Chapter 5 ®
The Quantum Double S

The quantum double construction originally has been introduced by V. Drinfel’d
in [11]. It allows to associate to any Hopf algebra with invertible antipode another
Hopf algebra whose category of finite-dimensional representations is canonically
braided. In this chapter, following [21], we describe the construction of the quantum
double by using the notion of a cocycle over a bialgebra.

5.1 Bialgebras Twisted by Cocycles

Definition 5.1 A cocycle in a bialgebra B = (B, u,n, A, €) is an invertible
element v of the convolution algebra (B ® B)* such that

v((v* ) ®idp) = v(idp ® (v# 1) & —/\%
5.1

and

v ®idg) =€ =v(idg®n) & [ \=]=/

(n®idp) Gdsom & (N\=T=/"\ .
where v *x = (nv) * u is the convolution product in the space of linear maps
L(B ® B, B).

Remark 5.1 Equation (5.1) can equivalently be written as the following identity in
the convolution algebra (B ®3yx

v * ((u ®idp)) = v23 % (V(idp ®u)). (5.3)
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94 5 The Quantum Double

Exercise 5.1 Show that the convolution inverse v of a cocycle v in a bialgebra B
satisfies the conditions

P((1* 9) ®idg) = D(idp ® (% D)) & g\(\= '
(5.4)

P ®idp) =€ = i(idg @) & éﬁ\:?:/ﬁB

(5.5)

Exercise 5.2 Let H be a Hopf algebra. Define a linear form

°
Vg =€y Qevy ®epo =T : W € (HOH’® H® H)*
; f (5.6)
where
evy = W;H”®H—> F, f®x+— (fx),

: (5.7)

is the evaluation form. Show that this linear form is a cocycle in the bialgebra H ®
H?°P_and the linear form

(@]
vy =€ ® (evy(idye ®Sy)) ® €go :T }
: (5.8)

is its convolution inverse.

Proposition-Definition 5.1 Ler B = (B, u, A, n,€) be a bialgebra and v a
cocycle in B. Then, the multiple B, := (B, t,, A, n, €) with the twisted product

My :=V k%D 5.9

is a bialgebra called the bialgebra twisted by cocycle v. O
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Proof We have to check all the properties containing the product, i.e. the associa-

tivity, the unitality, the compatibility, and the compatibility of the product and the
counit. The graphical notation

AN N N

allows us to proceed purely graphically as follows.

(1) Associativity:

5.11)

and

(5.12)
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v
v v -
= v v
v
v

We observe that the associativity for the twisted product is satisfied as a con-
sequence of the cocycle relations (5.1) and (5.4). Notice that the diagrammatic
calculations in (5.11) and (5.12) are mirror images of one another (with respect
to a vertical mirror) accompanied with exchange of v and v.

(2) Unitality:
/ E i S%( (5.13)

(3) Compatibility:
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(4) Compatibility of the twisted product with the counit:

I

My v v v v

FYYY Y

5.1.1 Dual Pairings

The algebraic properties of the evaluation form given by relations (4.2) and (4.3)
can be formalized into the notion of a dual pairing. One can construct cocycles as
dual pairings possessing an extra property.

Definition 5.2 A dual pairing between two bialgebras A and B is a linear form
¢ € (A ® B)* such that

¢(pna ®1dp) = @13 * 923 =

(5.16)
in the convolution algebra (A ® A ® B)* and
% ¢ ¢
0(ida ®up) = pr2 % @13 & =1
' (5.17)
in the convolution algebra (A ® B ® B)*,
. %
p(na®idp) =€ & =
o | ? (5.18)
and
. % (©)
p(idg ®np) = €4 & . =
6 (5.19)

where, in the graphical notation, the dotted lines correspond to A and solid lines
to B.
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Proposition 5.1 For any bialgebras A and B, a linear form ¢ € (A® B)* is a dual
pairing between A and B if and only if one of the two following linear maps

I: A— B* r: B— A*, (l(a),b) = (r(b),a) = (¢,a ®b), (5.20)

factorizes through a bialgebra homomorphism into the corresponding restricted
dual.

Proof Assuming that ¢ is a dual pairing, we verify that /(A) C B°and/: A — B°
is a homomorphism of bialgebras. To this end, we first derive the equalities

Upl=UA®DAA, npl=c¢€a (5.21)

which imply that /(A) C B? and that [ is a homomorphism of coalgebras. Using
Sweedler’s sigma notation for the coproduct, see Sect. 1.7.2,

Aa) = Za(l) ® aw), (5.22)
(a)

foranya € Aand @ ® B € B®?, we have

(up (@), e ® B) = (l(a),ap) = (p,a @ ap)

= (. am®a)(p. apy®B) =Y _(l(am). ) {l(aw). B)= (IR (Aa(a)). a@p).
(a) (@)

(5.23)
obtaining the first equality of (5.21), and
np((@) = (@), np(1)) = (@, a @ np(1)) = €ala), (5.24)
obtaining the second equality of (5.21).
Next, we show that
AR ®D) =lpa, Ina=ej (5.25)

which imply that / is a homomorphism of algebras. For any a®b € A®? and « € B,
we have

(Ipa)(a ®b), a) = (l(ab), a) = (¢, ab @ a)

=Y (g, a®a) (@, b®aw) = Y (@), )} {l(b), a@)) = (@ QI(b), Ap(«))
() (o)

= (ApU@ 1), ),  (5.26)
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obtaining the first equality of (5.25), and
(lna(1)), o) = (¢, na(l) @ &) = (e, @), (5.27)

obtaining the second equality of (5.25).

Assuming now the converse, i.e. that Eqs.(5.21) and (5.25) are satisfied, the
calculations of (5.23), (5.24), (5.26), (5.27) reproduce the definition of a dual
pairing.

The case where [ is replaced with r is checked similarly.

O

Proposition 5.2 For any bialgebra B, a convolution invertible dual pairing ¢
between B°P and B (or, equivalently, between B and B°°P) is a cocycle on B if
and only if

P12 * 923 = 23 * P12 (5.28)
in the convolution algebra (B®3)*.

Proof Relations (5.16) and (5.17) take the form

p(up ®1idp) = @23 * @13 (5.29)
and
@(idp ®uB) = @12 * 913 (5.30)
so that (5.3) takes the form
Q12 % P23 % P13 = Y23 * P12 % P13 < P12 * P23 = Y23 * P12. (5.31)
O

5.2 Cobraided Bialgebras

Definition 5.3 A dual universal r-matrix in a bialgebra B = (B, u, A, n,€) is a
convolution invertible element p € (B ® B)* such that

pru=puPxp & =
(5.32)
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p13 % p12 = p(dp ® n) < ”/\(2\

(5.33)
P13 % P23 =p(n®idg) & W =/\\

(5.34)

A bialgebra provided with a dual universal r-matrix is called cobraided.
Exercise 5.3 Show that a dual universal r-matrix in a bialgebra B satisfies the

following Yang-Baxter relation in the convolution algebra (B®%)":

O1,2 % P13 % 023 = 02,3 % 01,3 * P12 (5.35)

5.2.1 The Quantum Double

In this subsection, a Hopf algebra H will be drawn graphically by solid lines while
its restricted dual H? by dotted lines.

Proposition-Definition 5.2 Let H be a Hopf algebra. The quantum double D(H)
of H is the bialgebra H ® H? °P twisted by the cocycle

VH=€H®CVH®€H”=T : V .
" (5.36)

It contains bialgebras H and H?°P as sub-bialgebras through the following
canonical bialgebra embeddings:

\

1= 0 =\0O0:H<< DH), x> xQ Ilpyo,

(5.37)

and

\

J = .{‘.’ZE::':HO,OP"_) D(H), f—1g®f.
5 { (5.38)

If the antipode of H is invertible, then D(H) is a Hopf algebra. O
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Proof The proof boils down to straightforward verifications which are left as
exercise. In particular, for the cocycle property, see Exercise 5.2. O

Exercise 5.4 Show that

=(uu ® M?;o)(idH RV Qidgo)

(5.39)

= (evi ®idp gre ®evy)(idpo ®0 1oy g ®SH) (A, ®AY)) : HO®H — HOH?,

Y(f®x) = Z - xanxe) ® fio){fi3), S(x3)-
()
(5.40)

Theorem 5.1 Let H be a Hopf algebra with invertible antipode. Then the restricted

dual D(H)? of the quantum double D(H) is a cobraided Hopf algebra with the
following dual universal r-matrix

p = /p\ = evp) (idpy ® (J19)) = 5
I (5.41)

with the convolution inverse

p= /p\ = evp) (idpay @ (7 S;,ilo)) = >
| (5.42)

where we use thick lines for the restricted dual D(H)? and the graphical notation
for the inverse of the antipode of H®
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Proof Let us see first that p is a right inverse of p

That p is a left inverse of p is verified similarly.
In order to verify equality (5.32), we write it in an equivalent graphical form

(5.43)

where the equivalence is due to the fact that two linear forms on a vector space are
equal if and only if they evaluate to one and the same value on any vector.

By using the definitions of p and the product of D(H)?, we rewrite Eq. (5.43) in
the form

(5.44)

Next, we can use the definition of the coproduct of D(H)? in the bottom left
parts of the diagrammatic equality (5.44) to obtain

(5.45)
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where the units g can be eliminated by using the unitality axiom for H in the left
hand side, and the definition of i in the right hand side

(5.46)

The obtained equality is a consequence of the equality (if two vectors are equal then
their images by one and the same linear form are also equal)

(5.47)

which, in its turn, is equivalent to the equality (two linear forms on a vector space
are equal if and only if they evaluate to one and the same value on any vector)

|

(5.48)

(5.49)
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By using the definitions of i in the left hand side and :° in the right hand side
of (5.49), we obtain the equivalent equality

(5.50)

where we can further use the definitions of the (twice iterated) coproduct of H’ in
the left hand side and the coproduct of D(H)? in the right hand side to obtain

(5.51)

In (5.51), we can use the definition of :? in the left hand side and the unitality axiom
for H? in the right hand side to obtain

(5.52)

In (5.52), we can use the definitions of the coproduct of D(H)? in the left hand side
and of ¥ in the right hand side to obtain

(5.53)
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In the left hand side of (5.53), the definition of ¥ and the composition of it with the
unit of H° lead to a simplification, while in the right hand side, the co-associativity
properties of H and H° and the duality allow to remove the antipode by the
invertibility axiom. In this way, we obtain

(5.54)

In the left hand side of (5.54), the associativity and the co-associativity of H allow
to remove the last antipode through the invertibility axiom for H. In this way, we
obtain a tautological equality

(5.55)

Thus, equality (5.32) is proved.
Next, we verify equality (5.33)
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Finally, we verify equality (5.34)

AAL-

Remark 5.2 If H is a finite-dimensional Hopf algebra with a linear basis {e; };<; and
{e'}icr is the dual linear basis of H*, then, the dual universal r-matrix is conjugate
to the universal r-matrix

O

R:= Zje" ®1ie; € D(H)® D(H) (5.57)

iel
in the sense that, for any x, y € (D(H))? = (D(H))*, we have
(x®y, R) =) (x,je') (v, 1ei) = Y (x, ¢}y, i)
iel iel
= <x, ](Z(l”y, ei)ei)> = (x, ;1) = (0. x ® ). (5.58)
iel

In the infinite-dimensional case, formula (5.57) is formal but it is a convenient
and useful tool for actual calculations.

5.3 The Quantum Double D(B,)

In this section, we consider the example of the quantum group B, described in
Sect. 4.4 of Chap. 4. Recall that the parameter g there is generic, that it is not a root
of unity.

Proposition 5.3 Let g € Cxo be such that 1 ¢ qZ#U. Then, the quantum double
D(B,) admits the following presentation:

Cla, b, ¥, ¢, {0:}:ec., | ab = qba,
Y0, = 0.9, 0:0u =0, Y — ¥ = ¢, 90, = 20:9,
Ya =ay, yb— by =b, 6,a =ab,, 0,b=zbo,,
¢a =qag, ¢b —qbp = (1 —gq)(1 — aby);
Aa=a®a, Ab=a@®b+b®1,
AY =y Q1+1QY, A0, =0,R0,, Ap=0,¢p+¢®1) (559
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Proof As the first two lines and the last two lines in the presentation are just
the presentations of the Hopf sub-algebras B, and B; %P put together, we need to
check only the relations in the third and forth lines. These are relations between the
generators of B, and By °” which are of the form

UNGx) = D (fay, x)x@) Gf)fe), Sx3),  x € By, f € By™.
(f),(x)
(5.60)

By writing informally just x instead of 1x and f instead of jf, let us write out these
relations one after another for x € {a, b} and f € {i, 0;, ¢} by using the iterated
coproducts
AV =a®a®a, APh=bR1®1+a®b®1+a®@a®b (5.61)
and
AVY =y @cRe+e@YRe+e®e®y, AL =0.00.®0,,
AP =¢pRc®Re+6,00Rc+6,00,06¢. (562

The Case (f = i, x = a) The first coproducts in (5.61) and (5.62) imply that
relation (5.60) takes the form

va=,a)ale,a” ") + (e, a)ay (e, a ') + (e, a)a(yr,a Y =a + ay — a = ay.
(5.63)

The Case (f = ¥,x = b) The second coproduct in (5.61) and the first one
in (5.62) imply that

Wb = (Y, b)1(e, 1) + (¥, a)b(e, 1) + (W, a)ale, —a™'b)
+ (€. b)Y (e, 1) + (e, a)byr (e, 1) + (e, a)ayy (e, —a™'b)
(&, D)LY, 1) + (e, a)b(yr, 1) + (€, a)a(y, —a~'b)
=0+b+0)+O+by+0)+O+0+0)=b+by. (564

The Case (f = 6,,x = a) The first coproduct in (5.61) and the second one
in (5.62) imply that

0.a = (0, a)ab.(0,,a”") = zab.z~" = ab.. (5.65)
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The Case (f = 0,, x = b) The second coproducts in (5.61) and (5.62) imply that

0.0 = (0;, b)0.(0;, 1) + (6, a)bO(0;, 1) + (0, a)ab, (0., —a™'b)
=0+4zb0, +0=zb0,.  (5.66)

The Case (f = ¢, x = a) The first coproduct in (5.61) and the third one in (5.62)
imply that
$a = (¢, a)ale,a”") + (0, a)adle,a™ ) + (0, a)aby (d,a™")
=0+4+ga¢p +0=gqagp. (5.67)

The Case (f = ¢,x = b) The second coproduct in (5.61) and the third one
in (5.62) imply that

db = (¢, b)1(e, 1) + (¢, a)ble, 1) + (¢, a)ale, —a~'b)
+ {0y, bYple, 1) + (0, aYb(e, 1) + (8, a)agle, —a~'b)
+ {0y, D)0y (¢, 1) + (64, YOy (b, 1) + (8, a)aby (¢, —a~'b)
=((1-¢@)1+0+0)+ (0+gbo +0)+ (0+ 0+ gab,(0,, —a‘1>(¢, b))
=0 -q@)l+gbp—ab;,(1—-q)=(1-q)1—aby)+qbd. (5.68)

0
5.3.1 Irreducible Representations of D(B,)
Proposition 5.4 The elements c,d € D(By) defined by the relations
cty=a (5.69)
and
¢b—1—qab, =0,d = gbe —q — ab, (5.70)

are central.

Proof That the element c is central is an easy check. To see that d is central, we
define two elements w, w’ € D(B,) by the relations

b =u+vably, +w, qbp=u'+v'ab, + v, (5.71)
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where u, u’, v, v’ € C are fixed as follows. First, we impose two conditions
u—u'=1—-g=v—-v (5.72)

which, due to the defining relation between b and ¢, imply that w’ = w. By
straightforward verifications one sees that w commutes with a, ¥ and 6, for all
7 € Co. Next, we have the equalities

u'b +v'abyb + wb = gbpb = qbu + gbvab, + qgbw (5.73)

which, under two more relations of the form

/

u' =qu, qv =v, (5.74)

imply that wb = gbw. The system of Egs. (5.72) and (5.74) on unknowns u, u’, v, v’
admits a unique solution

u=1=2v, u=qg=v. (5.75)
Now, it is an easy check that pw = qwe¢. Indeed, we have

dw = ¢p(qbp — q — aby) = qbbd — q¢ — ¢pab,
= q¢b¢ — q¢ — q*abyd = q(9b — 1 — qaby)¢ = que.  (5.76)
Finally, the equality w = 6,d, together with the obtained commutation relations for
w, implies that d is central. O

Proposition 5.5 Let g € Cg be such that 1 ¢ q%#0. The center of the algebra
D(By) coincides with the polynomial subalgebra C|c, ¢, d] where ¢ and d are
defined in (5.69) and (5.70)

Proof By Proposition 5.4, for any n € w, one can easily verify by recurrence the
equality

¢"b" =[]+ q*0,d + g%+ 070). (5.77)

ken

This means that any element x € D(B,) can uniquely be written in the form

x= > Ouempumlc.d. ), (5.78)
(u,m)e(C#QxZ
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where
" if m > 0;
ey = 1 if m=0; (5.79)
o if m<O0

and py, m(a, c, ¥) € Clc, c . d, Y] is non-zero for only finitely many pairs (u, m).
Remark that, for any m € Z, the element e, satisfies the relations

Venw =en(Y +m), 0Oen =27"end; Vze Cu. (5.80)

Assume that x is central. Then, for any z € C..o, we have the equality

x=0x0""= Y Ouenz" pumlc.d. ¥) (5.81)
(M,m)EC¢OXZ

which implies that for any fixed pair (#,m) € Cxo x Z, one has the family of
equalities

Pum =2"Pum Yz € Cxo. (5.82)

This means that p, ,, can only be non-zero if m = 0. Thus, the element x takes the
form

x= Y upuole,d, ). (5.83)
ueCyo
The equality
bx=xb=b Y  Oupyola c.y+1) (5.84)
MEC?g()

is equivalent to the equalities

upu,o(c,d, ¥ +1) = puolc,d, ¥) Vu € Cx (5.85)

which imply that the polynomial p, o(a, ¢, ¥) can be non-zero only if u = 1 and if
it does not depend on . We conclude that x = pj o(c, d) € Clc, c L d). a

Theorem 5.2 Let g € C be such that 1 ¢ q%#°. Then, any finite dimensional
irreducible representation \: D(By) — End(V) is characterized by the dimension
N = dim(V) € Z.g, a complex number y € C, and a multiplicative group
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homomorphism &: Cxo — Cxo such that there exists a linear basis {v,}nen of
V satisfying the relations

(ayvy =gV ve O = (v = e, 00, = 2" E v,

ObYyvy = (1 =g 1, APvy =1 —g" " Du,pr.  (5.86)

Proof To simplify notation, we will write % instead of Ax for any x € D(B,), and
[x, y] instead of xy — yx.

As in an irreducible representation all central elements are realised by scalars,
there exist @ € Cxo and B € C such that the central elements ¢ and d defined
in (5.69) and (5.70) are represented by scalar multiples of the identity operator:

é=aidy, d=Bidy. (5.87)

Let u’ € V \ {0} be an eigenvector of v corresponding to an eigenvalue y’ € C.
Then, the vector bu’ either vanishes or it is an eigenvector of ¥ corresponding to
the eigenvalue y’ + 1. Indeed,

Ubu' = (Y, b1+ by)u’ = b(1 +¥)u’ = (' + Dbu'. (5.88)

Iterating the action of b and taking into account the fact that dim(V) < oo, we
conclude that there exists a positive integer K such that u” := bX =14’ £ 0 and

bu" =0, Gu’ =yu’, y=y +K—1. (5.89)

Additionally, as the elements {6,}.c 40 and Y generate a commutative sub-algebra
A of D(By), and any irreducible finite dimensional representation of a commutative
algebra is one dimensional, there exists a non zero vector u € A(A)u” that generates
an irreducible sub-representation of A. This means that the following relations are
satisfied:

A ~ A

bu=0, Yyu=yu, 6Ou==%&u, VzeCy, (5.90)
where
£:Cxo — Cxo (5.91)
is a (multiplicative) group homomorphism.
By a similar reasoning, as in the case of the vector u’ above, for any n € w,
the vector ¢"u either vanishes or it is an eigenvector of i corresponding to the
eigenvalue y — n, and, as dim(V') < oo, there exists a positive integer M such that

oM lu#0, Mu=o0. (5.92)

We denote by W the linear span of the vectors {dA)”u}ne M- Let us show that W = V.
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First, we note that, apart from the relations
Vd"u=(y —md"u, neM, (5.93)
we also have
0,0"u =z7"¢"u, neM, (5.94)
where we have denoted
0.:=0./&, VzeCu. (5.95)
Next, by using (5.87) in (5.70), we obtain
¢b = idy +0, + qab, (5.96)
and
b =idy +q' b, +q ' af] (5.97)

Applying (5.96) to u and (5.97) to éM—1y, and taking into account rela-
tions (5.90), (5.92) and (5.94), we obtain

(14 B& +qag))u = 0= 1+ &, + agé; =0 (5.98)
and

(1+ ﬂq_Méq + aql_ZMé,f)(ﬁM_lu =0=1+ ﬂq_Méq + aql_zMsz =0.

q
(5.99)
Excluding § from (5.98) and (5.99), we obtain
(1—aq" MeH1—g"M) =06 a=¢"52 (5.100)
and also from (5.98) it follows that
B=—£"1+q". (5.101)

By using substitutions (5.100), (5.101) and notation (5.95), we rewrite (5.96)
and (5.97) as follows:

¢b =idy —(1 + ¢"d, + q™6; = (idy —0,)(idy —¢™6,) (5.102)
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and

b =idy —(1 + ¢")g "0, + ¢™ 7262 = (idy —q~'0,) (idy —q™~'d,).
(5.103)

For n € M \ {0}, applying relation (5.103) to the vector ¢A>"’1u and taking into
account (5.94), we obtain

b¢"u=(1—qg (1 —g"™¢" u. (5.104)
Thus, we conclude that the subspace W of V generated by vectors {(2)"14},,e M 1S
an invariant subspace of the representation XA, and by the irreducibility of A, we
conclude that W = V so that

N :=dim(V) = dim(W) = M, (5.105)

and the vectors {dA)”u}n€ u form a linear basis of V.
Let us define renormalized vectors

Up = (@)N-n—19"u, neN. (5.106)

Then, by using the relation

(1= g"@r-1 = @r. Yk € Z=, (5.107)
we have
by = (@N-n1(1 =g~ (1 =gV ™" = (1 — g "va (5.108)
and
vy = (DN-n-10"Tv = (1 —g" " D,y (5.109)
O

Remark 5.3 The vanishing properties of the coefficients of relations (5.108) with
n = 0and (5.109) with n = N — 1 naturally take care of the annihilation relations

bvg = poy_1 = 0. (5.110)
Exercise 5.5 For any n € N, show that

b, = (7" Qrvn—k, Yk en+1, (5.111)
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and
v = (@K Orvpsr, Vke N —n. (5.112)

with the notation

n—1 k : .
1— fk>0:
Fk—o( xq0) itk > (5.113)

03 @n ::i ik =0.

5.3.2 Quantum Group U, (sl>)

Recall that the element ¢ := a6, le D(By) is central and grouplike. This means
that the vector subspace

I, == (c — 1)D(B,) C D(B,)

is a bi-ideal stable under the action of the antipode, see Definitions 2.6, 2.2 and 2.4.
By the results of Chap. 2, Sect. 2.4.2, we conclude that the quotient vector space

H, := D(By)/1,

admits a unique structure of a Hopf algebra such that the canonical projection
map 7 : D(B;) — H, is a morphism of Hopf algebras. The Hopf algebra H, is
closely related with the quantum group U, (sl2) which is defined by the following
presentation:

generators: k, e, f;

k— k!

q-q"

coproducts: Ak =k @k, Ae=k®e+e®1, Af=1Qf+f@k'

relations: ke = g%ek, kf =q 2fk, ef — fe=

where we assume that g2 % 1 and k is invertible (as a group-like element in any
Hopf algebra).

Exercise 5.6 Determine «, 8 € Co such that the map
ki>a+1p, e ab+lp,  fr palp+1p

extends to an injective morphism of Hopf algebras h: Uy (slh) — H,2.
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The algebra U, (sly) was discovered in [24], and the general theory of quantum
groups has been subsequently developed in the works [11, 13, 17]. An introduction
for this subject can be found in the book [16].

5.4 The Hopf Algebra D(B;)

Let B; be the commutative Hopf algebra over C corresponding to the quantum
group B, with ¢ = 1 defined and analyzed in Sect. 4.4 of Chap. 4 in the case of
generic ¢, that is when ¢ is not a root of unity. Here, we consider the case of the
simplest root of unity ¢ = 1. This Hopf algebra coincides with Jy, the specification
of Js to i = 0, see Sect.4.3 of Chap. 4. In Sect. 6.5 of Chap. 6, this algebra will
be used for interpretation of the Alexander polynomial of knots as an example of
a universal invariant. For this reason, below we briefly describe the restricted dual
and the quantum double of Bj, leaving the detailed analysis to exercises.

5.4.1 The Restricted Dual Hopf Algebra B;’ P

The opposite Bf’()p of the restricted dual Hopf algebra B is composed of two Hopf
subalgebras: the group algebra C[Aff;(C)] generated by group-like elements

Xu,vs (u, U) eCx C#Ov Xu,v Xu' v = Xu+vu', 00> (5114)

and the universal enveloping algebra U (Lie Aff;(C)) generated by two primitive
elements ¢ and ¢ satisfying the relation

oY — Yo =¢. (5.115)

The relations between the generators of C[Aff;(C)] and U (Lie Aff;(C)) are of the
form

Xuos V] =udXuvs  Xuw® = vPxup Y(u,v) € Cx C#O (5.116)

where [x, y] := xy — yx. As linear forms on Bj, they are defined by the relations
m v*m*n

(Xu,vv bmdn) =u

(. b"a") =1, (Y, b"a") = Suon, Vmn) €ZsoxZ.  (5.117)

’

Exercise 5.7 By using the methods of Chap.4, provide the details of the above
description of the structure of the Hopf algebra Bf’()p.
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5.4.2 The Quantum Double D(B)

The commutation relations (5.60) in the case of the quantum double D(B) take the
form

[wvb]:bv [¢’b]=]_av
bxuy = Xup®v+(@a—Du) Yw,v)€eCxCy  (5.118)

and a is central.
Exercise 5.8 Prove the defining relations of D(Bj) given by Eq. (5.118).

Exercise 5.9 Show that in any finite-dimensional representation of the algebra
D(B), the elements 1 — a, b and ¢ are nilpotent.

The formal universal r-matrix of D(B), see Remark 5.2, is given by the formula

1
R:i=(1®a)/® e = 3" _(w>¢n ® (a — 1)"b" (5.119)
n!\m
m,n>0
and it is well defined in the context of finite-dimensional representations for the
following reason.
Any finite dimensional right comodule V over (D(B1))? is a left module over
D(By) defined by

xv =" v (va).x), Y(x,v)€DB)xV (5.120)
()

where we extend Sweedler’s sigma notation to comodules. Thus, it suffices to make
sense of formula (5.119) in the case of an arbirary finite-dimensional representation
of D(B;) where the elements 1 — a, b and ¢ are necessarily nilpotent, so that the
formal infinite double sum truncates to a well defined finite sum.

5.4.3 The Center of D(B)

Proposition 5.6 The center of the algebra D(B1) is the polynomial subalgebra
Cla®!, ¢] where

c:=¢b+ (a— Dy. (5.121)
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Proof 1t is easily verified that c is central. Any element x € D(Bj) can uniquely be
written in the form

X = Z Xu.vem Puv.m(@a,c, v), (5.122)
(u,v,m)eCxCxox”Z
where
b if m > 0;
em = 1 if m=0; (5.123)
o™ if m<0

and the polynomial py , . (a,c, ¥) € Cla®!, ¢, Y] is non-zero for only finitely
many triples (u, v, m).

Assume that x € D(B) is a central element. Then, for any s € Co, we have the
equality

-1
X = X(),sxXO,s = Z Xu/s,vemsmpu,v,m(a, ¢, ¥)
(u,v,m)eCxCoxZ

= Z Xu,vemsmpux,v,m(ay c, ) (5.124)
(u,v,m)eCxCxox”Z

which implies that for any fixed triple (1, v, m) € C x Cp x Z, one has the family
of equalities

Pu,vm = Smpus,v,m Vs € (E;é0~ (5.125)

This means that p, , , can only be non-zero if u = m = 0. Thus, the element x
takes the form

x= Y xowpouola c.¥). (5.126)
UGC#Q
The equality
bx=xb=b Y  xo.v 'povola c.y+1). (5.127)
veCy

is equivalent to the equalities

povola c, ¥ +1) =v""poyola c,¥) Yve Cy (5.128)
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which imply that the polynomial pg . 0(a, ¢, ¥) can be non-zero only if v = 1 and
if it does not depend on . We conclude that x € C [a*!, c]. |

5.5 Solutions of the Yang-Baxter Equation

Definition 5.4 An r-matrix over a coalgebra C is an invertible element p of
the convolution algebra (C®2)* such that the following Yang—Baxter equation is
satisfied in the convolution algebra (C ®3y*;

P12 % P13 % P23 = P23 % P13 % P12 (5.129)

Example 5.1 The dual universal r-matrix of a cobraided bialgebra B is an r-matrix

over the underlying coalgebra of B. O

Definition 5.5 An r-matrix over a vector space V is an element r € Aut(V®2) such
that the following Yang—Baxter equation is satisfied in the algebra End(V ®3):

rp2r3ri =rariers,  rpi=r®idy, r3:=Iidy Qr. (5.130)

By using the graphical notation .’ « , the Yang—Baxter equation (5.130) takes
the following graphical form

N
SAENE

In the particular case, where V is a finite dimensional vector space over a field [,
let B C V be alinear basis. Defining the matrix coefficients

VAW,
/\/\

(5.131)

{r‘fzz |a,b,c,d e B} clF, ra®b)= Z rszzlc@d, a,be B, (5.132)
c,deB

we reduce the Yang—Baxter equation (5.131) to a over determined system of non-
linear polynomial equations

k ..
S etk = N A Lk lmneB. (513))

s,t,ueB s,t,ueB
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which can also be represented in a graphical form by assigning elements of the basis
B to edges in (5.131) and summing over the elements assigned to the internal edges

1 m n 1 m n (5134)

~
= r Ya,b,c,d € B.
PN
¢ d (5.135)

Proposition 5.7 Let V = (V,8: V — V ® C) be a right comodule over a
coalgebra C, and p € (C®?)* an r-matrix over the coalgebra C. Then, the element

\ /
/r N =r = (iddvgv ®p)(((idy ®d)oy,v) ® idc)(idy ®3) =

(5.136)

is an r-matrix over the vector space V. Here, in the graphical description, the thick
lines correspond to V and thin lines to C.

Proof The inverse r—! of r is given by the formula (exercise)

(5.137)

where p is the convolution inverse of p.
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By using three times the equality (§ ® id¢)$§ = (idy ®A), we transform the left
hand side of (5.130) as follows:

s
s

r,2r23ri2 =

s

L o pllp
B
_ _ 02,3 % P13 *P12
Allalla
| 5] [s] [6 5] [s] [s
1 1 1 1 1 1

:
%

(5.138)

and, doing a similar calculation for the right hand side of (5.130), we obtain

P1,2*P13%P23
r2,3r1,212,3 =

[ (5.139)

thus concluding that Eq. (5.130) is satisfied due to the convolutional Yang—Baxter
equality (5.129) for the r-matrix p over the coalgebra C. O

The following proposition allows one to view any finite dimensional module over an
algebra as a comodule over the restricted dual of that algebra. In this way, one can
associate to any finite dimensional representation of a quantum double an r-matrix
over the vector space underlying that representation.

Proposition 5.8 Let V be a finite dimensional left module over an algebra A, and
B C V alinear basis. Then, V is a right comodule over the coalgebra A° with the
coaction

8b = Z b @ Ayp (5.140)
b'eB

where {Ayp | b,b' € B} C A° are matrix coefficients of the representation
morphism A: A — End(V) with respect to the basis B,

()b =" b'(yp.x), x€A, beB. (5.141)
b'eB
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Proof

(1) We start by checking the equality (§ ® ida0)é = (idy ®A). Indeed, for any
b € B, we have

(B ®ids)ob =Y @) @ryp =2 (D @hy) @

b'eB b'eB b"eB

=) e ( > My ® kb/,b) =Y b (M)
b"eB b'eB b"eB
= (idy ®A) Z b @ hprpy = (idy ®A)Sh.  (5.142)
b"eB

(2) It remains to check the property (idy ®€)§ = idy. For any b € B, we calculate

(idy ®e)sb =Y b'{e. hyp) = Y Doy =b. (5.143)
b'eB b'eB

O

Summarizing the contents of Proposition 5.7 and Proposition 5.8, we have the
following procedure of constructing a solution of the non-linear system (5.133) of
polynomial Yang—Baxter equations.

Let A be an algebra, p an r-matrix over the coalgebra A° (see Definition 5.4),
A: A — End(V) a finite-dimensional representation, and B C V a linear basis.
Then, the element r € End(V ®2) defined by (5.136), which we can also write as

r = (ldyvgy ®p)(idy ® ® idae)(ov,y ® ida0)(idy &), (5.144)

is an r-matrix over the vector space V, where §: V — V ® A° is defined by (5.140)
by using the matrix coefficients {A,; | a,b € B} of the representation A with
respect to the basis B (see Eq. (5.141)).

Let us calculate the matrix coefficients rj:l‘f of r (defined in (5.132)) in terms of
the evaluation coefficients of p.

For any a, b € B, we have

r(a ®b) = (idygy ®p)(idy ® ® ide)(oy,v @ idae)(idy ®3)(a @ b)

= (idygv ®p)({dy ® ® idge)(oy,v Q@ idae)(a ® Z c® Aep)

ceB
=) (idygy ®p)(idy ® @ idao)(c ® a @ Ae.p)
ceB
=) (idvev®0)(c® Y d@ria®hlep) = Y c®d(p. da ® he)
ceB deB c,deB

(5.145)
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so that

ro8 = (0. Ada ® hep) Va,b,c.d € B. (5.146)
Theorem 5.3 Let A: D(B;) — End(V) be an irreducible N-dimensional repre-
sentation and {vy}peny C 'V its distinguished linear basis (see Theorem 5.2). Let

{Am,ntmnen C D(By)° be the matrix coefficients with respect to the basis {v,}nen
defined by

M) = Y vm(hmn.X),  Vx € D(By). (5.147)

meN

Then, the matrix coefficients of the corresponding r-matrix over V are given by

k
rlrrzn = ()‘k,lv ]lO)Vm,n>

(q_l)n(q)N—l—l (n+1-N)ke N—1—n+k—1
S @ @@t S St G4

if m < n and zero otherwise, see (4.116) for the notation.

Remark 5.4 In what follows, for any generating element x € B, (respectively x €
Bg), we will distinguish it from its image 1x (respectively jx) in D(B,) by putting
a dot above it. For example, we will write @ € B, and a = 1a € D(By), Ve B”

and v = Jy € D(By), etc. The fact that j reverses the product implies that we
have, for example, ¢y = () ;¥ = J (¥ 9).

As an intermediate step towards the proof of Theorem 5.3, we first calculate the
elements 1Ay € Bj]’.

Lemma 5.1 The images 1°Apm n, 0 < m,n < N, as elements of the algebra B?, are
given by the formula

(qn)nm¢n mQNln/S lfm<n

g = @nn (5.149)

0 if m>n

with the notation defined in (5.113) and (4.116).

Proof Recall that for any element f € Bj with the coproduct

Af =Y fu ® fo
(D)
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in Sweedler’s sigma notation, we have the decomposition formula (see Eq. (4.143)
in the proof of Theorem 4.4)

F=20 <f “)’ YD i g0 fo (5.150)

k=0 (f)

which, in the case when f =1°,, , takes the form

mn_ZZ A, b ¢k(zsr)0,\ln (5.151)

k>01leN
Iteraring the forth formula in (5.86), we obtain
(a1, B°) = O 1, B = (@75 OkS1mek (5.152)

while iterating the first formula in (5.86) and taking into account the fact that the
composed morphism of Hopf algebras sr: B, — By acts on the basis elements as

sr(b'aly = 80,47 Vi, j) € wxZ, (5.153)
see also (4.119) and (4.120), we obtain
0 iy iy s Jy 8. N—1-n J
(@sr)°hpn, b'al) = (qpo1sr('al)) = 8i0(hin. a’) = 8081 (q /&4)
—Sln( N— ln/g ,ba) = (lsr) )\.[n—(S[n Nln/s (5154)

Substituting (5.152) and (5.154) into (5.151), we obtain

@7 DkStmtk .
R

k>01eN

_ Z G @idn, m+k¢ 9 Vetns, !%d’n_méqun/&I ifm <n,

=0 @)k 0 ifm > n.
(5.155)
O
Proof of Theorem 5.3 From Lemma 5.1, we obtain
(q nv Q)n —m —
J1py = ————0 n-1n g " (5.156)
" (G Dn—m 1 /%

IA
3

if m < n and zero otherwise. We conclude that rlm ’;k = O unless m
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In order to handle the case m < n, we will use the formula
Mt @™ = @V Ombkiam V1 m € w (5.157)

which can be obtained by iterating the last formula of (5.86).
Assuming that m < n, we calculate

m,k 0 (qin;CI)n—m
Trp = Ak, J1%Amn) = —————
L m G Dn—m

—k
(8) b

<)"k,la GqN—I—n/gq(pnim)

_ @™ Dn-m
(f]; Q)n—m

@ D@ Qum

N—l-n —k
(@Dn-m (q /& ) EqN=1-n /g, Sktm.I4+n

(q_l)n((/I)N—l—l (n+1—N)k e N—l—ntke—1
= @@t e B e G139

where, in the third equality, we used an iteration of the third formula in (5.86), in the
forth equality, we used (5.157) and, in the last equality, we used the multiplicative
property £,&, = &, for any u, v € Co, and the identities

—1
@ D=L 0<m<n, (5.159)
(61_ Im
and
_ _ (@IN-1-1
@ Dnm =@V g = PN g <<k <N-1.
k+m=Il+n (Q)N—l—k

(5.160)
O
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