the element @13 can be associated to the following diagrams

\

NS

A13 = 02A1202 1 = C ) ( D = O'l_lA230'1. (5.62)
( X

¢4} (5.63)

Note that Q13 is denoted by C(g) in [9], and ng is denoted by Cg). Let us mention here that
the equalities in (3.5) and (5.62) provide a diagrammatic interpretation of the intermediate

Casimir elements Q13 and Q13 of Uq(su2)®3 as conjugations by braided universal R-matrices
of Q12 or Qa3, as studied in [9)].

Remark 5.4. The results obtained in Proposition 5.2 and Corollary 5.1 are “universal”; in
the sense that there is no need to make use of a specific Uy(suz) representation (except for
the blue loop since it has to be traced out). The assignment of a spin to a strand corresponds
to representing the associated factor of Ug(sug). Recall that the Casimir element of U,(suz)
is represented by the identity operator times the constant xs = ¢>*T' + ¢72°~! in the spin-s
irreducible representation. Hence, we can write in the RT link invariant construction

Cb = | - (5.64)

S S

By regular isotopy invariance, we see that

It can be verified that the closure of equation (5.64) is consistent with the value of the unknot
(4.15) and the Hopf link (4.16) in the CS theory, i.e.

U( ) =[2(2s + 1)} = xs[2s + 1] = X5 . (5.65)
S

The same check can be done for several strands inside a blue loop, by using the fusion property
of the Wilson lines and the knowledge of the eigenvalues of the intermediate Casimir elements

of Uy(su2)®3.

Remark 5.5. If the orientation of the blue loop in (5.46) is inverted, then one must consider
the quantum partial trace of the element Rl_leQ_ll instead in (5.47). Using the antipode S
defined by (5.6), the property (5.11) for the inverse of the universal R-matriz and the defining
relations (5.1) of Uy(sug), one can proceed as in Proposition 5.2 to show that the result of the
quantum partial trace is again the Casimir element Q of Uy(sug). This is in agreement with
the fact that the link invariant associated to the quantum algebra Uy(suz) does not depend on
the orientation since the irreducible representations are isomorphic to their duals.
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6 Conclusion

In summary, we considered the tangle diagrams where a subset of three vertical strands asso-
ciated to any spin representations of sy, or Ug,(sus), is encircled by a loop associated to the
spin 1/2 representation. We showed that in the Chern-Simons theory on R? with gauge group
SU(2), the Wilson loop vacuum expectation values of framed and colored links which differ in
some region by a product of some of these tangle diagrams are related by the special Askey—
Wilson algebra. Moreover, the same tangle diagrams were examined in the Reshetikhin—Turaev
link invariant construction with quantum group U,(suz). We have shown that the quantum
partial traces of the braids representing these tangle diagrams, computed using the universal
R-matrix of U,(sup), are equal to the intermediate Casimir elements of Uy (su3)®3. We found
from this result that the RT link invariant also obeys the special Askey-Wilson algebra, with
the generators of the algebra associated to the tangle diagrams.

The present work opens the path for some further investigations. An obvious generaliza-
tion would be to consider tangle diagrams with n strands, for n an integer larger than three.
According to the results of this paper, such tangle diagrams are associated to intermediate
Casimir elements of U,(suy)®". Therefore, there should be connections between the link in-
variants of the CS theory and of the RT construction, and a generalized Askey—Wilson algebra
AW (n) [14, 15, 41]. Another idea would be to reproduce the same analysis for different gauge
groups in the CS theory, and for their corresponding quantum groups in the RT construction.
A specific example would be to consider SU(3), to determine if similar tangle diagrams are
also associated to natural elements of the centralizers of U,(su3) in its tensor products, and to
look if the approach using tangles and partial traces allows to understand better the algebra
formed by these elements. The study of the algebraic structure of the centralizer of U (sus) has
been initiated in [10, 11]. It could also be interesting to examine how the choice of a different
manifold for the CS action affects the results of this paper. For instance, if S? is considered
instead of R?, then the coupling parameter s has to be an integer in order for the theory to
remain invariant under gauge transformations, and hence the deformation parameter ¢ must
be a root of unity. Finally, the algebra formed by the tangle diagrams considered in this paper
together with the braid diagrams could be studied on its own. This algebra is certainly of
interest and should be related for instance to the centralizers of U,(suz) and to orthogonal
polynomials [12, 13]. We plan to investigate these aspects for future works.

Acknowledgments: The authors are grateful to Loic Poulain d’Andecy for enlightening dis-
cussions, relevant observations and pointing out useful references. They also acknowledge
helpful conversations with Julien Gaboriaud. NC thanks the CRM for its hospitality and
is supported by the international research projects AAPT of the CNRS. The work of LV is
supported by a Discovery Grant from the Natural Sciences and Engineering Research Coun-
cil (NSERC) of Canada. MZ holds an Alexander-Graham-Bell graduate scholarship from
NSERC.

A Proof of Proposition 5.1

This appendix presents a direct proof of Proposition 5.1.

From the definition (5.4) of the coproduct of U,(suz), one finds A(u) = AP(u) = p @ p.
One also finds from the property (5.7) that RA(ux) = A°(u)R. These two facts together with
the action (5.29) of the permutation operator and the definition (5.30) imply equation (5.37).
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For m,n = —j, ..., j, one can write

) J
Gom| TP (R(p@ 1) [jn) = 7 (Gomi, | R(p @ 1) [, 6:5,n) (A1)
t=—j

Using the explicit form (5.10) of the universal R-matrix, the orthogonality and the completeness
relation (5.12) of the basis vectors, and the fact that (j,m| H |j,n) = nd, as seen from (5.15),
one can write the RHS of the previous equation as

j o

> Z k g PEEDZ Gom| FR UG, 0) (G, 0] BF [j,n) @22 (A 2)
l=—j k=0

For k = 0,1, ..., one can show by induction from the actions (5.13) and (5.14) the following

[-nlg! I

(Gom| B |j,ny = | Bt o=k (A.3)
0 otherwise,
[i+n]g! e

Gom] F* [y = { Gro-ig Hnom=h (A4)
0 otherwise.

Hence the only non-zero terms in the sum (A.2) are such that m = n and £ = m + k, and this
sum becomes

—m

b

Ck(ery2 0 Em Akl [ — m]q!q2(m+k)m+(k+2)(m+k)—km' (A5)
[j+mlg! [ —m— k]!

mn
k=0 ‘1

In terms of g-Pochhammer symbols (see [20] for instance), this can be rewritten as

g2mm D) jf )k g U+ 1+2m=2)) (45 4%)5-m(@* ) jmsk ) (A.6)
prt (0% @*)k(a% 6*)j-m—k (% ¢*)jm
Using the following two identities [20]
((ﬁ Q)n _ ((]—n§ (])k(—l)kan_(g), (a§ Q)n—i-k _ (aqn; Q)ka (A?)
(¢ Dn—k (a;q)n

one can write (A.6) as

J=m . _2(j—m 2(j+m+1
5mnq2m(m+l) Z (q G-m), g ) ( GtmtD),
k=0 (0% a*)i

4 )kq%. (A.8)

Finally, by applying to (A.8) the g-hypergeometric function formula [20]

qg"b (/b @)n p
2¢1< . 7q,q> CT b (A.9)

2(j+m+1)

with the substitutions ¢ — ¢, n=3j —m, b=g¢ and ¢ = 0, one gets

G,m| T (R(p @ 1) [5,n) = ¢¥0V6,,,, (A.10)
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which proves the case with positive exponents of (5.38). A similar procedure proves the same
case for (5.39). Note that if one already knows (from previous results, see [17, 21, 49] for
instance) that the quantum partial trace in (A.1) is central, then the proof presented above
simplifies by choosing to evaluate expression (A.1) for m = n = j only.

To obtain the case with negative exponents in (5.38), one can first write

R M p®1l) =R 11 ® . (A.11)

The inverse of the universal R-matrix is given by (5.11). Using the definition (5.6) of the
antipode S and the explicit expression (5.10) of the universal R-matrix, one finds that R~!
is the same as R with the replacement ¢ — ¢~'. It is also obviously true that the inverse of
p = ¢*! is the same as p with the replacement ¢ — ¢~!. Therefore, one finds from (A.11)

(R (p®1)) (q) = (M2R(1 ® p~HIi2) (¢, (A.12)
where the dependence in g has been explicitly written. As a consequence, one gets
T (R (pe1) =T (R eu ")) =q 20 Vid. (A.13)

The case with negative exponents in (5.39) is obtained similarly.

B Askey—W.ilson relations from partial traces of R-matrices

In this appendix, we present an alternative proof of the fact that the intermediate Casimir
elements of U, (sus) satisfy the three Askey—Wilson relations (3.6)—(3.8) using quantum partial
traces of R-matrices. Note that throughout this appendix, we will often make use of the
Yang-Baxter relation in the form of equations (5.19)—(5.21) and (5.23)—(5.25) without stating
it explicitly.

B.1 Intermediate Casimir elements in terms of partial traces

The goal of this subsection is to write each of the intermediate Casimir elements of U, (sus)®?
as the quantum trace on the first space of a product of universal R-matrices. The first space,
which is traced out in the spin-1/2 representation, will be labeled by a, and the others will be
labeled by numbers 1,2, 3.

For the elements 1 and @12, this is already done in Proposition 5.2 and Corollary 5.1 (one
must simply add some tensor factors of 1 on the right if necessary). The element Q123 can be
obtained in a similar manner, by applying id ® A on equation (5.50). For reference, we write
here these elements in terms of the matrices L™ (which we recall are universal R-matrices with
the first factor represented in the spin-1/2) and the spin-1/2 matrix representation M of the
element p which acts only on the traced space a :

Ql = Tra(L:nglMa), (Bl
Q2 = Tra(Lj; Ly Lo Loy Ma), (B.2)
Q23 = Tra(L:1L22L:3LQ3L;2L;1MG). 3

The following proposition and its corollary allow to also write the elements Q2 and Qo3 as
partial traces with the traced space a on the first position.
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Proposition B.1. The following equation of operators acting on two U,(sus)-representations
holds:

Q2 = Tra(Lf; Ly Loy(Lgy) ™" Ma). (B.4)

Proof. Using the fact that @ is central in Uj,(suz) and the result of Proposition 5.2, one finds
Q2 = Ry Tra(Lf Lop M) Rao (B.5)

= R1_21Tra(LZ2L;2R12LZ1(L:ﬁ)_lMa) (B.6)

= R1_21Tra(LZ2L21R12Lg2(L:ﬁ)_lMa) (B.7)

= Tro (L L Lop (L) ™ Ma). (B.8)

Corollary B.1. The following equation of operators acting on three Uy(sug)-representations
holds:

Qa3 = Tro(LH L, LEL L (L) M,). (B.9)
Proof. Apply (id ® A) to equation (B.4). Then, on the RHS of the resulting equation, use the
fact that A is a homomorphism and the properties (5.26). O

The partially closed braids associated to the algebraic expressions (B.4) and (B.9) are
illustrated in Figure B.1 at the end of this appendix. Note that one could proceed similarly
for the element ()3, but this will actually not be useful for deriving the Askey—Wilson relations
later.

Finally, we will need the following proposition to express the intermediate Casimir elements
associated to the recoupling of the factors 1 and 3 of U, (sus2)®3.

Proposition B.2. The following equations of operators acting on three U, (suz)-representations
hold:

Q13 =Rg3 Qu2Ras = Tra(L L Ly Loy (Lgy) ™ Ly M), (B.10)
Q13 =Ra23Q12R53 = Tra(L (L) 'L L L, L M,). (B.11)
Proof. One may use the expression (B.2) and then proceed as indicated below:

Ryg Q1aRa3 = Rog Tro (L L L Lo M,)Ras (B.12)
=Ry Tro(LH LI Los Lo My)Ras (B.13)

- R231Tr (L:1L2—3La3R23La2( 2)” 'L a1 Ma) (B.14)

- R231Tr (L:1L23L:2R23La3( ) 'L 1Ma) (B.15)

- R231Tr (L R23L:2L:3La3(L ) 1La1Ml1) (B.16)

= Tra(L:1L:2L:3La3(LZ2) 1La1Ma)7 (B.17)
732‘“)6212722_31 = 7223Tra(L:1L:2L;2L;1Ma)7é2_31 (B.18)
=RaoTro (L LI L, L M,) Ry, (B.19)

= Tra(Lf (L) ' LopRaz L Loy Ly Ma) Ry (B.20)

= Trqo(L ;_1(La2) 1L:3R32L;2L;3L;1Ma)73§21 (B.21)

= Tra(Lg (Lga) ™ 1LZ3L;3L;2R32L;1M11)R§21 (B.22)

= Tra(le(L(ﬁ) 1L:3L;3L;2L;1Ma)- (B.23)

O
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The partially closed braids associated to the algebraic expressions (B.10) and (B.11) are
illustrated in Figure B.2.

B.2 Recovering the Askey—Wilson relations

In this subsection, we derive the Askey—Wilson relations (3.6)—(3.8) with the method of partial
traces of (universal) R-matrices.

Using the expressions (B.2) and (B.9) of the previous subsection and the fact that Q2
commutes with the diagonal action of U, (sug) in Uy(suz) ® U,(suz), one can write the product
Q12Q23 as follows:

Q12Q23 = Qu2Tra (L L L Lon Lon (L)) ™' M) (B.24)
= Tra(L:1L:2L:3Q12L;3L;2(L[Jﬁ)_1Ma) ( )
= Tra(Lgy Loy L Tep(Lyfy Ly Ly Ly My) Loz Lop (L)) ™ M) (B.26)
= Trap(Roa Ly Ly Lif Lify Lz Ly Ly L Lo (L) ™ Ryt Ma Mp) (B.27)
= Trap(Ly Lip Ly Loy Roa Loz Las Ry Lan (L) ™" Ligy Ly Ma Mp). (B.28)
The partially closed braid corresponding to (B.28) is illustrated in Figure B.3.
In order to recover the AW relations, the idea is to simplify the two blue crossings which
appear in the braid of Figure B.3. Algebraically, these two crossings correspond to the R-

matrices acting on the spaces a and b in (B.28). In two spins-1/2 representations, one can
verify that the braided R-matrix R = Il1oR and its inverse can be written as

- 1 1 =1 _1 1
R=¢qg2 —q 2P, R =q¢q 2 —¢q2P, (B.29)
where
0 0 0 O
10 ¢t -1 0
P= 0 -1 ¢ 0 (B.30)
0 0 0 O
It is easy to verify that the matrix P satisfies
P’ =(q+q ")P, (B.31)
Trl(P(M ® 1)) = Is. (B.32)

The following propositions are also useful.

Proposition B.3. Denote an element of Uy(suz) ® U,(sug) with the first factor represented
in the spin 1/2 representation by F = F* ® f, (a sum with respect to « is understood). Then
the following equation holds

Py Fy3 Py = PyoTro(FazM,). (B.33)
Proof. Write
PioFy3 Py = (P ® 1)(]12 RF*® fa)(P &® 1) = P(Hg &® Fa)P ® fo- (B34)

Suppose that the matrix F'“ is given by

Fo = <‘C‘ 2) . (B.35)
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Using the explicit matrix representations (B.30) for P, (B.35) for F* and (5.27) for M, it is
easy to verify that

P(l; ® F*)P = (qa+ ¢~ 'd)P = Tx(F*M)P. (B.36)

Hence
P12F23P12 = Tr(FaM)P & fa =P® TI‘(FQM)fa = PlgTra(FagMa). (B37)
O

Proposition B.4. The following equations hold

Py = L, L Po(Lf) (L3 7, (B.38)
= (Lg3) " (Ly3) "~ PraLizLag, (B.39)
= L33 L3 P12 Lz Lo (B.40)

Proof. 1t is straightforward to verify these relations using the explicit matrix representations
(5.17), (5.18) and (B.30). Alternatively, (B.38) and (B.39) can be proven algebraically by using
(B.29) and the Yang-Baxter equations for L*. O

One can use (B.29) to write the partial trace (B.28) as follows

Trop (L Lip LA L Rua L Lo Ry Loy (L) ™ Ly Ly Mo M,,)

=Trap(Lg; Lify Ly Ly R Ly Lig Ry Lo (L )™ Liy Liyy Mo Mp) (B41)
=Trap(Ly; Lify Ly Ly Ly L Ly (Ly) ™ Ly Ly Mo M) (B.42)
~qTrap (Ll L L Ly Ly Ly Pa Lo (L) ™ Lip Liyy Ma M)

—q Trap(Lijy Ly Ly Lo Pa Ly Ly Ly (L) ™ Ligy Lipy Mo Mp)
—irTrab(Lg’1 L;;L:lezPabL;gL;?)PabL(;Q (Lf{l ) _1Lb_2Lb_1 My My).

We will now show that each of the terms in equation (B.42) can be written using the interme-
diate Casimir elements of U, (suz).
The trace in the first term of (B.42) is simplified as follows:

Trap (L Ly Ly Lo Lijs Ly Lo (L) ™ Ly Ly Ma My)

=Trap (L Ly Lo Ly Lan (L) ™ Lify Ly Ly Ly Mo M) (B.43)
=Try (L, Ly Tra (L Ly Lon (L)) ™ Ma) Ly Ly Ly Ly My) (B.44)
=Try(L;; L QoL Ly Ly Ly M) (B.45)
=Q2Try(Ly; Ly Ly Ly Ly Ly M) (B.46)
=Q2Q123. (B.47)

In the previous equations, we used the expressions (B.3) and (B.4) and the the fact that Qs is
central. The partially closed braid corresponding to the algebraic partial trace expression for
QQ2Q123 is illustrated in Figure B.4.
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The trace in the second term of (B.42) is simplified by using (B.40), (B.38) and (B.32) as
indicated:

Tran(L, L L L Lis LinPas L Lin (L) ™ Ly Mo My)

=Trap (L Ly Ly L Lo (Lify) ™ Pap (L) ™ Ly Mo My) (B.48)
=Trop (L Ly Lz Lo (L) ™ (L) ™ PapLyfy Ly Mo M) (B.49)
=Ty (L Ly Lify Ly (L) ™ (L4fy) ™ T (P Ma ) Ly Ly, My) (B.50)
=Ty (L, L L Ly (L) ™ Ly M) (B.51)
=Q13. (B.52)

The trace in the third term of (B.42) can be simplified in a similar manner by using the
results (B.40), (B.38) and (B.32):

Trap (L, Ly L L Py L Ly Lo (L) ™ Ly, Ly My M)
:Trab(L;EL;rlPab(Lm) 1(La2) 1L;_3Lb3La2(L;_l) 1Lb2LblMaMb) (B.53)
=Trop(PapLyf; (Lyy) Lz Lyz Ly Ly Mo M) (B.54)
:m(Tra(PabMa)Lljl(LbQ) 1L;3Lb3Lb2Lb1Mb) (B.55)
=Try(Ly; (L)~ Lifs Lig L Ly M) (B.56)
=Q13. (B.57)

Finally, the trace in the fourth term of (B.42) is simplified with the help of equations
(B.33), (B.40), (B.38) and (B.32):

Trap (L Ly L L Py L Lis P Loy (L) " Ly Ly My M)

Trap (L Ll L L Py Tro(LE L M) Loy (L) Ly Ly Mo M) (B.58)

—Trab(L+ LA L PuyQs Loy (L) Ly, Ly Mo M) (B.59)

Trap (L L L L Py Loy Ly (L) ™ Ly My M) Q3 (B.60)

Trap (Ll L Pan(L ) ™ Ly MaMy) Q3 (B.61)

—Trab( abLblLblM Mb)Q3 (B'62)
:Trb(Tra(PabMa)sz_lLble)Q?: (B63)
:Trb(LIj_lLb_le)Q?’ (B64)

=Q1Q3. (B.65)

Note that we also used expression (B.1) and the fact that Q3 is central.
Therefore, by combining the previous results, we have found

Q12Q23 = Q2Q123 — qQ13 — ¢ ' Q13 + Q1Qs. (B.66)

One can proceed similarly for the product (Q23Q12, the difference being that the blue crossings
in Figure B.3 have to be inverted. From (B.29), we see that this corresponds to taking ¢ — ¢~*
n (B.66). From this results, the Askey—Wilson relation (3.6) is recovered. The relations (3.7)
and (3.8) can be obtained by conjugations of (3.6) with universal R-matrices, as shown in [9].
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Figure B.1: Partially closed braids associated to the intermediate Casimir elements Q)2 and

Q23-
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Figure B.2: Partially closed braids associated to the intermediate Casimir elements ()13 and

Q13-
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Q12Q23 —

Figure B.3: Partially closed braid associated to the product Q12Q23.
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Q2Q123 —

A

Figure B.4: Partially closed braid associated to the product Q2Q123.
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