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Abstract: We derive the g-deformation of the chiral Gross-Taylor holomorphic string
large N expansion of two dimensional SU (N) Yang-Mills theory. Delta functions on
symmetric group algebras are replaced by the corresponding objects (canonical trace
functions) for Hecke algebras. The role of the Schur-Weyl duality between unitary groups
and symmetric groups is now played by ¢-deformed Schur-Weyl duality of quantum
groups. The appearance of Euler characters of configuration spaces of Riemann sur-
faces in the expansion persists. We discuss the geometrical meaning of these formulae.
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1. Introduction and Summary of the Results

Two-dimensional Yang-Mills theory, on a Riemann surface of genus G and of area A,
can be solved exactly. The partition function is

Zym(G, A) = > (dim(R))> 20~ #nA C2(R) (1.1)
R

This result was first obtained using the lattice formulation, followed by a continuum
limit [1]. The sum is over all irreducible representations of the gauge group, the cases
U(N) or SU(N) will be of interest here.

Gross and Taylor [2—4] studied the large N expansion of two-dimensional Yang-Mills
theory with gauge group U (N) and SU (N) and showed that it is equivalent to a string
theory. They showed that the large N expansion is given by a non-chiral expansion,
which is a sum involving chiral and anti-chiral factors. The chiral expansion of (1.1)! is
given by

00 G
1 1 _ -
Z;M(G) = E m E ;(S(Qﬁ 2GHSit[Si lti l) . (12)
n=0 Siti€Sy i=1

It is a sum consisting of delta functions over symmetric groups, which count homomor-
phisms from the fundamental group of punctured Riemann surfaces to the symmetric
groups. These homomorphisms are known to count branched covers of X . It was shown
in [5, 6] that the chiral sum actually computes an Euler character of moduli spaces of
holomorphic maps with fixed target space. This was done by expanding the €2 factors,
and recognising that the coefficients in the expansion are Euler characters of configu-
ration spaces of (branch) points on Xg. Topological string theory constructions were
then used to derive a path integral which localizes to an integral of the Euler class on the
moduli space of holomorphic maps. For simplicity we are discussing only the chiral part
of the partition function here, but there is an analogous expansion for the full partition
function. A different string action involving harmonic maps was proposed in [7].
Two-dimensional Yang-Mills has recently found a surprising new application in con-
nection with topological strings on a non-compact Calabi-Yau and black hole entropy
[8]. The g-deformation of two-dimensional Yang-Mills has also found an application in
this context [9, 10]. The partition function of g-deformed Yang-Mills has been obtained
by replacing the scalar dual field of the Yang-Mills field strength by a compact scalar.

U n this paper we work at zero area. The computations can be generalized to the case of finite area along
the lines of [3, 4].
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Such a compact scalar is natural from the point of view of the worldvolume of D4-branes
wrapping a 4-cycle of the non-compact Calabi- Yau. New connections with Turaev invar-
iants have also been suggested [11]. The g-deformation of two-dimensional Yang-Mills
theory was studied earlier [12, 13] (see also [14]).

The g-deformation of the zero area partition function of two-dimensional Yang-Mills
is

Zyym(G) = D (dimy R)* 3¢ (1.3)
R

In the context of [10] this is the limit where the degree p of one of the line bundles is zero.
In the g-deformed Yang-Mills, the universal enveloping algebra of U (V) is replaced by
U, (u(N)). The exact partition function for a closed Riemann surface, which is expressed
in terms of dimensions of irreducible representations of U (IN), is now expressed in terms
of g-dimensions of U, (u(N)) representations. The same remarks apply to U, (su(N)).

The underlying algebraic relation which leads to the relation between the sum over
U (N) representations in (1.1) and the delta functions over symmetric groups in (1.2)
is Schur-Weyl duality, which we describe further in Sect. 2. The g-deformation of the
Schur-Weyl duality between U (N) and S, is known [15]. In this g-deformation, the role
of the group algebra of S, ( denoted by CS,, ) is played by the Hecke algebra H,(g).

In this paper, we show that the large N, chiral Gross-Taylor expansion, in terms of
symmetric group data can be g-deformed to give an expansion in terms of Hecke algebra
data. In this case we find the following result:

AMOEDIDS

n=0s;t; €S,

G
% (D Q226 Hq_l(si)_l(ti)h(Si)h(ti)h(si_l)h(ti_l))' (1.4)

i=1

[N] (2—20))‘1 8

o | =

Here, h(s) € H, is the Hecke algebra element associated to s € ;. That such an expan-
sion is possible at all in the quantum case is highly non-trivial and very much suggestive
of a geometric interpretation in terms of deformations of maps, on which we comment
in Sect. 6. The possibility of the expansion (1.4) depends crucially on the existence of
suitable central elements of the Hecke algebra (like D and €2, to be defined later). These
central elements play an important role in that they also determine the data on manifolds
with closed boundary:

1
Z(Zg;Cy,...,Cp) = Z [N]@-2G-B)n Z 1
R sin S

¢ B

x 8 | DB QIO B[ g 1 W n(spheynis; HaaeH ¢ |- .9
i=1 j=1

In this formula, the central elements of the Hecke algebra take over the role of the
holonomies of the gauge field around the B boundaries of X¢.

We also work out the case of non-intersecting Wilson loops. We develop an analog of
the Verlinde formula for the tensor product multiplicity coefficients of SU(N) in terms
of characters of the Hecke algebra. To our knowledge, this formula has not appeared in
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the literature. Expectation values of Wilson loops can now again be written as Hecke
delta functions which are natural deformations of the symmetric group delta functions.

In four appendices we give some of the facts and proofs about Hecke algebras that we
use in the main text. To our knowledge, some of the formulas proven in these appendices
are not available in the mathematical literature before.

2. Hecke Algebras and the Chiral Expansion of ¢-Deformed 2dYM

2.1. Review of the Gross-Taylor expansion. Before we do the g-deformed case, we will
review the main tools used in the derivation of the partition function of 2d Yang-Mills as
a topological theory counting branched covers of the Riemann surface. For full details
we refer to [5]. For simplicity, we discuss the case of zero-area and no Wilson loops in
this section. We start writing out the partition function as a sum over Young tableaux:

Zoavm(Zg; A) = Z<d1m<R>)2 2¢ Z > im(RX)))* 7, 2D

n=0yeyN

where we sum over the set y,;V of SU(N) Young diagrams with n boxes and number of
rows less than N. Of course, we also sum over diagrams with arbitrary number of boxes.
The chiral expansion is derived by dropping the constraint on the number of rows. Next
we use Schur-Weyl duality to derive the following fomula:

n

. N
dim(R) = o XR(82,) - 2.2

We are using a notation where R = R(Y) denotes both the SU (N) and the S, repre-
sentation corresponding to a Young tableau with n boxes, Y. xg is a character of the
symmetric group, and €2, is a particular central element in CS,, given in [3, 4]. The
chiral Gross-Taylor expansion is obtained as

2-2G
1
Zoaym(Zg: A) = ZZN(Z 20)”( ) — Xr(2;779)

n=0 R dr

G
e 1 _ 1
- 2 N@ 2G>"; > 5(95 26 [ Tsitis ', 1) . 23)
n=0 i=1

: Si ti €Sy

The fact that €2, is a central element in the group algebra CS, is important. This is
explained in more detail and generalized to the g-deformed case in Sect. (2.3). Another
important identity which enters (2.3) is

1 L n\?
> g XRGstsTh )=(a) : (2.4)

s,teSy,

where it is easy to see that D, sts~ 't~ is a central element of CS,,. We find (2.50),
which gives the g-deformation of this equation, and we prove related centrality properties
for H,(q) in Appendix A.
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2.2. Hecke algebras and Schur-Weyl duality. There is a natural generalization of the
previous formulas using Hecke algebras. In this subsection we review basic facts about
Hecke algebras and derive some formulas that we will use in what follows.

The symmetric group S, can be defined in terms of generators s; (i = 1,...,n—1),
which obey relations

st =1 fori=1,...,n—1,
S; Sitl1S8i = Si418i8i41 fori=1,...,n—2,
SiSj=58jS8i for [i — j| = 2. (2.5)

The minimal length of a word in the s; which is equal to a permutation o is called the
length of the permutation and is denoted as /(o).
The Hecke algebra H, (¢) is defined in terms of generators g; which obey [16]

=(@q—1g+q fori=1,...,n—1,
8i8i+18 = &i+18 &i+w1 fori=1...,n-2,
8i 8 = &j&i for |i — j| = 2. (2.6)

The Hecke algebra has, as a vector space, a basis (o) labelled by the elements o of
S,. This is often called the “standard basis” in the literature. These elements 4 (o) are
obtained by expressing the o as a minimal length word in the s; and then replacing the s;
by gi. These Hecke algebras arise as the algebra of operators on V®", the n-fold tensor
product of the fundamental representation of U (N) or SU (N), which commute with the
action of Uy (u(N)) or Uy (su(N)), the g-deformation of the universal enveloping alge-
bra of u(N) or su(N), respectively. The action of the g-deformed enveloping algebras
on V ® V is given by the co-product A. This obeys the following relations with respect
to the R-matrix:

AR = AR,
(PR)A = A(PR) . (2.7)

For h € Uy , if we write A(h) = hy ® ha, then A’(h) = hy ® hy. P is the permutation
operator. P R is also commonly denoted by R. For the R-matrix we will use the conven-
tions of [17]. To make that explicit, we write Rpgrr. The Hecke algebra is related to the
algebra of the IépRT as:

8= \/aIéFRT (QFRT = ﬁ) . (2.8)

gi corresponds to IéFRT acting in the tensor product V; ® V;4; and is sometimes called
a braid operator.

Since the centralizer of U, is the Hecke algebra, we can construct the projectors for
irreducible representations of U, in terms of words in the g;. g1 acts on the product
space V| ® V>, therefore there are two possible projectors that we can construct [17]:

-1

q 1
SR =g,

P =

Py = q+q_1<1—q“R) —(1—q 'e) (2.9)
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which project onto the totally symmetric and antisymmetric tensor products of the fun-
damental representation, respectively. Using (2.6), one easily checks that they satisfy

P =Pg. (2.10)

The symmetric projector is illustrated in Appendix D in terms of properties of Clebsch-
Gordan coefficients of U, (su(2)).

Projectors are useful to compute characters in a particular representation in terms of
lower-dimensional representations. For example, taking the trace of the above,

-1

361—1 (@ +qrau(RUenieV)),

_ q 2 -1 5
TrBU_m((trU) _p tr®tr(R (U®1)(1®U))) ENCREY

Tr[DU =
q

where the traces on the right-hand side are taken in the fundamental representation,
Trg = try = tr. From now on we will indicate such traces by tr, = tryen = tr®. .. Qtr.
The U’s in (2.11), which are matrix elements of representations of U, , generate the
dual algebra to U, denoted by Fun, (SU (N)) or Fun, (U (N)) (see for example [18, 19,
13]).

Using known facts about Hecke algebras and the g-deformation of the Schur-Weyl
duality between U (N) and S,,, we will now derive the generalization for arbitrary irre-
ducible representations:

d
Py = —R;q) > a7 xrhe™ ) h(o) 2.12)

o

where /(o) is the length of the permutation, i.e. the number of elements in the minimal
presentation of the permutation as a product of simple transpositions. The character is
taken in the Hecke algebra H,. Without danger of confusion, we will denote H,, and
Fun, (SU (N)) characters with the same symbol. The characters for low values of n can
be read off from the tables in [16, 20]. dr(q) is the g-deformation of the dimension of
a representation of the symmetric group, and g reduces to n! in the classical limit:

[T @" —q") G- =1)...(¢" -1
dr(q) = —m 5 T D2 ’
[Te(@—Dg>—1...(¢" = 1) g2
1—g)(1—g%...(1 —g"
_ (I—g)( (lz()])n (I—qg") ’ (2.13)

where [; = A; +m — i and A1 > Xy > ..A;, > 0 are the row lengths of the Young
diagram, and m is the number of non-zero A’s.
In order to derive (2.12), recall the familiar relation in the ¢ = 1 case:

1
xr(W) = — > (@) rn (0 V) . (2.14)

Here R is both the U (N) reprsentation corresponding to a Young diagram and the S, rep
corresponding to the same diagram. The trace on the right-hand side is taken in V®",
thatis U actsas U @ U ® ... ® U and o acts by permuting the vectors of the tensor
product.
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The above is obtained from the fact that, if V is the fundamental representation of
U(N) or the universal enveloping algebra U (u(N)), then V®" can be decomposed on
the terms of the product group U(N) x S, as

ver —grviM e v (2.15)

The sum is over Young diagrams of S, Vg” is the irrep of S, corresponding to the Young

diagram R, while Vg N is the irrep of U (V) corresponding to the same Young diagram.
Similar relations hold when U (N) is replaced by SU (N). An immediate consequence
of the above expansion is

tr(cU) =D xr(@) Xr(U). (2.16)
R
Then we can use orthogonality of characters of §,,,
> xr(@) xs(o ™) = n!égs, @.17)
o
to obtain (2.14). From (2.15) it also follows that
dg xg(U) = try(PRU) , (2.18)
hence we can read off
dR —1
PR:EZXR(O’ )o . (2.19)
o

The decomposition analogous to (2.15) holds for U, (u(N)), when CS,, is replaced
by the Hecke algebra H, (¢) [15]:

V®n — @Rvgq ® VR{-IH‘ (220)

Here Vg ? is the irrep of U, (u(N)) corresponding to the Young diagram R and Vg "
is the representation of H, corresponding to the same Young diagram. It follows from
(2.20) that

tr, (h(o) U) = Z xr(h(0)) xr(U). 2.21)

R

U lives in the deformed algebra of functions on U (N) denoted as Fun, (U (N)). This
can be defined as the dual to U, (U (N)). For further discussion on the duality see for
example [18, 19, 13]. In (2.21) U acts as

UR1I®1®-- )(IUR1®-- (I IU®I®---)---(1®1®---®1QU).
(2.22)
This product of n U’s is dual to the co-product which defines the action of U, on yen,
As will be explained in Sect. 5 (see also Appendix D), quantum traces contain the

u-element associated to the Hopf algebra U, (su(N)). We get the quantum trace if we
take a trace of the action of u U on the left-hand side of (2.20) to get

try (h(0) pu(u U)) = ZXR(h(U)) xR U). (2.23)
R
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Here p,, (1) = u®" and U acts as above. For the case of diagonal U, the formula (2.21)
is used in [20].

Multiplying the left- and right-hand side of (2.21) with ¢ —1©@) ys(h(oc™")), and using
the orthogonality relation [21] for Hecke characters

dr(1)

> g7 xr (@) xsh(e™) = ¢ 3RS . (2.24)
. dr(q)
we get
—I(o) 1 _ dR(l)
> a7 xrhe ™) try(h(0)U) = g Xr(U) . (2.25)
o dr(q)
This means that the character can be expressed as
_ 1dr(@) (o) =
xr(U) = 2 dx(D) > ¢ xr(h(c™") tr, (h(0)U) . (2.26)

o

This equation can be interpreted as giving us the projection on a fixed Young diagram
from the sum in (2.15). Indeed, note that (2.20) implies, by projecting on a fixed Young
diagram:

dr(1) xg(U) = tr,(PRU) . (2.27)
Comparing with (2.26) we see that the projector is

|
Pr =~ dr(@) 247" xrhe™) k(o) (2.28)

as claimed above. In the appendix we check that it satisfies (2.10).
If we use orthogonality starting from (2.23) rather than (2.21), then we get
1 dgr(q)

(q) _ _ _
xg U) = xr@U) ¢ dr(l)

Note that #®" commutes with /(o). We will specialize to U = 1 in order to get a new
formula for the g-dimension in Sect. (2.3).

> a7 xrhe ™) (@)@ ) . 229)

g

2.3. A Hecke formula for the q-dimension . Recall that in the case ¢ = 1 there is a
very useful formula for the dimension of SU (V) reps which follows from Schur-Weyl
duality [5]. This formula can be obtained by specializing (2.14) to U = 1. To that end
we need to compute the trace of a permutation acting on V®"* If o = 1, we just get N".
Ifo = (12)(3)(4)..(n), we get N1 In general we get one factor of N for each cycle
in the permutation. If the permutation has cycles of length i occuring with multiplicity
k; the power of N is N 2.k 1In the 2d Yang-Mills literature this is also denoted as N X
So the useful formula for the dimension in 2d Yang-Mills [3, 4] is

1
dim(R) = — > xr(0) N*7

Nl’l
= — D> Xr(o) NTHEik©) (2.30)
n.
o

n

N
= T XR(). (2.31)



Large N Expansion of g-Deformed 2-D Yang-Mills Theory and Hecke Algebras 325

The last line defines the element £2,,. It is convenient to write this as a sum over con-
jugacy classes. Let T be a conjugacy class, which is given by specification of the cycle
decomposition of the permutations involved. We will write C7 = " _; 0. Note this is
a central element of the group algebra CS,,, i.e. it commutes with all the elements of S,,.
So the above can be rewritten as

dim(R) = % Z xr(Cp) NZi ki) (2.32)
T

We can now find the g-generalization of this formula by setting U = 1 in (2.29), to
obtain

_ ldr(@) —1(0) —1
dim, (R) = - 2 Z(] xR (h(o )) tr, (h(o)u) . (2.33)

We can manipulate the above sum, using cyclicity of the trace and the Hecke relations, to
reduce it to a sum over conjugacy classes 7 in S,, with the only terms appearing inside
tr,, being the tr, (u h(m7)). mr are permutations in the conjugacy class T which have
minimal length when expressed in terms of generators. They are the minimal words in
[16]. Forn = 3, m7 are 1, g1, g14> for the 3 conjugacy classes. We prove in Appendix
B (B.7),

N+1 X
try (wh(mr)) =g 2 "D [N]Zik, (2.34)
where the g-number is
N/2 _ —N/2
q q
[Nl= ——"——+, (2.35)
g2 —g-172

and [(T) is the length of the permutation m .
We will explain below that the Hecke algebra elements C7 appearing as the coeffi-
cients of ¢ ~/Dtr(u h(m7)) are central. Hence the formula for the g-dimension becomes

dimg (R) = © dR(Q) Zm(cmm [Nk D) g ) (2.36)
8

Examples of this formula are described in Appendix B, along with checks against the
standard formula in terms of a product of g-numbers over the cells of the Young diagram.
We now explain the centrality property of Cr. Starting from the formula for the pro-
jector (2.12) we can express it in a reduced form using cyclicity and Hecke relations,
where we only have the characters of the minimal words in each conjugacy class:

1
R = ng(q) > xr(h(mr)) Cr . (2.37)
T

Here T runs over conjugacy classes, and mr are the minimal words. For the formulas
up to n = 4, see Appendix C. We can get the projector to the form (2.37) because, by
using cyclicity of y g and the Hecke relations, the Hecke characters can be expressed in
terms of these basic characters [16]. Now for every R, Pg is a central element of the
Hecke algebra since it is a projector for the irreducible representation R. There are as
many conjugacy classes T as irreducible representations R. Hence Cr must be central
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elements. When we calculate the g-dimension we get (2.33). When we manipulate the
expression to express it in terms of ¢ /T tr,, (u h(m7)), we are using the same Hecke
relations and cyclicity (of tr, this time):

1 dr(q)

di R) = —
Mg (R) = )

> a7 xr(Cr) try(h(mr) u) . (2.38)
T

This immediately leads to (2.36). Incidentally, (2.37) seems to give a relatively efficient
way of calculating the central class elements compared to the ones we are aware of in
the mathematical literature. Some interesting papers with explicit formulae for Hecke
central elements, which we found useful, are [22, 23].

2.4. Hecke q-generalization of sums over symmetric groups of 2d Yang Mills. The string
theory interpretation of 2d Yang Mills at ¢ = 1 is centred on formulae derived from
Schur-Weyl duality. The character relations following from Schur-Weyl give rise to a
formula for dimensions of SU (N) reps in terms of S, reps. Then some group theory
manipulations lead to an expression of the chiral partition function in terms of delta
functions over the symmetric group.

The delta function is defined over the symmetric group or, more generally, over the
group algebra of the symmetric group:

S(c)=1 if 0 =1,
8(c) =0 otherwise . (2.39)

A useful property of this delta function is that it can be expressed in terms of characters,

(o) = > dr xr (o). (2.40)
R

The expressions arising in the 2d Yang-Mills string take the form
3 (o102 0%) (2.41)

and the weights depend on the genus G and on N in precisely such a way that the chiral
partition function can be expressed in terms of a sum of Euler characters of moduli
spaces of holomorphic maps (see Sect. 7 of [5]).

Now we will describe a g-generalization of this story, where the Hecke algebra will
replace the group algebra of the symmetric group. A g-analog of the delta function on
the symmetric group is known in the theory of Hecke algebras [21]. It is defined as:

S(h(o)) =1 if o =1,
8(h(o)) =0 otherwise . (2.42)

Ouré(h(o))is é tr(h (o)) in the notation of [21] for the canonical trace function tr(h(0)).

This g-deformed delta function reduces exactly to the delta function on the symmetric
group defined above when ¢ — 1. It can be expressed as

g8(h(0)) = _dr(q) xr(h(0)) , (2.43)
R
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where R runs over partitions of n or Young diagrams with n boxes, and g is given in
(2.13).

An important fact we will use in what follows is that for C a central element of the
Hecke algebra, and for arbitrary o € §,,,

Xr(C) xr (h(0)) =dr(1) xr (Ch(0)) , (2.44)

which follows simply from Schur’s lemma applied to the Hecke algebra.
We now have all the elements we need in order to rewrite the quantum dimensions
in terms of central elements of the Hecke algebra. Using (2.36), we can write

[NY' dr(q)
dr (1)

In the quantum case the €2’s are expressed as

Q, = D INIKT7 g D ¢
T

dim, (R) = Yr(Q) . (2.45)

_ 1+z/ [N]Kffnq%lm Cr
T
=1+Q),, (2.46)
where the unprimed sum runs over the central elements of H,,. The restricted sum
(denoted by the prime) runs over all central elements associated with conjugacy classes

of S, which are not the identity. The last line is a definition of €2/,. Making repeated use
of (2.44), we find that for a central element we have:

(xR(C))’" _ arC™
dr(D) dr(D)

(2.47)

It now follows from (2.45) that
(dim, (R))" =

_ ([N]" dR(q))m XR(£2™)
g dr (1)

([N]" dR(q>)’" i d(m, €)
=\—"— XR
dg(1)

8 =0

¢
Cp NSUS
< TIcr | INiZe kg 5 i,

i=1 T

(2.48)

where d(m, £) = %, and we wrote out the definition of ’.

Let us develop the g-deformed chiral Gross-Taylor expansion

z=>">" (dimg(R)* ¢

n=0 ReY,

00 2-2G
=> >N (dR_;‘I)) de( 5o (279) . @49

n=0 ReY,
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Now we can show (see Appendix A) that

2
g _ “1s)-1r) L o
(dR(CI)) B Z i dr(1) XR (h(s)h(t)h(s Yh(t )) . (2.50)

s, teS,

We also show in the appendix that the element

> g OO hh@ORs™ G 250)

s,teS,

is central in H,,. Hence we have

2G G
& = =25 (U (s)H @) 1 hsO (s~ D!
(dR(q)) Z q dr(1) XR (l];[l (si)h(t;) (Sl ) (tz ).

S1,11+°5G,1G
(2.52)
Now we employ this equation in (2.49) to get
e} d 2
2= 3 g Tl [y)e-260 ( r(q) )
n=0 ReY, Sifi gdr(1)
G
X AR (Hh(s»h(t»h(sﬂ)h(t,.1)) XR(Q2729)
i=1
2 S (Us)H
DL (dR(q)) g~ X000
n=0 ReY, Siti 8 dR(l)
G
x XR(Q2_2G Hh(sl-)ha,»)h(s;l)h(r;l)) , (2.53)
i=1
where we sum over S, permutations s, f1, ..., SG, fG. At this point the manipulations

performed in the classical case do not generalize straightforwardly to the quantum case
because of the different powers of dr(g) and dg(1). We need to introduce an element
D of the Hecke algebra with the property

Xr(D) = dr(q) . (2.54)

The existence of this element is proven in Appendix A, where an explicit expression is
given for it in terms of an infinite sum. Let us find it explicitly for low values of n. For
n = 2, 3, we can solve the above equation explicitly. We find for n = 2,

2
1 —

D = g,
l+qg 1+g¢g

and forn = 3,
C1+q? 4247 + gt +q° (1 —)2+29 +4? +2¢7 +2¢")
(I+g)(1+q+q?) (I+q)(1+q+g?)

(1+g)(1 —g)?
o e, 255)
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We note that D — 1 in the classical limit. Using the form of D in the appendix we can

2
write ”ZQR%)) =dr(q) %, which allows us to rewrite (2.53),

G
Z= ZZ [N]2-260m 5 (DQz_zGHq_l(si)_l(’i)h(si)h(fi)h(sil)h(til))'

n=0 sit; i=1

(2.56)

In the last step we used (2.43). This is the g-analog of the Gross-Taylor expansion. We
can expand the Q-factors as follows:

> U+ (@) N|@-20)m+ 3 (K (T)—n) Nl st KT
z= ZZq Z Z q !

n=0 Siti (= 0T1
xd (2 —2G, ) § (D Cr,...Cr, Hh(si)h(t,')h(si_l)h(ti_l)). (2.57)
i=1

As explained in [5], the factor of d(2 — 2G, £) is the Euler character of the configuration
space of £ points on X¢, denoted as x (Xg,¢). Hence we can write

L ¢ .
7 = ZZ q—z,(l(v,mu,»z Z [N]a 26+ (KT =) o 25 3 1Ty

n=0 sit; ¢=0Ti...

xx(S6.0) 8 (D Cr,...Cr, Hq_(l(si)”(”))h(s,-)h(tl-)h(sl.])h(t,.1)). (2.58)

i=1

3. Manifolds with Boundary

We now describe the chiral large [ N] expansion of g-deformed 2d Yang-Mills theory
on manifolds with boundary, in terms of Hecke algebras. We recall the classical case
first. For a Riemann surface of genus G with B boundaries and boundary holonomies
Ui, ...,Up in SU(N), the parition function is

Zym(G, B; Ut ..., Up) = > (dim R)* 29 B y g (U1) xr(U2) ... xr(Ug) . (3.1)

It is useful in that case to multiply by (%)B tr,, (T} UIT) tr, (T» U;) ...tr(Tp U;) and inte-
grate over the holonomies, where 71, . . . , T, are sums of permutations in fixed conjugacy
classes in S,,. Then the chiral Gross-Taylor expansion becomes

G
1 n-26- 26— .
Zow(G, B; T, ... Tg) =2 — N"720 B)a(Tl...TBsz,% 2B [ sits's; 1).

iyt i=1

(3.2)

This is basically a Fourier transformation, and the derivation is explained in [24].
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For g-deformed 2d Yang-Mills, the holonomies along the boundaries are specified
by the quantum characters [13, 12] of U, (SU(N)):

Zyw(G, By Uy, ..., Up) = Y (dimy R)* 2O~ Byp(U)) xx(U2) ... xg(Up). (3.3)
R

Now we can insert (é)B tr, (Cr, Uf) tr, (Cr, UZT) .. tr(Cry U;). In this case, Cry, ...,
Cr, are central elements in H, (q) which approach the class sums 77, 13, ..., Tp in the
limit ¢ — 1. They have appeared in the formulae for the g-dimension earlier. We use
the expansion

w(Cr U =D xs(Cr) xsU") . (3.4)
S

where xs(Cr) is the Hecke algebra character in the representation S. Then we integrate
the quantum group elements Uy, ..., Up, and use the orthogonality [13, 12]

/ AU xr(U) xs(UT) = Sgs - (3.5)

The result is

Zyym(G, B; Cry,s ..., Cry)

= > (dimy R)* 777 ﬁ (M)

ReY, j=1 8
—-2G—-B B
= Z[N](2—2G—B)n (dR(q) XR(Q))2 268 H (XR(CTj)) (3.6)
X g dr(l) e 8
=
1 —2G—B)n
IE[N](Z 2G-B) Z(S
Sit
E B-1 G B
x (E) Q2B [ g™ hsohn(s; HaaH [ €,

i=1 j=1

In the second line we used (2.48), and in the last line we employed (2.52). The element
E is defined in (A.14). As in manipulations of the partition function we repeatedly used
(2.44) to combine products of characters. Finally to obtain the delta function from the
Hecke characters, we used (2.43).

Inthe g = 1 limit (3.6) reduces to a delta function over the group algebra of S;,, count-
ing maps with specified conjugacy classes of permutations at the boundaries. There is
now some deformation of this geometry, involving central elements of the Hecke algebra
H, (q) associated with the boundaries. It is very intersting that for B = 1 we do not have
the % factors. Recall also that g = linthe ¢ = 1 limit.

In the g-deformed theory there is a notion of a delta-function over the quantum group
-valued holonomies [13]. Itis the partition function on the disk, therefore the case G = 0,
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B =1 of the above. We compute directly:

SU.H= > é N1 g7"@s(DQh(c™ ")) try(h(6) u U)

n,oes,

=2, é[N]” Q7 try(h(@)uU) (3.7)

n,oes,

where we defined DQ = > Q%h(o). Using (3.5), we can integrate this expression
against any test function to obtain a form that depends purely on the Hecke algebra. In
particular, the above gives another expression for the quantum dimensions. Thus, in the
g-deformed theory the partition function on a disk of zero area continues to be associated
to a flat connection, in the quantum group sense [13].

4. Chiral Large N Expansion for Wilson Loops

After having computed the partition function on closed Riemann surfaces and Riemann
surfaces with boundaries, we should now discuss the chiral expansion of Wilson loops.
For simplicity, we will consider non-intersecting Wilson loops in this section. The basic
object we need to take into account are the SU (N) tensor multiplicity coefficients [13,
12]. Indeed, consider a surface of genus G = G + G with a Wilson loop in representa-
tion S, where G| and G, are the genera of the inner and outer faces of the Wilson loop.
The expectation value of this Wilson loop is

. 1-2Gy (. 1-2G
Ws(G) = > / dU (dimg Ry) 7" (dimg R2) 77 x&, (U) xs(U) xr,(UT)
RIR;
4.1)
where R and R; are the representations of the inner and outer faces, respectively. Since
we are discussing the case of ¢ non-root of unity, the result of the above quantum integral

isthe usual SU (N) tensor multiplicity coefficients (Littlewood-Richardson coefficients).
Thus we are set to compute

Ws(G) = D (dimgRy)' 29" (dimy Ry)' 292 N2 . (4.2)
RiR>

Our next task is to look for an expression for the Littlewood-Richardson coefficients
that we can interpret as a deformation of the Riemann surface. Thus, we want to write
them as delta functions on the Hecke algebra. We start from the definition:

NII§|3R2 = /dU X (U) xRy (U) xRs (U, 4.3)

and observe that the above is a trace of the following operator acting in Ry ® R»:

/ AU 3z (U) prisis (U) (4.4)
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Now R; can be realized in V®"! with multiplicity dg, (1) when we project on the given
Young diagram, and likewise for R». It is also useful to note that the above operator is
proportional to a projector for the representation R3,

/dU xR (U prigr, (U) = ; PRi®R, (PR;) - 4.5)

dim, R

Using the expression for the projectors for Ry and R in terms of the Hecke algebra, we
obtain

I dr(q) dr,(q) o ~ B
Ry R 2 1(o1)=1(0n) h(o 1 ) ho 1))
Rika ™ ¢1g2g3 dp, (1) dg,(1) (;Gz‘] xg (h(0 ) xR, (h(0y
1
X—diqug ryon gyen ((h(m) - h(02)) PR3) : (4.6)

Here and in what follows we take o; € S, fori = 1, 2, 3. Writing out the projector
(2.28), we get

Reo_ 1 dr(@) dry(q)
Rike ™ g1g2g5 dr, (1) dg,(1)
x > g MO0 e (o) xRy (h(0y ) xRy (M(o3 )

010203

dR3 (q)
dim, R3

X

tryen gyen ((h(ol) (o)) h(o3)) , 4.7)

and expanding the trace in a basis of Young tableaux with n| + n, boxes, we get

Ry _ L dgr(q) dr,(q)
818283 dg, (1) dg,(1)

RiRy, —
x> g eIy (h(o ) xry (R (03 )) xRy (B0 )

010203
dR3 (CI) .
s SYZ xs (@) - h(02) h(o3)) dim, 5 . (48)

If we now use the projector property

Xs(Pryh(0)) = 8Rys xRy (h(0)) 4.9)

and the explicit form of the projector in (2.12) then we have the useful orthogonality
relation

d
3 g % x5 (o3 x5 (@3 o) - hi02)))

03
= XRr;(h(o1) - h(02)) ORss- (4.10)

This can be used to simplify the expression (4.8) further to

N =
Rife ™ g1 dp, (1) dpy (1) £

X xr, (o7 ) xR, (h(05 ") xRy (h(01) - h(02)). (4.11)

R3 1 de(CI) dRz(Q) Z q—l(o‘l)—l(o'z)
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This formula is reminiscent of the Verlinde formula for the fusion coefficients of orbifold
conformal field theories [25], or alternatively of Chern-Simons theory with finite groups
[26, 27]. It would be interesting to understand the connection.

If we go from the character basis to the basis in terms of central elements of the
Hecke algebra, and using the above, we get

1
818283

> Nglg, X8 (C1) xRy (C2) x5 (C3)

R1R2R3
=—— D" 8(h(o7 HC1) 8(h(oy ) Ca) gV
8182 5o
x Z — dpy (1) Xry (h(01) - h(02)C3)
R3 83
=— Z (o7 YN 8(h(o3)C g 1D L5 (ECs hion) (o))
8182 22 83
S>3 cregs (EC3 (h(oy) ~h(02))). (4.12)
glgzga i

E is the element defined in (A.14) of Appendix A. We have denoted by C? the coeffi-
cients which appear in the expansion of the central element C,

C=ZC"h(0), (4.13)

and we used the following property of the trace [21]:

s(h(o)h(c") = 4" if oo’ =1,
S(h(o)h(c")) =0 otherwise. (4.14)

Consider now the computation of a simple Wilson loop, in the representation S,
separating a region with G handles from another region with G, handles,

Ws = > > (dimg R))' 7291 (dim, Ry)' 22N

ni,n2 RiRy
_ dr,(g) ' _
= Z[N]nl(l 2Gy) (Rl—q) (XRl(Q))l 2Gy
- g1dx, (D

n2(1-2G») dr,(q) 1720 1-2G> AR
x > [N] e D (XR> () Ngk. (4.15)
2

We now use (4.11) with the fusion coefficient, multiply by the character of some central
element C in H,;(g) and sum over S

C
W(C. GGy =3 19
5 8s

Ws. (4.16)
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Collecting all S dependences we have

1 ds(q)
58S ds(1)

xs(C) xs(h(oy ")) = 8(C h(oy ). (4.17)

Hence we obtain

1
W(C, le GZ) — z ; 5n1+ns,n2 [N]i11(1—261)+n2(1—202) Zq—l(al)—l(az)

ni,nz 0102

x 8(Choy )8 (D né =20 h(a(l)) (4.18)
x 8 (nf291—202(h(ol) : h(og))) .

The factors of [N] are as above. We have defined

Gy
no = 3 g S0~ [ aesohhts Hae ),

S1,11..8G 151G i=l1

Gy
n= > ¢ 2O he)h@) s Hae ). (4.19)

S1,11--5Gy51Gy i=1
Expanding
C=>C"%ho)
o
P=DQ"2 N =>" P h(o). (4.20)
o
we finally get

W(C:G1,.G=>. ﬁ[zv]y > poc's (9‘4621'1?2(;;(0) : h(a’))). 4.21)

n1=0 oo’

We defined y = ny +ny —2(n1G1 +n2G2) = 2 —2G)n; +ns(l — 2G,), where we
used ny) =ni+ng.

5. On the Role of Quantum Characters in g-Deformed 2d YM

In this paper we have used quantum U, (SU (N), characters rather than classical SU (N)
characters. For the computations in [10] it seemed enough to consider classical SU (N)
characters. So one can ask: does one need to compute with quantum characters, or do
the classical ones suffice? In this section we argue that quantum characters are needed
in the generic situation; in fact, they are extremely natural and they provide the simplest
solution to the problem of crossings and gluing along open lines. Our arguments are con-
sistent with [10], where the dimensions appearing in the partition function (1.3) were
quantum dimensions but the characters associated with boundaries and Wilson loops
were classical SU(N) characters. In particular, this paper did not consider crossings
on the surface, and gluing constructions involved closed curves only. In the absence
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of crossing points, both the classical and the quantum characters lead to a topological
invariant theory. It is a well-known fact from Chern-Simons theory that one can do with-
out R-matrices or other quantum group structure as long as one considers simple Wilson
loops — for example, toric ones, whose expectation value follows from surgery. In the
2d Yang-Mills case, the basic gluing formula along circles is (3.5), which is valid both
for classical and quantum characters, and ensures topological invariance of the gluing
construction along circles. More precisely, the need for quantum characters in g YM can
be seen:

1) in the presence of Wilson loops with non-trivial crossings;
2) when gluing along open lines.

The original definition of ¢ YM is well-known [13, 12] and it involves quantum char-
acters. In the following subsections we collect several arguments that show the need for
quantum characters.

5.1. Consistency of Wilson loops. One of the basic consistency conditions to be imposed
on a Wilson loop is that, if the charge of the particle is zero, the expectation value of the
Wilson loop should be that of the unit operator; in other words, it should give back the
partition function of the theory. In our case, if Wr(G; C) is the Wilson loop operator in
representation R around the curve C on the Riemann surface of genus G, consistency
requires

Wr=p(G; C) = (1) = Zyym(Z0), (5.1
where p is the Weyl vector labeling the trivial representation. Thus, we should reproduce:
W,(G; C) = > (dim, §)> g~ 24 C) (5.2)

s

We will check whether quantum dimensions and classical characters are consistent with
this for a Wilson loop with crossings.

Consider the expectation value of the Wilson loop Wx(G; C) in Fig. 1. In this case
we have A = A1 + A + A3, where A is the area of the outer face, which has genus G.
We get:

Wr(G; C)
— Z (dim, (Ry))' 28 dim, (Ry) dimy, (R3) q—% (A1C2(R1)+A2C2(R2)+A3C2(R3))
RiRyR3
x / dUAV xg, UV xg,y(U) xrs(V)xr(UV ), (5.3)

where, since we are dealing with classical characters, dU is the Haar measure. Let us
compute this in the trivial case: R = p. We can compute the integrals using the character
formula

Vv
/dU XRZ(U)XR3(U_1V) = 8R2R3(ﬁ§12—((R2)). 5.4
We get
> (dimg (5))° % - HACS) (5.5)

5 dim(S)
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Fig. 1. A Wilson loop with a crossing.

which disagrees with (5.2). The reason that the dimensions do not come out right is that
we were forced to use formula (5.4). We conclude that this procedure is not consistent.
On the other hand, the same computation can be carried out with quantum characters,
and in that case we do get the quantum dimension in (5.4).

5.2. Gauge invariance of Wilson loops. There is a short proof of gauge invariance for
the Wilson loops and boundary elements we have discussed in previous sections. Let
U € Fun, (SU(N)) (for more details on this see Appendices B and D), and consider the
ad-action of Fun, (SU (N)) on itself:

ad: U — hUS(h), (5.6)

where we are considering Fun, (SU (N)) as a Hopf algebra with antipode S [17]. It is
easy to see that the quantum trace

Tr(uU) (5.7)

is left invariant under this action (for the definition of the u-element, see Appendix B).
We get:

Tr (u hUS(h)) = Tr (S*(WuU S(h)) = (S*(h))i;j @U) jx (S(h))ki

= (S2(1))ij (S @U) je = S(hii (S(h))ij ) wU) ji
=TrwU), (5.8)

where we used €(h) = 1, and the fact that u satisfies
ux = Sz(x)u (5.9)

forany x € Fun, (SU(N)). Thus, gauge invariance in Fun, (SU (N)) is ensured provided
we include the u-element.
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We have proven that the triple
(Migdal gluing , quantum dimensions , classical characters) (5.10)

is inconsistent in the generic case. To get a consistent theory, we need to modify one of
the above. If instead of quantum dimensions we use classical dimensions, we of course
get back the usual 2d Yang-Mills. If we want the dimensions to be quantum, we either
need quantum characters, or a modification of the gluing rules. The possibility to have
quantum characters has been discussed at length in this paper, and it has been shown to
be consistent in [13]. In particular, the theory is gauge invariant and independent of the
triangulation. We do not exclude that there might be a complicated modification of the
gluing rules that would allow to keep quantum dimensions and classical characters even
in the presence of crossings.

Additional features of the quantum characters are the following. The natural expan-
sion of the quantum dimensions is in terms of quantum characters, which are most easily
expressed in terms of a Hecke algebra, as we have shown. This gives a natural deforma-
tion of the symmetric group description of covering maps of the Riemann surface. Also
in the case with boundaries, the use of quantum characters was essential for this. Finally,
q-deformed 2d Yang-Mills computes invariants of knots in Seifert manifolds [28, 11].
This is also expected from open-closed string duality in the A-model with branes. This
relation will however only work if on the g YM side we deform the gauge symmetry as
well so as to get quantum characters, since only that will give the quantum 6j-symbols
that appear in the Reshetikhin-Turaev invariant relevant for knots in Chern-Simons [11].

6. Discussion and Outlook

We have shown that the chiral large N expansion ( note that the g-number [N] appears
as the natural expansion parameter ) for g-deformed Yang-Mills can be described by
Hecke algebras. The full large N expansion is expected to be given by a coupled product
of chiral and anti-chiral contributions. We expect that techniques of this paper can be
extended to give a precise description of this non-chiral expansion in terms of Hecke
algebras.

The string interpretation of g-deformed 2d Yang-Mills on X has been developed in
[9, 10]. The leading order terms in the expansion, obtained by setting the €2 factors to 1,
were shown to compute Gromov-Witten invariants of a Calabi-Yau space X which is a
direct sum of line bundles L, & Lyg > fibered over X¢. The sub-leading terms, due
to the €2 factors were intepreted in terms of D-brane insertions at 2G — 2 points. This
picture develops the Gross-Taylor interpretation (at ¢ = 1) of the €2 factors in terms of
fixed points on the Riemann surface [3, 4]. An alternative interpretation of the €2 factors
underlies the topological string theory developed in [5, 6] for ¢ = 1. The latter topolog-
ical string is different from the standard one. It has been labelled a balanced topological
string and has been observed to be an example of a general class of balanced topological
field theories naturally related to Euler characters of moduli spaces [29]. It integrates
over the moduli space of holomorphic maps the Euler class of the tangent bundle to that
moduli space.

The concrete connection between Euler characters and the large N expansion of two
dimensional Yang-Mills is manifest when one expands the €2 factors and recognizes
the binomial coefficients as Euler characters of configuration spaces of points on the
Riemann surface X [5]. Our treatment of the 2 factors in the g-deformed case, which
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has expressed it in terms of central elements of the Hecke algebra, naturally lends itself
to this interpretation. Euler characters of configuration spaces continue to appear in the
expansion for the same reasons as at ¢ = 1. This suggests that a closed topological
string interpretation exists for the large N expansion of g-deformed two-dimensional
Yang-Mills in terms of a balanced topological string. The simplest proposal along these
lines is that the balanced topological string with target space X would give a closed
string interpretation for the all orders expansion of g-deformed two-dimensional Yang-
Mills. The relation of such a picture to the D-brane insertions of [10] would involve an
interesting incarnation of open-string/closed-string duality. Developing these relations
requires a clearer understanding of the coupling between holomorphic and anti-holomor-
phic sectors in the context of the balanced topological string. The connection between
the Gross-Taylor expansion and the Gromov-Witten invariants appearing in [9, 10] has
also been discussed in [30, 31].

Given the rather simple Hecke g-deformation we have uncovered, of the sums over
symmetric group delta functions related to the classical Hurwitz counting of branched
covers, itis also natural to speculate that there is an intrinsically two-dimensional picture
which would account for the Hecke delta functions, without appealing to the Calabi-Yau
X. One possiblity is that we have g-deformed Riemann surfaces and maps between
such Riemann surfaces. In fact g-deformed planes, known as Manin planes, have been
studied and holomorphy has been discussed ( see for example [32]). One could construct
Riemann surfaces which, in some sense, locally look like Manin planes, and consider
holomorphic maps between them. As far as we are aware, such a theory of Hurwitz
spaces for g-deformed Riemann surfaces has not yet been developed.

While Hecke algebras are more familiar to mathematical physicists as centralizers of
quantum groups acting in tensor spaces, they have another pure mathematical origin (see
for example [33]). H,(q) is an algebra of double cosets B, (F;) \ GL,(Fy)/B,(Fy).
Here Fy is the finite field with ¢ elements, where g is a power of a prime p. (If ¢ = p
then £ is just the field of residue classes modulo p.) GL,(Fy) is the group of n x n
matrices with entries in F;. B, (Fy) is the subgroup of the upper triangular matrices. This
generalises the fact that S, appears from double cosets B, (C) \ GL,(C)/B,(C). Hence
the deformation of CS,, to the Hecke algebra H, (¢) corresponds to going from C to Fy.
This suggests that, at least for g equal to a power of a prime, our Hecke-g-deformed
Hurwitz counting problem might be related to Riemann surfaces over £y . Itis interesting
that, in this context, fundamental groups can be defined and they still take the form

arbra; by azbray ' byt - agbgag b uy - up =1. (6.1)

There are also results on the moduli spaces of branched covers in this set-up, general-
izing properties of classical Hurwitz space [34]. An interesting direction for the future
is to determine if there is a relation between Hecke algebras H,(¢) and these moduli
spaces, and if such a relation provides the geometrical meaning for the g-deformed
Hecke counting problems in (2.56), (2.57).

Classical and g-deformed 2d Yang-Mills are closely connected to Chern-Simons the-
ory on Seifert manifolds [35, 11, 10, 36, 37]. On the other hand, some of the formulas
in this paper, such as (4.11) , are suggestive of some connection of the chiral large
N expansion of g-deformed 2d Yang-Mills and orbifold conformal field theories [25]
or Chern-Simons theory for finite gauge groups [26, 27]. It is known that the Chung-
Fukuma-Shapere three-dimensional topological field theory [38] is the absolute value
squared of the partition function of the Dijkgraaf-Witten theory. It seems very likely
that the chiral expansion in terms of Hecke characters worked out in this paper can
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be formulated in the two-dimensional topological field theory framework of [39, 38]
with additional insertions coming from the branch points. It would be interesting to see
in detail to what extent the chiral g-deformed 2d Yang-Mills theory is related to the
Dijkgraaf-Witten theory. In view of the connection to Chern-Simons theory, it will be
interesting to explore the g-deformed chiral as well when g approaches roots of unity.
q-Schur Weyl duality at roots of unity has been discussed in [40, 41].
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A. Central Elements

A.1. Centrality of q-deformed conjugation sum . We want to show that

> a7 Ons)hh(s™h (A1)

is central in H;(n). Since H,(n) is generated by g1, ...g,—1, it suffices to show that the
above element commutes with these generators. We will first show it for g1, and it will
be clear the same proof can be repeated for g2, etc.

First recall how this works in the case ¢ = 1. We write

Zslsts_1 = Z(E)tf_lsl
N N

= 55 sy,
s
where we defined § = s1s. The cancellation only uses a pair of terms at a time. For a
fixed s,

slsts71 = §t§7lsl,
s1§t§_1 = sts_lsl ,
which means that
[s1,sts " +[s1,565711=0. (A.2)

It turns out that the same pairwise cancellation works for g # 1. It is instructive to
check it explicitly for n = 3, 4. Below we give the general argument.

Suppose s is of the form sju, where u is a word in the generators. Now recall that
before applying the map & to s we must express it in reduced form. This means that if
s = s1u, the leftmost term in u is not s1. The following can be derived easily

h(s) = gih),
I(s) =1(u)+1,
h(s™h) = hu Mg .
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Then s = s1s = u. Now we write the pair of elements from (A.1) for the fixed s, 5.

g On©RNOhG™ = ¢ g h@hOhu g1,
g ORGRORG) = ¢ Oh@h @Y . (A-3)

The commutator with the first term is

[g1, ¢ " On(s)h(Oh(s™)]
=g " n@hOh g1 +q7' g — Dgih@h(®hw g
— ¢ g h@hOh@™") — g7 g — Dgih@h(Oh@ g1 . (A4)

The commutator with the second term in (A.3) is

lg1, ¢ " “hh®Oh™ )] = ¢ gih@h(Oh@™) — ¢ Or@)ht)h@ e .
(A.S5)

Combining the terms in (A.4) and (A.5) we see that the terms proportional to a power of
q cancel between the two equations (as they must for this to work at ¢ = 1). The terms
containing a factor ¢ — 1 cancel within (A.4).

This proves that the sum (A.1) commutes with g1. It has been done by decomposing
the sum over S, into a sum over left coset elements by the subgroup S, generated by s,
and a sum over representatives in each coset. The vanishing of the commutator with g
works within the sum over representatives in each coset. To prove that it commutes with
g2 - -+ gn—1 we similarly decompose with respect to left cosets of s, - --s5,_1. Hence
(A.1) is central in H,(n). It follows that its matrix representation in any irreducible
representation must be diagonal. Using the matrices given in [16], we have checked this
explicitly up to n = 4.

A special case of (A.1) is given by the choice ¢+ = 1. Based on evidence described
below, we conjecture that its character in an irreducible representation is

1) _XR_ o=ty - 8.4rM) A6
;q Ty 6 DhG) = S (A.6)

with dg(g) and g as given in (2.13). Since the Hecke element in the character is cen-
tral ( after summation over s ), it suffices to calculate it on one state in the irrep. We
have checked this for general completely symmetric reps and completely antisymmetric
reps, as well as for all representations up to n = 4, using the explicit matrices given in
[16]. Another check of this formula is to multiply by dg(q)dg (1) and sum over young
diagrams R with n boxes. Using (2.43), the LHS becomes

g8 (Z g ' h(s—1>h(s)). (A7)

But from [21] 8(h(s~")h(s)) = ¢'®. Hence the LHS is equal to (g n!). On the RHS we
have g ZR(dR(l))2 = (gn!) . This gives a consistency check of (A.6) for any n.
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Using (A.6) and (2.44),
—I(s) —1\y _ —l(v) XR —1
;q dr (1)(h(S)h(t)h(s ) = Z dr (1)(h(S)h(s Yh(2))
_ 8dr(1) xr
= dr(q) dR(l)( )
8

= h . A.8

dr@) xR (1)) (A.8)

Hence

—I()—I(s )R -1 -1
Zq dr (1)(h(s)h(t)h(s Ya(t™))

5.t

_ —l(t) —is) XR -1 1
Zq ()(h(s)h( Yh(s ))d (1)(h( )

Zq‘””m(h(r)) K (ha™"))

dR(q) dr(1)

m z q_l(l) XR(h([))XR(h(t—l))

2
g gdgr(1) ( g ) . (A.9)
dR(q)dR(l) dr(q) dr(q)

The last sum over characters was done by using orthogonality (2.24). This shows the
desired identity (2.50)

A.2. Centrality of q-deformed commutator sum . We prove that the element

C=> g 'O On)h@hsHhE) (A.10)

st

of the Hecke algebra H, (q) is central. In the ¢ = 1 limit, this is Z” sts™~1 asum

of commutators of all group elements. Hence C is a g-deformed sum of commutators.

Since H,(q) is generated by gi ... g,—1 it suffices to prove that g;C = Cg; for any g;.

We will start with g1 and it will be clear how to generalize to the other generators.
Given the centrality of the g-deformed conjugation sum (A.1) we can write

A =g1C—Cg
=> ¢ 'O Ons)h)h(sTHgrh(t™h)

St
= > g7 OO n(s)g1h()h(s (") . (A.1D)

s,t

We want to prove A1 = 0. For ¢ = 1 this can be proved as follows. If we define
= tsl, s = ssl, we can write

Zsslts_lt_l = 55 s 7L (A.12)

5.7
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This shows that it is useful to think about the sums over S, in terms of the cosets S, /52,
where the §> is generated by s1. Let us choose expressions for the elements of S, in
terms of words of minimal length in s7..s,,. Let S} be the set of words not ending with
s1 on the right, and S_ the set of elements of the form §s;. Clearly § does not end with
s1 : if it did s would not be in reduced form. Hence § € S,. For such s = §s1, it is easy
to see that

h(s) = h(5)g1,

I(s) =1(5) + 1,

h(s™h = gih(s™h. (A.13)
We can write A as

Ar=CD> 0+ D 2+ D> ) h@h@hsTHgrh g OO

sESt s=§s1eS—_ ; seSy 1€St  t=isjeS_ ; feSy

LD M TG DD SR 1O MV IO I VI Ve

s€Sy  s=§s1eS—; §eSy  1€S+ r=is|eS_ ;ieSy

= > O Onenones g™+ Y g OO hndiginsethE

s,teSy s.feSy

+ > g OO G g g1 hGTHg1h™H + D g TIOTO2ny g ) gdn G ghEY
§,teSy §.feSy

= > g O On)g hhsHRET) = > IO O (s)g1 g1 h(s T g
s,teSt s.feSy

= > g OO g g e = > g I OTO26) 2 n(D)gth G g 1h ()
§.reSt §.feSt

This can be simplified by using g% = (g —1)g1 +¢q. We get terms with powers g () =/®
in the summand but without powers of (g — 1), terms proportional to (g — 1) and terms
proportional to (g — 1)%. The terms without powers of (¢ — 1) cancel pairwise among
the 8 terms. The other terms can be written out explicitly, and seen to cancel. This proves
that [g1, C] = 0. When checking for commutation with g;, we organise the sums over
S, according to cosets of the S» subgroup generated by s;. Then the same argument as
above applies to show that any of the generating g; commute with C. Hence C is central.

A.3. The elements D and E of H,(q) . Equation (A.6) also allows us to give an expres-
sion for D defined in (2.54). Let us write

E=>q"hs"Hh(s)

=1+ g "Ohs™Hh(s)
N
=1+E.
The primed sum extends over elements in S, excluding the identity. Then we can write

XR(E) _ gdr(D)
dgr(1) dr(q)

(A.14)
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Using that E is central

(XR(E))’” _ XR(E™) _ (ng(l))m. (A.15)
dr(1) dr (1) dr(q)
Now let m = —1 to get
d
(B = R@. (A.16)

Hence

D = gE_1

=g ) (=DNEN

k=0

=g (=DF D gl e O p R uy) b D) (A7)

k=0 UL U2...Ug

B. Quantum Dimensions

The irreducible representations R of U, (U (N)) can be realized as subspaces of yen,
where V is the fundamental representation. The matrix elements of the fundamental
representation are denoted by U, with entries U l.j (see Appendix D for explicit expres-
sions), and the algebra generated by the U’s is dual to U, (U (N)) and is denoted by

Fun, (U (N)). The commutation relations of the U, i/ are given in terms of the R-matrix
in the reference we denote as FRT [17] (we are using U for T of this reference).

We first derive formula (2.34), used in Sect. 2 to obtain a Hecke formula for the
quantum dimensions. Thus we need to compute the trace tr,, (u h(m7)) that comes from
the quantum character expression. The element u is:

N (Nl S\ .

u= T (M) (B.1)

The E;; act on the fundamental representation in the usual way
Eijve =8, vi . (B.2)

Now we can use the FRT formula for the R-matrix to show that
r®Due1l)PR=¢"1, (B.3)
N_, —N .
and tr(u) = qq_[;],l . This means that
g —q7"

(tr@tr)(u @u) PR =g —— . (B.4)

qg—q~!

Going back to the Hecke algebra conventions using (2.8) (g — ./q ), we get
+1
@@ HEe g =47 1,

N+1

tretueu)gr=q 2 [N]. (B.5)
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More generally, tensor products of traces act on uh(mr) as

R®.. OUNUUe - ®u)gig gi1)=qg""""T [N]. (B.6)

We now need to find out how to built 4(m7) out of the g;’s. Consider a conjugacy
class in Sy, denoted by 7', made of permutations which have K; cycles of length i. When
expressed in terms of the generators s;, the minimal length permutation in this conjugacy
class, denoted by m, has length Zi (i — 1)K;. The minimal permutations are given in
terms of words of the form g; g;4+1...gi+;, such as the one appearing in (B.6). For such
minimal words, we can use (B.6) to obtain
tt (u h(mp)) = 0" (™ h(mp)) = g3 2i0=DK [NZ KD = 10D [N Ko

B.7)

This is the formula (2.34) used in the derivation of the g-dimension formula in Sect. 2.

We now show explicitly how formula (2.29) works in some examples, and that it
leads to a g-dimension formula in terms of central elements (2.36). For g-traces in V%3,
i.e traces with u®3 inserted, we have

try (1) = [N]°,
9 N+l
try (g1) =[N]"q 2,
trg (g182) = [N1g"*, (B.8)
therefore
try(g28182) = (¢ — 1) try(g281) +q try(g1)
N+1 N+l 2
=(@—1Dq "7 [Nl+qq 7z [N]". (B.9)
Now (2.29) gives for the g-dimension

) 1 dr(q)
d R) = —
g (R) g dgr(1)

+q7° xr(g18281) try (828182)

+q72 xr(2182) ¢V T INT+ g% xr(g281) ¢V TN ) (B.10)

3 -1 M
[NFPxr(1)+2q7 q 2 [N]” xr(g1)

Filling in the above, we finally find

. 1d N-1 _
dimg (R) = + D (INP (1) +.9"F INP rr(er +22+ 47 agog)
g dr(l)
+ NV [N xr(g182 + 8281 +q7 (g — 1)g1g2g1))
1 de(@)

(INP e (D) +4"T INP xr(Crea) +a" ™ IV xr(Cra)
(B.11)

g dr(l)

The final expression contains central elements C7 associated to conjugacy classes of Sj,.
There is the trivial conjugacy class containing the identity element, for which Cr(¢) = 1.
There is C2,1)(q) = g1 + g2 + g~ 'g18281, for the conjugacy class corresponding to a
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single transposition. Finally there is C(3)(g) = g182 + 8281 + (‘1771) g18281. Itis easy to

check that these elements commute with g1, g». The above central elements and their
generalizations are described in [43, 44]. They approach the correct classical limit of a
sum of permutations in the appropriate conjugacy class.

Using the Hecke characters given in [16, 20], we have checked that the above is
consistent with the standard formula for the g-dimension as a product over the cells of
the Young diagram:

gRi—hHi=D/2 _ g=(i=hjj=i)/2

dim; R=[] P T 7 , (B.12)
I<i(j<N
where A1, ..., Ay are the lengths of the rows of the Young tableau, and, for SU(N),
An = 0. For n = 2, an easy check gives for the symmetric representation 0 :
N][N +1
INIIN + 11 (B.13)
(2]
and for the antisymmetric representation H :
N][N -1
I = 11 (B.14)
(2]

We have also obtained by the above manipulations, explicit formulae for central ele-
ments for n = 4 which agree with those given in [22]. We have also checked that our
formula for the quantum dimensions (2.36) agrees with the standard formula (B.12) for
all representations up to n = 4.

C. Projectors

Below we give explicit checks that (2.28) indeed defines projectors. We do this forn = 3
and n = 4, that is for the Hecke algebras of H3 and Hj, and outline the method of [21]
for the general case.

C.1. Hz. We work out the projector for a general representation of H3. It contains 3! = 6
independent terms, corresponding to the six elements of H3. Using (B.9), we get

1 1 q 1
Pr = o (XR(l) + 7 Xr(g1) (81 +82) + ( e Xr(g182) + 2 XR(gl)) 818281

1
+? Xr(g182) (glgz+gzg1)) , (C.1)

where the term g1g>g1 corresponds to the (13) permutation. Notice that in S, s1525]
is in the same conjugacy class as s1. Indeed, in the classical case where g = 1 the first
term in (B.9) is absent and tr(g1g2g1) = tr(g1). In the quantum case, g1 g2g1 has contri-
butions from both x (g1g2) and x (g1). This implies that it contributes to two different
class elements.
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Using the expressions for the characters in [16], we get for the three H3 representa-
tions:

1
Pop = —— (1+g1+g+g182 + 8281 +818281)
Com

1 -1 1
PEP = — (2+ 1 (g1+8)— — (214 +g2g1)) ,
mal q q

1 1 1 1

P@ =— (1 ——(g1+8)+ 5 (g182+8281) — — 818281) (o)
¢ @ q q q

We have checked by explicit computation that they satisfy the projection equation (2.10)

provided

q2+q+1
cm=—"—""",
B q
com = (@ + D(g* +q + 1),

2
C@ _ (q+1)(623+q+1) ' (C.3)

This agrees exactly with the values given in [21], Eq. (C.7) below.

C.2. Hy. For Hy, the projector contains 4! = 24 independent terms. The projector is:

cRPR =a+b(g1+g2+g3)+c(g182+8283+ 8281 +8382) +dg183
+ f(818283 + 818382 + 828183 + 838281) + h(g18281 + 828382)
+ k(81828183 + 81828382 + 81838281 + 82838281) + 182818382
+ m (8182818382 + 8281838281) + 18182838281 + pg28183828183 - (C.4)
The coefficients a, b, c,d, f, h,k,l,m,n, p depend on the representation. They are

characters of ¢ ~/®) x (h(o~")) which can be simplified, using cyclicity and the Hecke
relations, to

a=x(1),b=q"x(g). c=qx(g18),

d=q2x(2183) . f=q"x(318283).

h=q7lg — Dx(g182) +qx ()],

k=q"*1(q — Dx(g18283) +qx(g182)],

I=q""l(q — Dx(g18283) +qx(g183)].

m=q7[(q* — g+ Dx(g18283) +q(q — Dx(g283)].

n=q"[(qg— D*x(g18283) +2q(qg — Dx(g182) +q*x (g1,

P =4q"°lg — D(g>+ Dx(818283) +q(q — 1)*x(2182) + ¢ x(2183)] . (C.5)
Again, the mixing between different terms comes from using formulas like (B.9) and
is related to the contribution of a single term to different central elements. In the limit

q = l,each of the a,d, ..., p depend on a single character, the one corresponding to
the conjugacy class of the element that a, d, . .., p multiply in the projector.
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Using computer algebra, we have checked that the above are projectors for the five
n = 4 representations, provided

com = (@ + D@2 +q+ D@ +q* +q + 1),
(@+D(@*+q*+q+1)
q 9
(@+D%(q@*+q+1)
= q2 N
(@+D(@*+q*+q+1)
c = s
H q3
+ D@2 +g+ 1)@ +g>+g+1
CE:(Q Vg~ +q qz)(q q°+q )' (C.6)

C.3. The construction for H,. In the general case, the projector contains n! elements.
Gyoja has given a formula for the coefficients® c:

Mg = D@ =D .. (ghmT -
cR=H’=‘(q )g”—1)...(q )q%mw—mm—z)(q_l)—n. (C.7)

[Ti<igjem(@tm=" — g™+ =)
From (C.3) and (C.6) we easily see that the coefficients satisfy
cr(g™") = cpr(q) (C8)

where R is the representation with transposed Young tableau. This is indeed a general
property of the projectors (C.7) [45].
It is easy to see that in the classical limit,

[T, 4!
Hlsi(jsm(li —1j) 7

where [; = A; + m — i. This is the coefficient of the Young symmetrizer, and is given
by the hook formula. Also the quantum coefficients (C.7) can be expressed in terms of
a hook formula.

For high n, it is tedious to check idempotency of the projector. Also, it relies on
having explicit formulas for the characters of the Hecke algebra. Gyoja [21] has given
a construction to compute projectors in general without recourse to characters. In this
construction, to associate a projector to a particular representation R, we first associate
a projector to every state of the representation. Every state is represented by a standard
tableau T'. A standard tableau is a tableau where the entries (numbered with elements
from {1, ..., n}) are increasing across each row and down each column. The number
of states in a given representation is dg(1). Thus, Pg will be a sum of dg(1) primitive
projectors, which we call E7, where T is the standard tableau they correspond to. The
construction proceeds by defining two special tableaux, 7, and 7_. These are the tab-
leaux where the entries of the tableaux are numbered from 1 to n successively across
the first row (column), then the second, third, etc. I, and /_ are the subgroups of S, that

cr(g =1 = (C9)

2 We corrected a typo in the formula in [21].
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preserve the rows (columns) of 7 (7—). We associate to them parabolic subgroups Wy

of S, and define
ee= D hw),

weW,

e = Z (=) "W h(w) . (C.10)

weW_

The primitive projector (up to normalization) associated to 7 is then
E(T)=h_e_h"'hye h7", (C.11)

where hy = hy(T) and h_ = h_(T) are the elements of the Hecke algebra correspond-
ing to the permutation that transforms 7 (resp. 7_) to the standard tableau 7'. Gyoja
showed that the E’s are idempotents. The projector is then the sum of the orthogonal
primitive idempotents:

1 4r)
Pr=_— 2 ET). (C.12)
i=1

where cg was given before3. We checked the previously constructed projectors for n up
to 4 using this construction. The first non-trivial case for n = 3 is the representation .
There are two standard tableaux: Ty = [{1, 2}{3}] and 7_ = [{1, 3}{2}]. The permuta-
tion relating both is (23), which is 2((23)) = g». In this case the parabolic subgroups
are W, = W_ = {1, 51}, and

er =1+gi,

1
e =1——g. (C.13)
q

We further have h,(Ty) = 1, h_(Ty) = g», therefore

—1 1 g—1 1
8 — 7 8182+ 8281 — C—Iglgzgl . (C.14)

E(T)=1+g +2

For E(T-),hy = grand h_ =1, so
1 1
E(T-) =1~ 4 81— 81+ 5818281- (C.15)

The primitive idempotents are automatically orthogonal. We get

q
P =——
=y q*+q+1

_ q
g*+q+1

(E(Ty) + E(T-))

-1 1
(2+ 1 p (g1+&2) — 7 (8182 +gzg1)) , (C.16)

3 Gyoja showed that the primitive idempotents are orthogonal using a certain ordering. In order for (C.12)
to be a projector, they must be orthogonal independently of the ordering. This can be done defining new
primitive idempotents in terms of the old ones, see Theorem 4.5 in [21]. For n up to 4, however, we found that
the primitive projectors are automatically orthogonal.
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in agreement with the formula obtained earlier.

As another example, we do n = 4 for the representation . There are three standard
tableaux: T, = [{1, 2, 3}, {4}], T— = [{1, 3, 4}, {2}], and T3 = [{1, 2, 4}, {3}]. We have
I, ={1,s1,s2}and I- = {1, 51}, so

er =1+g1+g2+g182+8281 +818281,
1

e_=1——g1. (C.17)
q

In this case hy(Ty) = 1, h—_(Ty) = g3g>. Thus:

E(Ty) =g ge(T) gy g5 en(T), (C.18)

which we worked out with the help of computer algebra. In the same way we have
h_(T-) =1, h(T-) = g2g3, 0

E(T))=e_(T)grg3en(T) gy 85" (C.19)
For T3, h_(13) = g2, h+(T3) = g3, hence
E(T3) =gre_(T) g, g3er(T) g5 " . (C.20)

The projector is the sum of the three, with the appropriate coefficient, and it agrees with
the one computed directly. Notice that the primitive idempotents were automatically
orthogonal in this case as well.

D. g-Schur-Weyl Duality and ¢g-Characters

In this appendix, we explain concretely the relation between quantum characters of the
g-deformed SU (N) and the symmetric group, in the special case of SU (2). We will use
the quantum group conventions of [46] and [47].

We will use the formulae for matrix elements of spin-one representations from [46]
in terms of spin-half representations and show that they are consistent with expressing
the characters in spin-one in terms of the characters of spin half, using the Hecke algebra
generators, or R-matrices. For the R-matrix we will use the notation of [47].

D.1. Uy (su(2)) conventions. We first summarize some of the formulas of [46, 47] that
we will use later. The U, (su(2)) algebra and coproduct are [46]:

He — eH = 2e,
Hf — fH=-2f,
H/2 _ —H)2
q q
ef —fe=21__"9
g2 —g-172
Al)=e®q™+q7 e, (D.1)

For later convenience, we note that the map to the notation of [47] is
q9—q,
e — X,,
f— X_,
H — H. (D.2)
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The universal R-matrix in this basis is [47]

Hot < (1 — g~ )"
R=q % Y % ("X " ® (XY (D.3)
n=0

where [n] is as in (2.35). Together with the action of the generators on spin-half states,

| 1>—|1 ])
¢ 2/ Tyl
f|1 1>—|1 1)
2202 2
Hll i1>—i|1 1) (D.4)
2°T 20 T T2 '
this determines the R-matrix as follows:
11 11 4
RiT=R T =q'
2°2 2 2
L1 11 i
RUTT=R =g
2 2 2°2
1
2°2

D.2. Schur-Weyl duality in spin-one. As in the classical case, the g-characters in higher
representations can be written in terms of g-characters of lower representations. Con-
sider for concreteness the case of spin-one, which is contained in the tensor product of
two spin-half representations V. There is a projector (2.9) acting on V ® V that leads
to the symmetric representation. In the classical case it is just %(1 + P), where P is the
permutation of the two tensor factors. In the quantum case P does not commute with
the coproduct, but PR = R does:

AR = RA. (D.6)

When R acts on the tensor product of two spin half irreps, it satisfies a relation of the
form

RE= g Vg2 — g V2 Ry gV, (D.7)
A rescaling g = ¢/ 4R can be done to map to the standard form of the Hecke algebra
used in the main text. A matrix element of some element /i of U, (su(2)) in the spin 1
representation can be written in terms of a product of spin half reps by using the Cle-
bsch-Gordan coefficients. Consider now the following matrix element in the spin-one
representation:

(j=Lnlhlj=1,m)=d;_,(h) = (hd]

" ) (D.8)

d ., 1s the representation matrix in representation j with indices n, m, and d ™, its trace.
In the last equation we have expressed the fact that the matrix elements can be viewed as
living in the dual space U, (su(2)), denoted by Fun, (SU (2)). For more details on this
duality see for example [18, 19, 13].
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We now express this in terms of matrix elements of the fundamental representation.
They generate Fun, (SU (2)), the deformed algebra of functions on SU(2). Using the
Clebsch-Gordan coefficients, we can rewrite the above as follows:
(j=Lnlhlj=1my= > C}, Cmm

mi,mp,nj,ny

1 1 1 1
x(j=5.ml® (= 5. ml(n®h)j=2.m)®j=7.m)

_ Z ol CWllmzd”l ‘ (l’l])d’.lz_l. (h2)
s J=7m2

niny
my,ma;ny,ny
— n mym ni ny
= 2 GG hd! Lo @) (D.9)
mi,ma;ny,ny
In the first equality, the co-product A(h) = h; ® hj gives the action of & on the tensor
product V ® V. In the last equality, we used the fact that the dual pairing of a product of
two elements in Fun, (SU (2)) is given by the co-product. Now we can sum over m and
use the identity between Clebsch-Gordan coefficients and projectors (see for example
[42])

11
ZCnlnz Cm1m2 = P’:rll;l”zn2 (5 R E ) 1) . (Dlo)

The projector is a linear combination of the identity and the R. For Jj = 1, the projector
is in the tensor product of two spin-half representations. It has to be a linear combination

of 1 and R since the Hecke algebra generates the centralizer of the quantum group action
in the tensor product:

1 1 .

Pl{-.,=-:1)=a+bR, (D.11)
2°2

and for the matrix elements we have

an .. = z ., 4", cmmcn (D.12)

j=lim j=%my " j=Limo niny

[N}

mip,maing,ny

To compute the character, we want the trace of this equation. Using (D.10), and expand-
ing the projector in terms of the R-matrix as in (D.11), we get:

trid = a (iry d) (r; d) +btr1(1§(d% ® D1 ®d1)), (D.13)
which, written out in indices, reads:
S X s e, 6, O

myp,maing,ny

We will show that the above equation can indeed be solved for constants a, b. The
left-hand side can be calculated to give:

Zd}n 1;m = x? + (xy + Jquv) + y*

m

=x2+y2+xy(1+q)—q, (D.15)
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where we have used Egs. (36-40) of [46] ( recalling that x, y, u, v are the matrix entries
of d in the fundamental representation). For the right-hand side of (D.14) we get

(a +bg"""(x* +y?) +axy + 2buvg ™4 + (a + bg™ V(g — 1//q))yx. (D.16)
Using the relations
yx = (1 —g)+qxy,
uv = q'?(xy — 1), (D.17)

we can rewrite (D.16) in terms of x2, y2, xy, 1. Comparing with (D.15) and considering
the coefficient of x* + y> we immediately see that

a+bg'*=1. (D.18)
With this condition the coefficient of xy becomes (g + 1) as desired. Comparing coeffi-
cients of the constant term then determines
1 3/4
a= , b= q .
1+¢ 1+¢

(D.19)

Putting everything together, and going back to the notation used in the main text, we
get:

1 q3/4
tri U = trUtrU +
1+¢ 1+¢

rtr (zé UeNH(1® U)) (D.20)

which is g-Schur-Weyl duality (2.20) for n = 1. By comparing (D.7) and with the first
of (2.6) we can see that we can define g = ¢>/*R. Then the projector can be read from
above,

1

P = ——(1+y), D21
m 1+q( 8) (D:21)

and agrees with (2.9) and the general form (2.28).

D.3. Quantum characters in spin-one representation. The quantum characters can be
obtained from the above by including the u-element (B.1) in the trace, which is basi-
cally g~ In fact, we will do a slightly more general computation of the trace with an
insertion of g4 . Thus, we consider the matrix element in the spin one representation
of hg™ where A is an arbitrary number and  is an arbitrary element o U, (su(2)) :

Am a"

(j=1nhg*j=1,m)=q"d]_., (. (D.22)

As before, we now rewrite this in spin-half matrix coefficients using the Clebsch-Gordan
coefficients:

. . miym
(J=Lnhg*j=1.my= > cn, "™
mi,mpiny,ny

o1 c 1 1 1
x(j=5.ml®li=5 . mlh @) @'l j=3 .m)elj=5.m)

n mimy nj
Z Cryny Cm " d iy o,

hpd?2, () ghmtAm
j=51m2
mi,mp;ny,ny

n mimy _Ami+Am nj ny
Z Coyny Cm g™ "2 hd” d )
J=pimy J=55my

my,mpiny,ny
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Again, we can sum over m = n to take the trace (notice the presence of g4 so this
gives the quantum trace) and use (D.10) to get
Am gm A(m1+my) mip gm mom ni ny
Z‘l ., = Z g ") (a8 8 + b RY2Y) d ,mldz,mz )
myp,mainy,ny

(D.23)

For comparison to the classical formulae, it is useful to rewrite it as

) @0y =av @U@ U)+bur @t (qAHIé UDH(I® U)) . (D.24)

In the ¢ — 1 limit, R goes to the permutation P and the second term becomes ltr(U 2).
We still need to compute the constants a, b in this case. Writing out the traces using

[46], we get:

—Ay2 172

) @ U) = ¢M3% +q +q v,

row (¢H1 U e NI e ) = @@ U>>2=q g 24+ @ 4 g7 P,

+1+ (g

tr® tr (qA HeH p Ul U)) = q]/4[qAx2 +q*Ay2 +1 —qil + (q]/2 +q7]/2)uv],
(D.25)

where A denotes an arbitrary power. It is now easy to see that the values of a, b (D.19)
are still the same, independently of the value of A.
From the explicit computation (D.25) we also get the special N = 2 relations,

TI'BU =
TrpU = (tU)? — 1. (D.26)
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