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SYNOPSIS

This thesis deals with the mathematical objects known as planar algebras and
their connection with Hopf algebras and their Drinfeld doubles. The motivation
for this thesis comes from a series of talks delivered by Prof. Masaki Izumi at
IMSc., Chennai, during one of which he asserted that for a Kac algebra subfactor,
a related subfactor to its asymptotic inclusion comes from an outer action of its
Drinfeld double. This is a folklore result in subfactor theory and in the process of
trying to prove this, we noticed a purely algebraic result which also seemed quite
interesting and this is one of the main results in the thesis. The result is roughly the
following. Given a finite dimensional Hopf algebra H over any field, we associate
to it a very natural inclusion A C B of infinite iterated crossed product algebras,
namely, B = HP(-%%°) = ...\ H? xx HP* x H? x- - - and A = HP(-o~ g fropl2.00),
We then show that B is the crossed product of A by D(H) where D(H) denotes
the Drinfeld double of H. More significantly, we show that D(H) is the only finite-
dimensional Hopf algebra with this property and thus produce a context in which

the Drinfeld double arises very naturally.

While proving this, we identify an explicit algebra embedding of D(H) into
the iterated crossed product H* x H x H* which, in case H is semisimple and
cosemisimple over an algebraically closed field, certainly may be regarded as a map
from D(H) = P, (D(H)) to P, (H*) = ®P, ,(H*) where P(D(H)) denotes the
planar algebra of D(H). It is thus a natural question to ask whether the embedding
of D(H) into H* x H x H* may be extended to a planar algebra map in some
canonical fashion, and it is the affirmative answer to this question that is the second

main result of this thesis. We further show that this planar algebra map is injective

and characterise the image of P(D(H)) in @P(H*).

The thesis is divided into four chapters. Chapters 1 and 2 are devoted to a

discussion of preliminary notions, namely, Hopf algebras and planar algebras, while
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the main content of the thesis is contained in Chapters 3 and 4. In a little more

detail, the contents of the chapters are as follows.

Chapter 1: Hopf algebras. The goal of the first chapter is to summarise
relevant facts about Hopf algebras - particularly those that are finite-dimensional
and semisimple and cosemisimple. Beginning this chapter with a brief overview
of Hopf algebras, we then introduce the important notion of integrals for finite-
dimensional Hopf algebras and conclude the chapter with a discussion on semisimple

Hopf algebras.

Chapter 2: Planar algebras. We begin this chapter with a discussion of
planar tangles and two closely related notions of planar algebras. We then discuss the
generators and relations approach to planar algebras in some detail. As an important
example of this, we describe the planar algebra associated to a semisimple and
cosemisimple Hopf algebra over an algebraically closed field. The chapter concludes

with a discussion of cabled planar algebras.

Chapter 3: Infinite iterated crossed products and Drinfeld doubles.
The first section in this chapter introduces the notions of action of a finite-dimensional
Hopf algebra H on an algebra and that of infinite iterated crossed products. Using
this, we define an inclusion of (infinite-dimensional) algebras called the derived pair
of H which plays an important role in the main result of this chapter. The next,
short section summarises the Drinfeld double construction. The third section is de-
voted to a study of an algebraic basic construction and its application in proving
a recognition result for crossed products. The final section proves that the derived

pair of H arises from a crossed product action by the Drinfeld double.

Chapter 4: Cabling and Drinfeld doubles. This chapter has, as its take-off
point, a certain explicit algebra inclusion of D(H) into the iterated crossed product
H* x H x H*, that was established in the course of proving the main result of

Chapter 3. The first section of this chapter is devoted to proving that this map

11



extends to an injective planar algebra homomorphism from P(D(H)) to @P(H*).
The next section shows that this planar algebra map is injective, thus identifying
the planar algebra of the Drinfeld double as a planar subalgebra of ?P(H*). The

remaining two sections characterise the image of P(D(H)) in ®P(H*).
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Chapter 1

Hopf algebras

1.1 Hopf algebras

The goal of this chapter is to introduce the mathematical objects called Hopf alge-
bras. For details we refer to [23], [13] and [19] and also to [1]. All the vector spaces
considered in this chapter will be over an arbitrary field k. We begin this chapter
with a brief overview of Hopf algebras. We then introduce the important notion of
integrals for finite-dimensional Hopf algebras and finally conclude the chapter with
a discussion on semisimple Hopf algebras and also recall several useful facts which

we will be using frequently in later chapters.

Definition 1.1.1. An algebra over a field k is a triple (A, u,n) where A is a vector
space and 1 : AR A — A and n: k — A are linear maps such that the following

diagrams commute.

A A A A9 A
Id®ul l#
A® A A

Figure 1.1: Associativity
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n®lId Id®n

F@QA—ARA=—A®Ek
= “l =
A

Figure 1.2: Unit
Note that n(1y) serves as the unit of A where 1y, denotes the multiplicative identity
of k.

Remark 1.1.2. For any algebra (A, i, n), set u®? = pota 4 where Taa: AQA —
A® A is the flip map i.e. T(a®d) =d ®a foralla®a in A A. Then (A, u°?,n)

1s an algebra which we call the opposite algebra.

Definition 1.1.3. A coalgebra is a triple (C, A €) consisting of a vector space C
together with two linear maps A : C — C ® C (called comultiplication) and € :

C' — k (called counit) such that the following diagrams commute.

C a CeC
Al lA@Id
CoC—19 ocwceC

Figure 1.3: Coassociativity

Figure 1.4: Counit

Remark 1.1.4. Given a coalgebra (C, A, €), if we set A = 1¢. oA, then (C, A% ¢)

becomes a coalgebra which we call the opposite coalgebra.

Example 1.1.5. The following are some examples of coalgebras.
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(1) (Coalgebra of a set) Let X be a set and C' = kX = @ exkx be the k-vector
space with basis X. Then C' can be endowed with a coalgebra structure by

defining
Alzr) =xz®x and e(x) =1

for all x in X.

(2) The dual vector space of a finite-dimensional algebra has a coalgebra structure.
It relies on the basic fact that if V. and W are two k-vector spaces and if
one of W or V is finite-dimensional, then V* @ W* is naturally isomorphic
to (V@ W)* by the isomorphism Tyw : V@ W* — (V @ W)* given by
Tvw(f@g)(vew) = f(v)g(w). Thus if (A, u,n) is a finite-dimensional algebra,
and we define A := T;le,u* AT — AR A and e .= n* : A* — k, one

can easily check that (A*, A, €) is a coalgebra.

(3) (The matriz coalgebra) Let A = M, (k) be the algebra of n by n matrices over
k. Then {E;; : 1 <i,j <n}, where E;; denotes the matriz whose (i, j)th entry
is 1 and all other entries are zero, is a basis of A. Let {x;;}denote the dual
basis. Then by virtue of Example 1.1.5(2) above, A* becomes a coalgebra and

one can easily check that

A(zy5) = szk ® xxj and €(zi;) = bij.

k=1

(4) (The tensor product of two coalgebras) The tensor product of two coalgebras
(C,A€) and (C', A, €') has a coalgebra structure with the comultiplication
(Ide @ To.0r @ Ider) o (A @A) and counit € @ €.

We next define morphism of coalgebras.

Definition 1.1.6. Consider two coalgebras (C, A, ¢€) and (C',A';€'). A linear map

18



f from C to C' is a morphism of coalgebras if (f @ f)o A=A o f ande=¢€of.

We now present Sweedler’s notation which we shall use continually in the sequel.
Let (C,A,¢€) be a coalgebra. Let A™ : C' — C®" be defined inductively for n > 2
by A? = A and

A" = (A® Idgem-n) o A" = (Idpem-1 ® A) o A" n > 3.

If x is an element of C, we shall further abbreviate the usual Sweedler notation
AMz) = 3,7 @2 @ ... @ x), (the sum over a finite index set I) by omitting
explicit mention of both the summation symbol and the index, and write A™(z) =

T ®.§L’2®®.§L’n

We now describe a special class of elements of a coalgebra.

Definition 1.1.7. An element g of a coalgebra C' is called a grouplike element if
g# 0 and A(g) = g® g. The set of grouplike elements of a coalgebra C' is denoted
by G(C).

The counit property implies that ¢(g) = 1 for any g € G(C'). Moreover, grouplike
elements are linearly independent. The following proposition shows that grouplike
elements of the dual coalgebra of a finite-dimensional algebra have a special feature.
For any algebra A over k, let Alg(A, k) be the set of all algebra homomorphisms

from A to k.
Proposition 1.1.8. Let A be a finite-dimensional algebra and let A* be the dual

coalgebra. Then, G(A*) = Alg(A, k).

Proof. Let f € G(A*). Then A(f) = f ® f implies that f(ab) = f(a)f(b) for all
a,bin A. Also, f(1) = e(f) = 1. Thus, f € Alg(A, k). The reverse inclusion is

similar. O
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We next pass to a bialgebra, namely a vector space which is simultaneously an
algebra and a coalgebra with these two structures being compatible in the following
sense. Let H be a vector space equipped simultaneously with an algebra structure

(H, p1,m) and a coalgebra structure (H, A, €).

Theorem 1.1.9. The following two statements are equivalent:

(1) p and n are morphisms of coalgebras.

(2) A and e are morphisms of algebras. O

This leads to the following definition.

Definition 1.1.10. A bialgebra is a quintuple (H, pu,n, A, €) where (H, u,n) is an
algebra and (H, A, €) is a colgebra satisfying the equivalent conditions of Theorem
1.1.9. A morphism of bialgebras is a morphism for the underlying algebra and coal-

gebra structures.

Suppose (H, i, n, A, €) is a bialgebra. Using Sweedler’s notational convention we

see that the condition A(xy) = A(z)A(y) is expressed by

(xy)1 @ (2y)2 = 2191 ® XY, for all x,y in H.

We also have

A(l)=1® 1,e(xy) = e(x)e(y) and (1) = 1.

We now proceed to define Hopf algebras. Given an algebra (A, p,n) and a coal-
gebra (C; A €) we define a bilinear map, called convolution, on the vector space
Hom(C, A) of all linear maps from C to A. Given f,g in Hom(C,A), then the

convolution of f and g, denoted by f * g, is defined to be the composition of the

20



maps

CAhCcoC I A0 Al A

Using Sweedler’s notation, we have

(f*g)(x) = f(x1)g(xq), for any element x in H.

Proposition 1.1.11. The triple (Hom(C, A),x,no¢€) is an algebra. O

Let (H,u,m, A, €) be a bialgebra. Then with C' = A = H, we define the convo-

lution in the vector space End(H) of endomorphisms of H.

Definition 1.1.12. Let (H, p,n,A,€) be a bialgebra. An element S in End(H) is

called an antipode for the bialgebra H if

Sxldy =Idg*xS =mnoe.

A Hopf algebra is a bialgebra with an antipode. A morphism of Hopf algebras is a

morphism of the underlying bialgebras commuting with the antipodes.

A bialgebra does not necessarily have an antipode. But if it has, then it is unique.

Indeed, if S and S’ are antipodes, then

S=Sx(noe)=SxIdyxS")=(SxIdg)*S = (noe)xS =9".

A Hopf algebra with an antipode S will be denoted by (H,u,n, A€, S). Using

Sweedler’s notation, we see that an antipode satisfies the relations

Swixy = 11579 = €(x)1, for all z in H.

Proposition 1.1.13. The antipode for a finite-dimensional Hopf algebra is bijective.
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Proof. For the proof we refer to [1, Corollary 5.2.6]. O

The next two propositions give ways of obtaining new Hopf algebras from old.

Proposition 1.1.14. Let H be a Hopf algebra with antipode S, then H* is a Hopf

algebra with antipode S*. (|

Proposition 1.1.15. Let (H, u,n, A, €,S) be a Hopf algebra. Then

H? = (Hv N()p’n’ A,E, Sil)v H*? = (Haﬂaﬁ,AOp,E, Sil)a HPeP = (H, MOPJI, Aopa €, S)

are Hopf algebras. O

Example 1.1.16. The following are examples of Hopf algebras.

(1) If G is a finite group, then already we have mentioned in Example 1.1.5(1)
that the group algebra kG has also a coalgebra structure and one can check
that kG thus becomes a bialgebra. Further, the map S : kG — kG defined
by S(g) =g~ ! for all g in G and then extended linearly, is the antipode of the
bialgebra kG. Thus, kG is a Hopf algebra.

It follows from the Proposition 1.1.14 that (kG)* also has a Hopf algebra struc-

ture.

(2) (Sweedler’s 4- dimensional Hopf algebra) Assume that char(k) # 2. Let H be
the algebra given by the gemerators and relations as follows: As a k-algebra,

H is generated by ¢ and x satisfying the relations

Then H has dimension 4 as a k-vector space with basis {1,c,x,cx}. The

coalgebra structure is given by

Ale)=c®c,Alx)=c@x+2®1,¢e(c) =1,¢(x) = 0.
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One sees that H thus becomes a bialgebra which also possesses an antipode
S defined by S(c) = ¢ ', S(x) = —cx. This was the first example of a non-

commutative and non-cocommutative Hopf algebra.

1.2 Integrals

We introduce the notion of integrals for a finite-dimensional Hopf algebra. Let

H(p,n,A e, S) be a finite-dimensional Hopf algebra over any field k.
Definition 1.2.1. An element h in H is said to be a left- (resp., right-) integral if
xh = e(x)h (resp., hx = e(x)h) for all x in H.

Similarly, an element p in H* is said to be a left- (resp., right-) integral if

fo=fp (resp., pf = f(1)p) for all f in H*.

Example 1.2.2. (1) Let G be a finite group and consider the Hopf algebra kG.
Then one can easily check that h =3 . g is a left- (and right-) integral for
kG.

(2) If G is a finite group, consider the Hopf algebra (kG)*, the dual of kG. It is
easy to see that the element p € (kG)* defined by p(g) = 61,4, is a left- (and

right-) integral for (kG)*.

(8) If H denotes Sweedler’s 4-dimensional Hopf algebra as described in Example
1.1.16(2), then x + cx is a left-integral in H and x — cx is a right-integral in
H.

Remark 1.2.3. If h is a left-integral for H, then Sh is a right-integral for H.

The following theorem ensures existence of nonzero integrals in a finite-dimensional

Hopf algebra.
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Theorem 1.2.4. (1) In any finite-dimensional Hopf algebra the space of left-

(resp., right-) integrals is one dimensional.

(2) Further, if h denotes a nonzero left- or right-integral for H and p denotes a

nonzero right- or left-integral for H*, then p(h) # 0.

Proof. The proof of (1) can be found in [1, Corollary 5.2.6] and also in [23, Corollary
5.1.6], while for the proof of (2) the reader may look at [22, Corollary 1]. We also
refer to the beautiful pictorial treatment in [14, Theorem 1] which uses Kuperberg’s

diagrammatic formalism for Hopf objects which was first defined and developed in

[18]. O
It may happen that the spaces of left- and right-integrals for a finite-dimensional
Hopf algebra are the same. We have a name for such Hopf algebras.

Definition 1.2.5. A finite-dimensional Hopf algebra is said to be unimodular if the

spaces of left- and right-integrals are the same.

We now state several important facts concerning integrals and prove a few of

them which we will use frequently in the sequel.

Lemma 1.2.6. Let H be a finite-dimensional Hopf algebra over any field k with

antipode S.

(1) If h € H is a right-integral, then hia ® hy = hy ® hySa for all a in H.
(2) If h € H is a left-integral, then ahy @ hy = hy @ S™Yahy for all a in H.

(3) If h € H and p € H* are right-integrals, then p(hia)he = p(h)Sa for all a in
H.

(4) If h € His a left-integral and p € H* is a right integral, then p(ahi)hs =
p(h)S™'a for all a in H.
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Proof. To prove (1) we note that

hla & h2 = thLl X h2a25a3 = A(ha1)<1 X SCLQ) = A(h)(l X SCL) = hl (059 tha.

The proofs of (2), (3) and (4) are similar. O

Corollary 1.2.7. Let H be a finite-dimensional unimodular Hopf algebra over a
field k with antipode S. Let h € H be a nonzero integral. Then S(h) = h.

Proof. Let p € H* be a nonzero right-integral. Suppose h is a nonzero integral in

H. Then the desired result follows from Lemma 1.2.6(3) with a = h. O

Remark 1.2.8. A similar statement holds if H* is unimodular and in this case we

have that S*p = p o S = p where p is a nonzero integral in H*.

If H is a finite-dimensional Hopf algebra over k, then consider the elements p, p’

in H* defined by

pla) = trp(X\S?), foralla € H

and

p(a) =trg(\,S7?), for all a € H

where A\, € Endy(H) denotes left multiplication by a.

Proposition 1.2.9. With the above notation, p is a left-integral and p' is a right-

integral of H*.

Proof. For the proof we refer to [21, Proposition 4]. O

We now need to recall Fourier transform maps.
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Definition 1.2.10. Suppose H is a finite-dimensional Hopf algebra over any field
k. If p denotes a nonzero integral (right- or left-) of H*, consider the linear maps
F,, F? . H — H* defined by F,(a) = pi(a)p2 and FP(a) = py(a)p1 where a is in H.
Such maps are called the Fourier transform maps of H. Similarly we may define the

Fourier transform maps for H*.

Remark 1.2.11. If H is a finite-dimensional Hopf algebra, we assert that the
Fourier transform maps of H are bijective. It follows from the observations that
if p is a nonzero integral in H*, say right-integral, then FyF, = p(h)S™!, FPF" =
p(h)S™t where h is a nonzero left-integral in H and also F,F" = p(h')S, F, FP =
p(h')S if ' is a nonzero right-integral of H and thus proving bijectivity of F, as well
as FP. Similarly, we can show bijectivity of F,,, P in case p is a nonzero left-integral

of H*.

1.3 Semisimple Hopf algebras

The purpose of this section is to briefly review semisimple Hopf algebras. We start
with the mention of an important result, known as Maschke’s theorem, which is an

important application of integrals in finite-dimensional Hopf algebras.

Theorem 1.3.1. Let H be a finite-dimensional Hopf algebra. Then H is a semisim-

ple algebra if and only if e(h) # 0 for a left-integral h € H.

Proof. The proof can be found in [23, Theorem 5.1.8]. O

Remark 1.3.2. Consider the Hopf algebra H = kG of Example 1.1.16(1). We have
already seen that h = 73" . g is a left-integral for H. Then €(h) = |G|1), where |G|
denotes the order of the group. The preceding theorem tells that the Hopf algebra kG
is semisimple if and only if |G|1x # 0 in k, hence if and only if the characteristic
of the field k does not divides |G|. This is the well-known Maschke’s theorem for
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groups. For Sweedler’s Hopf algebra of Example 1.1.16(2), Theorem 1.3.1 shows

that it 1s not semisimple.

We next show that a finite-dimensional semisimple Hopf algebra is unimodular.
For this we need to introduce the notion of the distinguished grouplike element.
Given a nonzero left-integral h in a finite-dimensional Hopf algebra H, note that for
any x € H, hx is a left-integral so that he = a(x)h for a(z) € k. Also note that
a € Alg(H, k) and hence o € G(H*) (see Proposition 1.1.8). Now for any nonzero

right-integral 1/, we observe that for any z in H, zh/ = a~(z)l/.

Definition 1.3.3. The element o constructed above is called the distinguished grou-

plike element of H (For details, see [20]).
Remark 1.3.4. Clearly, H is unimodular if and only if a = €.

Lemma 1.3.5. If H is semisimple, then it is unimodular.

Proof. Choose a left-integral h in H with €(h) # 0. Then, forany x € H, a(z)e(h)h =
a(x)h? = (hx)h = h(zh) = e(x)h® = e(x)e(h)h. Since e(h) # 0, we see that
a(r) = €(z), for all z in H. Thus, a = € and so H is unimodular by the pre-

ceding remark. O

Proposition 1.3.6. Let H be a semisimple Hopf algebra. Let p and p' have the

same meaning as in Proposition 1.2.9.

(1) Then p is a nonzero left-integral and p' is a nonzero right-integral of H*.

(2) H* is semisimple if and only if try(S?) # 0.

Proof. (1) Let h denote the unique nonzero idempotent integral for H. Then
p(h) = p'(h) = 1. Hence the result.

(2) If H* is semisimple, denote by 1 the unique idempotent nonzero integral in H*.
Note ¢ = ¢p for some nonzero scalar c. Then ¢ = ¢? = ¢?p? = *p(1)p = *try(S?)p.

Thus trg(S?) # 0. Converse is obvious. O
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Proposition 1.3.7. Let H be a unimodular finite-dimensional Hopf algebra over a
field k with antipode S such that H* is also unimodular. Let h € H be a nonzero

integral. Then, hy @ hy = S?hy @ h.

Proof. Let p € H* be a nonzero integral. Then Theorem 1.2.4(2) tells that p(h) is
nonzero. Denote this value by . We also know that S(h) = h and S*(p) = p by
Corollary 1.2.7 and Remark 1.2.8. Take arbitrary x in H and let f = p;(z)ps. Then,

repeated application of Lemma 1.2.6 and Remark 1.2.8 show that

f(ha)hi = pi(x)p2(h2)ha = p(zha)hi = p(he)Sxhy = BSx

and also,

651‘ = p<h1>5$h2 = p<52h1>5$52h2 = p(hl)SQ(SilSL’hg) = p(.rhl)SQhQ = f<h1)52h2

Thus we conlude that f(hs)hy = f(h1)S?hy and this holds for arbitrary f in H*
since by the Remark 1.2.11 the Fourier transform map F), is bijective. Therefore,

hi ® hy = S?hs @ hy. O

In the paper [4], authors proved Kaplansky’s 5th conjecture which is as follows.

Theorem 1.3.8. The square of the antipode of any finite-dimensional semisimple

and cosemisimple Hopf algebra over any field is the identity.
Proof. See [4, Theorem 3.1] for the proof. O

And as a corollary to this the authors proved in [4] (see [4, Corollary 3.2]) various
facts about finite-dimensional semisimple and cosemisimple Hopf algebras over any

field which we state below.

Corollary 1.3.9. Let H be a finite-dimensional Hopf algebra with antipode S over
any field k. Then:
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(1) H is semisimple and cosemisimple if and only if S* = I and dimyH # 0 in k.

(2) If H is semisimple and cosemisimple and k is algebraically closed, then for

any irreducible representation V of H,dimV # 0 in k. 0J

Corollary 1.3.10. Let H be a finite-dimensional semisimple and cosemisimple Hopf

algebra over any field. Let h be a nonzero integral in H. Then hy ® hy = hs ® hy.

Proof. Follows immediately from the Proposition 1.3.7 and the Theorem 1.3.8. [

Proposition 1.3.11. Let H be a finite-dimensional semisimple and cosemisimple
Hopf algebra over a field k. Let p (resp., h) denote the unique nonzero idempotent

integral in H* (resp., H). Then p(h) = dmikH'

Proof. Follows easily from the Theorem 1.3.8, Proposition 1.2.9 and Corollary 1.3.9.
O
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Chapter 2

Planar algebras

The notion of planar algebras has been evolving since Jones introduced it in [8]. This
chapter is devoted to a survey of some facts about planar algebras which we will
need in the sequel. We first recall the definition of planar tangles and then present a
brief overview of planar algebras and discuss some properties of it and finally discuss
the planar algebra associated to a semisimple and cosemisimple Hopf algebra over
an algebraically closed field and conclude the chapter with a brief discussion on the

notion of cabling of planar algebras.

2.1 Planar tangles and operations on tangles

Consider the set Col = {0,1,2,---} x{£1}, elements of which we refer to as colours.
We will typically write a colour as (k, €) where € is either 4+ or — and stands for +1

or —1.

A tangle is a subset of the plane that is the complement of the union of the
interiors of a (possibly empty) collection of labelled internal discs in an external

disc, along with the following data.
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(1) Each disc has an even number (again, possibly 0) of points marked on its

boundary circles.

(2) There is also given a collection of disjoint curves on the tangle each of which
is either a simple closed curve, or joins a marked point on one of the circles to
another such. Each marked point on a disc must be the end-point of one of the
curves. For each disc, one of its boundary arcs (= connected components of
the complement of the marked points on the boundary circle) is distinguished
and marked with a x placed near it. Further, strings are allowed to intersect

boundaries only transversally, not tangentially.

(3) Finally, there is given a chequerboard shading of the regions (= connected
components of the complement of the curves) such that across any curve, the

shading toggles.

A disc with 2n marked points on its boundary is said to be an (n,+) disc or
an (n,—) disc according as its #-arc is adjacent to a white or a black region. The
colour of a tangle is the colour of its external disc. Tangles are defined only up to a
planar isotopy preserving the x-arcs, the shading and the numbering of the internal
discs. As is usual, we will often refer to and draw the discs as boxes with their
x-arcs being their leftmost arc and sometimes omit drawing the external disc/box.

We use the notation 7.%0<)

(v (kaca)oo (k) 1O denote a tangle T" of colour (ko, €9) with b

internal discs (b may be zero also) such that i-th internal disc of T" has colour (k;, €;).
We often omit the parantheses and denote an (n, €)-tangle 7" by T™¢ without any
reference to internal discs and also use the notation T,f;;l, instead of T(f;;l), to
denote a tangle T" of colour (k1,€;) with a single internal disc of colour (ko €5). We

also write D;(T') to denote the i-th internal disc of 7.

Two basic operations can be performed on tangles to produce new tangles from

the old ones.
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Renumbering: Let T = T((:l",ff)),(kmq)’___7(1%7%) be a tangle. Let o be a permuta-

tion on the set {1,2,---,b}. We define o(7T") to be the tangle that is identical to
T as a subset of the plane, except for a numbering of the internal discs. The i-th

internal disc of T"is the o(i)-th internal disc of o(T), i.e., D;(0(T)) = Dg—1(;y(T").

Substitution: Let T = T((:lo,flo)),(kz,eg),--- (k) and S = S((gf,’:f)),(&é),__ Gots) be
tangles such that the colour of the i-th internal disc of 7" is same as the colour of the
external disc of S i.e., (ko, &) = (ki, €;). Then we obtain the composite tangle T o; S
by substituting the tangle S into the i-th internal disc of T" appropriately such that
the x-arc of the external disc of S matches the x-arc of the i-th internal disc of T

and then deleting the boundary circle. Thus T o; S is a (ko, €)-tangle with b+b— 1

internal discs. The numbering of the internal discs will be as follows:

Ifh >0, foreach1§j§b+l~)—1, the j-th disc of T'o; S is the

(

j-th disc of T, if1<y<i—1

j—i+1-thdiscof S, ifi<j<i—1+b

j—b+1thdiscof T, ifi—1+b<j<b+b—1.
\
If b =0, then T o; S has b — 1 internal discs and j-th internal disc of T"o; S is the

j-th disc of T, if1<;j<i—1

j+ 1-thdiscof T, ifi<j<b-—1.

2.2 Some examples of tangles

We illustrate several important tangles in Figure 2.1. We use the following notational
device for convenience in drawing tangles. A strand in a tangle with a non-negative
integer, say t, adjacent to it will indicate a t-cable of that strand, i.e., a parallel

cable of t strands, in place of the one actually drawn.
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n * * n—1 * U
j n n
N /A
n—+j,€e En+2’€
In,e
*
n
TRy (m0) ELY
M;" ’

(n,€),(n,e€)

Figure 2.1: Some important tangles (m,n,j > 0)

2.3 Planar algebras

A planar algebra is a collection {Py. ¢ : (k,€) € Col} of vector spaces over a field
k such that given any tangle T" = T((:fff))(kz e)oee (kprcn)? there is an associated linear

map Zr

P(kl,El) ® P(k;g,gg) ® tre ® P(kba5b) — P(kO,EO) lf b > 07
kK — P(ko,eo) if b=0.

There are three axioms to be satisfied for this association.

Compatibility with Renumbering: Given a tangle T = T(fﬁff){(k%q),__7(kb7€b)

with b > 0 and a permutation ¢ on the set {1,2,---,b}. Consider the tangle o (7).

Then the following diagram must commute:

Us
P(k1,e1) ® P(kz,ﬁz) Q- ® P(kbveb) - P(k071(1)76071(1)

Zr

P(kovﬁo)

)& ® P(ko-*l(byeo-*l(b))

Figure 2.2: Renumbering compatibility
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where U, : ®I]’.:1P(kj75j) — ®§'=1P(’% is the linear isomorphism given by

“1()e=1(5)
Compatibility with Composition: Given tangles T = T(ff’:f))(b ) (k)

and S = S(Zm’fo) - - __such that colour of the i-th internal disc of T" is same
(k1,€1),(k2,€2), - ,(k;,€5)

as the colour of the external disc of S i.e., (/:;0, €0) = (ki,€;). Consider T o; S. Then

compatibility requirement for the tangle maps is that the following diagram com-

mutes:
When b > 0 :
(@721 Pty ) @ (@21 P, e0) © (@1 Pty )
(@521 TdpG ep) )®ZS®(®?=1'+1MP(’%’€J') )l wx
z
(&5=1Pk;.¢) s Pk co)
Figure 2.3: Compatibility condition when b>0
When b =0 :

(®§;11P(kjvﬁj)) RC® (®?=i+1P(kjv€j)) — ®??17P(kjvﬁj)

J#i
(@ —1dp ) Zs@(Rb_. ,  Idp )
=17 Pk e F=i4 17k e ) ZToiSl
b Zr
(®j=1P(kj76j)) P(kovfo)

Figure 2.4: Compatibility condition when b =0

Non-degeneracy axiom: This axiom says that Z;Zw = Idp,,, for all (k,¢) €

Col.

We now define morphism of planar algebras.

Definition 2.3.1. If P,Q are planar algebras, a morphism from P to Q) is a col-

lection {(b(m) D Py — Q(kvg)}(kvg)ecgl of linear maps such that given any tangle
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T = T(ff,ff){(kQ,eg),___,(kb,eb), the following diagram commutes:

;3
) = Plro.e0)

®?:1P(kj7€j

®2—1¢(7€j7€j)l ld)(k()vﬁo)

b S
®j:1Q(k‘j75j) ZQ Q(k?(),ﬁ())
T

Figure 2.5: Planar algebra morphism

We remark that the above definition of planar algebras is the most recent one.
We will refer to planar algebras in the older sense as restricted planar algebras. For
these, the set of colours is the subset {(0, %), (1,+),(2,+),- -}, all discs (with the
exception of (0, —)-discs) have %-arcs abutting white regions and P is a collection of
vector spaces indexed only by the subset above. Clearly, a planar algebra naturally
yields a restricted planar algebra (which we will refer to as its restriction) in the
obvious manner. The converse holds too in the following form - see Remark 3.6 of

[5] (which treats the case when P has modulus).

Proposition 2.3.2. Let Q) be a restricted planar algebra. There exists a planar
algebra P with restriction isomorphic to Q. Further P is unique in the sense that
if P and P? are planar algebras with restrictions Q' and Q* that are isomorphic
(as restricted planar algebras) by the map ¢ : Q1 — Q2 then, there exists a unique

planar algebra isomorphism <;~5 : Pt — P? that restricts to ¢.

Proof. For existence, given @), construct P as follows. Define )1+ = )y + and for

k > 0, set Pk,:l: = Qk7+.

To define the action by tangles, first consider for every colour (k,¢), the tan-
gle C*"9 which is defined to be the identity tangle of colour (k,¢) if (k,e) €
{(0,%),(1,4),(2,+), - -} and to be the one-rotation tangle with an internal disc

of colour (k,+) and external disc of colour (k,—) otherwise. Also consider the
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tangle D) which is defined to be the identity tangle of colour (k,¢) if (k,€) €
{(0,%), (1,4),(2,4+), - - } and to be the inverse one-rotation tangle with an internal

disc of colour (k,—) and external disc of colour (k,+) otherwise.

Now, for a (ko, €)-tangle T" with internal discs of colours (ky,€1),- -, (kp, €),
define 7ZE = ng where T = D(ko,eo) oT O(Dy,--,Dy) (C(kl’gl), C(k2752), s ,C(kb’gb)). It
is then easy to see that this defines a planar algebra structure on P, the main

observation being that C*<) o D is the identity tangle of colour (k,€).

For uniqueness of P, suppose that P!, P? are planar algebras with restrictions
Q', Q% and ¢ : Q' — Q? is a restricted planar algebra isomorphism. We need to see
the existence and uniqueness of a unique planar algebra isomorphism ¢ : P! — P2

that restricts to ¢.

The uniqueness of <;~5 is because, given a colour (k,—) with & > 0, the equation

=7t

(b - ozt C(k

C(k - — )O(bk 4y must hold and Z

(k- 18 an isomorphism for any planar

algebra P. As for existence, define gbk,_ by the same equation and check that this

indeed gives a planar algebra isomorphism that restricts to ¢. O

Given a planar algebra P, the following proposition describes the unital algebra

structure on each vector space Py ). See Figure 2.1 for the tangles referenced here.

Proposition 2.3.3. Let P be a planar algebra. Then for every colour (k,€), the
vector space Py, ¢y has the natural structure of an associative unital algebra with
multiplication specified by the (k,€)-multiplication tangle M(/,C O)1(kc) and unit given
by Zyke(1) where UM is the unit tangle (see figure 2.1 for definitions ofM (k 0

and U%¢). Furthermore, inclusion tangles induce homomorphisms of unital algebms.

We now recall certain significant properties of planar algebras.

e Connectedness: A planar algebra P is said to be connected if dim P +) = 1.

In this case, there are canonical identifications P +) = C.
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e Modulus: A connected planar algebra P is said to have modulus ¢ if there is
a scalar § such that ZF, . = 61dc where T%" (resp., T%7) denotes the (0, +) (resp.,

(0, —)) tangle with no internal disc and a single closed loop.

Remark 2.3.4. If a connected planar algebra has nonzero modulus, then inclusion

tangles induce injective maps.

e Finite-dimensionality: A planar algebra P is said to be finite dimensional

if dimPy, ) < oo, for all (k,€) € Col.

e Sphericality: A connected planar algebra is spherical if and only if Z g Jo- =
1,+
Z;R?Zi (see figure 2.1 for definitions of EL?:J: and TR?:D, where both ZEL?; and

ZP

R0+ Are regarded as linear functionals on P 4.
1+

2.4 Universal planar algebras and presentations

Given a ‘label set” L = Hj, o)ccorLik,e), an L-labelled tangle is a pair (7', f) where T is
a tangle, say, T = T(ff’ff))’(k”g),__ (ke @0d [ is & function from {D(T'), Do(T), - -+, Dy(T)}
to L such that f(D;(T)) € L., for all i. Thus by an L-labelled tangle we simply
mean a tangle each of whose internal discs of colour (k,€) is labelled by an element

of Lkey. Thus if L) = ¢ for some colour (k, €), then no L-labelled tangle can have

an internal disc of colour (k, €).

The universal planar algebra on L, denoted by P(L), is defined by requiring
that P(L)(,e is the vector space with basis all L-labelled (k,¢) tangles with the
action of a planar tangle on a tensor product of basis vectors is given by the obvious
L-labelled tangle obtained by substituting these basis vectors into the appropriate

internal discs.

We now introduce the notion of a planar ideal.
Definition 2.4.1. A planar ideal I of a planar algebra P is a collection {Ij.e) :
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(k,e) € Col} of vector spaces where each I (e 1s a linear subspace of Py, ) such that
giwen any tangle T = T(ff,’:f)),(kmq),__7(kb,€b), ZT((X)?:le) € I(ky,co) whenever x; € I, e

for some 5,1 < 7 <b.

Given a planar ideal [ in a planar algebra P, there is a natural planar algebra
structure on the quotient P/ = {(P/I) e := P/l k) : (k,€) € Col} together

with a surjective planar algebra morphism from P to P/I.

Given a planar algebra P, let R = {R) : (k,€) € Col} be a subset of P (i.e.,
each R is a subset of P ,)). The planar ideal generated by R, denoted by I(R),
is the smallest planar ideal in P containing R. Equivalently, if we set I o) to be the
span of all Zp(x; ®---®x,) where T is a (k, €)-tangle , say T = T((:l’fgl)’(k2752)7m7(,%7%),

and at least one x; € R, then I = {I(; ¢ : (k,€) € Col} is the planar ideal generated
by R.

We now describe the notion of planar algebra presented with generators and

relations.

Definition 2.4.2. Given a label set L = I, yccoiLik,e), consider the universal pla-
nar algebra P(L) on L. Let R be a subset of P(L) and suppose I(R) denotes the
planar ideal generated by R. The quotient planar algebra P(L)/I(R) is said to be the
planar algebra presented with generators L and relations R and is usually denoted

by P(L, R).

2.5 The planar algebra of a Hopf algebra

Throughout this section k£ will denote an algebraically closed field. We recall from
[16] the construction of the planar algebra associated to a finite dimensional semisim-
ple and cosemisimple Hopf algebra H of dimension n over k. The nonzero idempotent

integrals of H* and H are denoted by p and h respectively.
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However, the definition depends on the choice of a square root, denoted ¢, of
n in k, which we will assume has been made and is fixed throughout. The planar
algebra P(H,¢) (which we will simply write as P(H)) is then defined to be the

planar algebra P(L, R) where

H, if (k,e)=(2,+)
Like) =
0, otherwise

and R being given by the set of relations in Figures 2.6 - 2.9 (where (i) we write the
relations as identities - so the statement a = b is interpreted as a —b € R; (ii) ( € k
and a,b € H; and (iii) the external boxes of all tangles appearing in the relations

are left undrawn and it is assumed that all external x-arcs are the leftmost arcs.

x| | A | x| |
Ca+b| = ¢ a + b = 4
[ [ [

Figure 2.6: The L(inearity) and M(odulus) relations

R

Figure 2.7: The U(nit) and I(ntegral) relations

= ¢la) U = op(a)
U

Figure 2.9: The E(xchange) and A(ntipode) relations
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In these figures, note that the shading is such that all the 2-boxes that occur are
of colour (2,4). Also note that the modulus relation is a pair of relations - one for

each choice of shading the circle.
The main result of [16] asserts the following.

Theorem 2.5.1. Let H be a semisimple and cosemisimple Hopf algebra H of di-
mension n. The planar algebra P(H, ) associated to H is a connected, irreducible,
spherical, non-degenerate planar algebra with modulus 6 and of depth two. Further,

dim Py.ey =n" " for all k > 1.

Remark 2.5.2. The word ‘non-degenerate’ here refers not to the non-degeneracy
azxiom (which must hold for any planar algebra) but to the condition that the trace

tangles for each colour specify non-degenerate traces.

We recall a result from [16]. Let T (k, €) denote the set of (k, €) tangles with k£ —1
(interpreted as 0 for k£ = 0) internal boxes of colour (2,+) and no ‘internal regions’.

The result then asserts:

Lemma 2.5.3. [Lemma 16 of [16]] For each tangle X € T (k,€), the map Z)Iz(H) :

(Po,+)(H))®* Y — Py o(H) is an isomorphism.

While the statement in [16] assumes ¢ = 1 and k£ > 3, it is easy to see that

neither restriction is really necessary.

The following lemma establishes algebra isomorphisms between P(H)j + and

finite iterated crossed product algebras.

Lemma 2.5.4. Let H be a finite-dimensional, semisimple and cosemisimple Hopf

algebra over k with planar algebra P(H). For each k > 2 the maps

HxH"xHx---(k—1factors) — P(H)y4 and
H*xHxH"x---(k—1factors) — P(H);_,
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defined as in Figure 2.10 are algebra isomorphisms where F' (= Fy,) denotes the

axXfxbx--- fraxgx- —

Figure 2.10: Algebra isomorphisms

Fourier transform map from H to H* defined by F(a) = dp1(a)ps.

2.6 Cabling

For any positive integer m, consider the ‘operation 7'+ 7™ on tangles’ given by
m-cabling. Some care is needed in defining this for tangles involving (k,€) boxes
with e = —1. Take the tangle T, ignore its shading and thicken every strand to
a cable of m parallel strands without changing the x’s. Now introduce shading in
the result such that any (k,¢) box of T changes to a (mk, ™) box of T0™. A little
thought shows that this does give a consistent chequerboard shading as needed. For
a detailed definition of ‘operation on tangles’, see [15]. This gives an operation on
planar algebras P +— (™P. Here, the planar algebra (™P = @Q, say, is defined by
setting the vector spaces Qi+ to be P (+)» and the action Zj@ of a tangle T" on @)

to be ZE

T(m)*

In our case we will only be interested in the 2-cabling of a planar algebra P

whose spaces are specified by ((PP); + = Py, for any k € {0,1,2,---}.

41



Chapter 3

Infinite iterated crossed products

and Drinfeld doubles

The purpose of this chapter is to prove one of our main results which is roughly the
following: Given a finite dimensional Hopf algebra over any field, we associate to it
a very natural inclusion A C B of infinite iterated crossed product algebras, namely,
B = Hop(=00,0) — ... 5 [P xq HP* 5q [P % ... and A = Hor(—o—1] & ffop[2.00)
We then show that B is the crossed product of A by D(H) where D(H) denotes
the Drinfeld double of H. More significantly, we show that D(H) is the only finite-
dimensional Hopf algebra with this property and thus produce a context in which

the Drinfeld double arises very naturally.

Though motivated by a folklore result in subfactor theory which asserts that for
a Kac algebra subfactor, a related subfactor to its asymptotic inclusion comes from
an outer action of its Drinfeld double, it is worth noting that our main result is
purely algebraic in nature and applies to finite dimensional Hopf algebras over an
arbitrary field. In particular, it applies to Hopf algebras that are not semisimple, in

contrast to the analytic case.
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3.1 Iterated crossed products

Throughout we work over a fixed but arbitrary ground field k. All algebras consid-
ered here will be unital k-algebras and possibly infinite-dimensional. However, the
Hopf algebras we consider will always be finite-dimensional. Subalgebras will always

refer to unital subalgebras.

We begin with the definition of action of a finite-dimensional Hopf algebra on

an algebra.

Definition 3.1.1. Suppose that A is an algebra and H = (H,p,n, A€, S) is a
finite-dimensional Hopf algebra. By an action of H on A we will mean a linear
map o : H — End(A) (references to endomorphisms without further qualification
will be to k-linear endomorphisms) satisfying (i) cqn = ida, (ii) oy = o 0 oy, (iii)
a,(1a) = €(z)la and (iv) ay(ab) = ag, (a)a,(b), for all x,y € H and a,b € A. To

clarify notation, o, stands for a(z) and A(x) is denoted by r1 & 5.

Example 3.1.2. Given a finite-dimensional Hopf algebra H, consider the dual Hopf
algebra H*. There is a natural action of H* on H given by f¢(x) = f(x2)zy for

fe H* x € H. Similarly we have action of H on H*.

We draw the reader’s attention to a notational abuse of which we will often be
guilty. We denote elements of a tensor product as decomposable tensors with the
understanding that there is an implied omitted summation (just as in our simplified
Sweedler notation). Thus, when we write ‘suppose f ® v € H* ® H’, we mean
‘suppose Y. f'®a' € H*® H’ (for some f' € H* and 2’ € H, the sum over a finite

index set).
If H acts on A, we may define the crossed product algebra (or the smash product
algebra) as follows.

Definition 3.1.3. Given an acton o of H on A, the crossed product algebra, denoted

AxoH (or mostly, simply as Ax H, when the action is understood) to be the algebra
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with underlying vector space AQH (where we denote a®x by axx) and multiplication
defined by

(a ¥ z)(bxy) = ac (b) X xay.

This is an algebra with unit 14 x 15 and there are natural inclusions of algebras
AC AXHgiven by a— axlyand H C Ax H given by x — 14 xz. We
note that while the crossed or smash product construction is a special case of one
that involves, in addition, twisting by a 2-cocyle of H, in our context, it suffices to

consider the case of the trivial cocycle, which is the one discussed above.

Borrowing terminology from subfactor theory, we define an inclusion A C B of
algebras to be irreducible if the relative commutant A’ N B (which is the centraliser
algebra of A in B, also denoted by Cg(A) or B4) is just k1, i.e., if the only elements
of B that commute with all elements of A are scalar multiples of its identity element.
We also define an action of H on A to be outer if the inclusion A C A x H is

irreducible.

The following lemma, whose proof we omit, is a simple and useful characterisation
of crossed products without explicit reference to an action. We will say that two
algebras containing an algebra A are isomorphic as algebras over A, if they are

isomorphic by an isomorphism that restricts to the identity on A.

Lemma 3.1.4. Suppose that B is an algebra with subalgebras A and H, where H is
further equipped with a comultiplication and antipode that make it a Hopf algebra,

and such that:

(i) The restriction of the multiplication map p: A® H — B is a linear isomor-

phism, and

(ii) For allz € H and a € A, z1aSz5 € A.

Then o : H — End(A) defined by a,(a) = x1aSxzy is an action of H on A and the
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crossed product algebra A X, H is isomorphic to B as an algebra over A. (|

Observe that if o is an action of a Hopf algebra H on an algebra A, then there
is a natural action 3 of the dual Hopf algebra H* on the crossed product algebra
A x H defined by ff(a x x) = f(z2)(a x ;7). In the sequel, we will use this action

without further specification.

We now review infinite iterated crossed products. Our treatment closely follows
that of [7] which treats the case when H is a Kac algebra. For i € Z, define H® to
be H* or H according as i is even or odd. For i < j define H*/! by induction on
j—ias H if j =i and as H"~1 x H’ otherwise (for the natural action). The
multiplication on H"! is seen (by induction) to be given by the following formula

(when 4, j are both even - similar formulae hold for the other three cases):

(P (g xy™xxgl) =
(@ go) A2 lys ™y - (g Ay ) <

i i+1 Z+1 j—1 j—1 J g
fg1>4372 Moo Xy Yy X fygl

The multiplication is given pictorially in Figure 3.1. The interpretation of Figure

f g
xiJrl yi—l-l
i+2
/ o
i1 yi=1
£ g’

Figure 3.1: Multiplication in H! for 4, j even

3.1 is as follows. The dots are to be interpreted as multiplication (in H or in H*),
the diagonal lines as contractions (between H and H* to get a constant) and the

forks as applications of A.
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Note that H» 1 = H? x H**! is known as the Heisenberg double of H* (and is

isomorphic to a matrix algebra of size dim(H)).

The multiplication rule shows that if p < ¢ < j < ¢, the natural inclusion of
HU3l into HP4 is an algebra map. Define the algebra B to be the ‘union’ of all
the H". More precisely, B is the direct limit, over the subset of finite intervals in
Z directed by inclusion, of the HI“/!. We may suggestively write B = H (%) =
X HxH*xHx--- and represent a typical element of B as ---xz ' x fOxaz! x---.
We repeat that this means that a typical element of B is in fact a finite sum of such
terms. Note that in any such term all but finitely many of the f? are € and all but
finitely many of the z* are 1. One fact about the infinite iterated crossed product

that we will use is that H* and H’ commute whenever |i — j| > 2.

Next, we define a subalgebra A of B which, in suggestive notation, is H( 1 ®
H'2%) A little more clearly, it consists of all (finite sums of ) elements - - -z~ x f0x
2t % -+ of B with f° = e and 2 = 1. Strictly speaking, if H(=°~1 represents the
direct limit of all the Hl=3~1 for j > 1 and H>* represents the direct limit of all the
H23! for j > 2, then, these algebras can be identified with commuting subalgebras
of B, with the multiplication map being an injective map from H (>~ H2) to
B, and the image is denoted A. As an algebra, A is clearly generated by all the H®
for i € Z\{0,1}.

The main object of interest is the following pair of algebras.

Definition 3.1.5. For a finite-dimensional Hopf algebra H, the inclusion A C B

of (infinite-dimensional) algebras defined above will be called the derived pair of H.

The following proposition identifying the relative commutant of the derived pair

will be very useful. In case H is a Kac algebra, this appears in [6].

Proposition 3.1.6. For any p € Z, the subalgebras H =% and HP+%>) are mutual

commutants in B. In particular, the derived pair of H is irreducible.
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The main observation in the proof of Proposition 3.1.6 is contained in the follow-
ing lemma, for the proof of which we need to recall a few facts regarding integrals
as well as Fourier transforms of a finite dimensional Hopf algebra for which we refer

to Theorem 1.2.4, Lemma 1.2.6, and Remark 1.2.11.

Lemma 3.1.7. Fori < j, the set of elements of H"I! that commute with a non-zero

left integral in H'=' is precisely HI*1I1,

Proof. First suppose that i is even, so that H~' = H. Since elements of HI*!7]
certainly commute with all elements of H*"!, it suffices to see that an arbitrary

element, say f* x a't!t x ... € H that commutes with a non-zero left integral, say

hi=' € H"!, is actually in HU+1I],

The commutativity condition is equivalent to the equation

R fixa ™ o= fiAS DR 3 fa T

Comparing coefficients of a basis of HIt1l on both sides, we get hi~! x fi =
(RS YR % fi. Evaluating the second component on 1 gives fi(1)hi~t = fi(hi 1)hiL
But now, since f(1)h*~! = fi(1)e(hy ')h'™!, the injectivity of the Fourier transform

map implies that f? = fi(1)e. Therefore f' x 2"+ x ... € HI+1 as desired.

A similar proof is valid if 7 is odd, replacing H with H*. O

Proof of Proposition 3.1.6. Since H' and H’ commute for |i—7j| > 2, the subalgebras
H(o?l and HP+22) of B commute with each other and therefore are contained in

the commutants of one another.

To show that (H(o#) C HIPF2:20) take 1 # b € (H=>")"  and choose i largest
so that b € H"! for some j. It suffices to see that i > p+2. Suppose that i < p+ 1
so that i — 1 < p. Now b € H"! and commutes with H*~! (since H*=' C H(~°°]),

By Lemma 3.1.7 it follows that b € HI*19] contradicting choice of i.
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To see that (HP+2>))" C H(>rl note that the ‘flip map about p + 1’ from B

to B defined by

_,_pr—lprxfp+1>qxp+2>qu+3>q,_,

3 xS g ST 5 S P s STLP ) SP -

(for p odd, with a similar definition for p even) is an anti-automorphism that inter-

changes HP2>) and H#! and appeal to the previously proved case.

Finally, to see irreducibility of the derived pair, note that A’'NB = (H>>~1)'N

(H[Q,oo))/ = HLo) 0 HE20 = k15 - as desired. .

3.2 The Drinfeld double construction

We next review the Drinfeld double construction from [19]. The Drinfeld double
of a Hopf algebra H, denoted D(H), is the Hopf algebra whose underlying vector
space is H* ® H and multiplication, comultiplication and antipode specified by the

following formulae.

(fer)(gey) = gi1(St1)g3(23)(92f @ 12y),
Alf@z) = (i®z)®(fr @), and

S(foz) = fi(z)fs(S23)(S™ f2 @ Sxa).

What we actually use is an isomorphic avatar of this, which we denote D(H) which
also has underlying vector space H*® H and structure maps obtained by transport-
ing the structures on D(H) using the invertible map S ® S™': D(H) = H*® H —

H*® H = D(H). Tt is easily checked that the structure maps for D(H) are given
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by the following formulae.

(fer)(gey) = gi(r1)g3(S73)(fg2 ® yza),
Alf@z) = (f2®@22)®(fi ®21), and

S(fox) = fi(Sz1)fs(xs)(S™ fa ® Sxa).

The Hopf algebra D(H)<? is the Hopf algebra (also with underlying space H* @ H)

with structure maps given by:

(fer)(gey) = gi(r1)g3(S73)(fg2 ® yza),
Alf@zr) = (i®z)®(fr @), and

S(fox) = fi(Sz1)fs(xs)(Sfa® S ).

For ease of notation we will denote the Hopf algebra l~)(H )P by L. By construction,

as a Hopf algebra, it is isomorphic to D(H )“P.

Lemma 3.2.1. D(H*P) = D(H)“ as Hopf algebras.

Proof. 1t follows from the above that the structure maps for [)(H ©P) are given by:

(fex)(goy) = gi(rs)gs(S™ w1)(g2f @ yxs),
Alfez) = (fo®@x1)®(fi ®2), and

S(fex) = fi(S as) fs(x1)(Sfa @ S ).

A direct check now shows that the map S ® idy : D(H)®P — D(HP) is a Hopf

algebra isomorphism. O
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3.3 Basic construction, crossed products and recog-
nition

This section is devoted to a few results that will be used in proving the uniqueness
part of our main theorem. We use the notion of ‘basic construction’ as the main

tool towards proving this uniqueness result.

Definition 3.3.1. The passage from a unital algebra inclusion A C B to the unital
algebra inclusion B C C' = End(Ba) (the algebra of right A-linear endomorphisms
of B) where the inclusion of B in C is via the left reqular representation is called

the basic construction of A C B.

Many of the results of this section are known - sometimes in greater generality -
for Hopf-Galois extensions (in particular for twisted smash products) as in [9, 17],
including crossed product recognition theorems as in [3, 10]. Proofs are included

here only for completeness.

Lemma 3.3.2. Let A C B be a unital inclusion of algebras with associated basic
construction B C C. Then the centraliser algebras B4 and C® are anti-isomorphic.

In particular, A C B is irreducible if and only if B C C' is irreducible.

Proof. The map B* — CP given by b — p, where py(b) = bb is verified to be an

anti-isomorphism. O

Before we prove the next theorem analysing the basic construction when A C B

is of the form A C A x H, we pause to observe the following.

Lemma 3.3.3. Every linear map H — A x H is of the form \guzBf fora®@z® f €
AR H® H*.

Proof. Clearly, any such linear map is necessarily of the form z — a ® g(z)y for

some a®yYRg € A® H® H*. Let p be a left integral for H* and h a left integral of
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H with p(h) = 1. Let a®@z ® f = a® (gp2)(ha)yS~'hy ® S~'p;. Now, computation,
using the properties of left integrals stated above Lemma 3.1.7 applied to both h

and p, shows that A\,..0f(2) = a ® g(2)y, as desired. O

Theorem 3.3.4. Suppose that v is an action of the finite-dimensional Hopf algebra
H on an algebra A and B = Ax H. Let B C C be the basic construction of A C B.

Then,

(1) C is isomorphic as an algebra over B to B x H*.

If, further, the action a is outer, then

(2) ANC (= End(aBa)) = H* for the natural imbedding of H* in C, and

(8) Hom(aBa,a Aa) is 1-dimensional and is identified in H* as the scalar multi-

ples of a(ny) non-zero left integral of H*.

Proof. (1) Define amap 6 : B x H* — C by 8(b x f) = A\, o f; and note that this a
well-defined map, i.e., is right A-linear, and, after a little calculation, is an algebra

homomorphism that restricts to the identity on B.

To see that 6 is injective, take Z = bxyxg € Bx H* = Ax H x H* in
ker(6). To see that Z = 0, it will suffice to see that for arbitrary f € H* and z € H,
(1d® f®z)(Z) = 0. Computation shows that 0 = 0(Z)(1x2) = g(29)(bxyz), for all
z € H. Hence, forall k € H* and z € H, g(22)k(yz1)b = (id®@k2(21)k1 ® 20)(Z) = 0.
Now appeal to the well-known (and easily checked) fact that the map k ® z +—
ko(21)k1 @ 29 of H*® H to itself is invertible (with inverse f @z — fo(S™ ey fi @x9)

to produce k ® z such that ko(21)k1 ® 22 = f ® x, to finish the proof of injectivity.

For surjectivity, first note that the map x®a — za = (1xz)(ax1l) = a,, (a) ¥z, :
H®A — Ax H is alinear isomorphism with inverse given by a xz — xa®@ag-1,, (a).

It follows that any right A-linear map from B to B is determined by its action on

51



elements of H. Now by Lemma 3.3.3, an arbitrary linear map from H to A x H can
be expressed in the form A, 8f for a®@z ® f € A® H® H*. Since A0y is right

A-linear, surjectivity follows.

(2) Identify C' with A x H x H*. Observe first that 1 x 1 x f commutes with
A for all f € H*. Conversely, suppose that a x = x f € A’ C. This implies that
aa X x X f = aag (@) X xy x f for all @ € A. Recalling that a x = x f actually
stands for a sum and comparing coefficients of a basis of H* on either side gives
aa X x = aoy, (@) Xz, for all a € A. This implies that a xx € A'N B and is therefore

a scalar by outerness of the action. Hence a x x x f € H* C C.

(3) Hom(aBa,a Aa) consists of those elements of End(4B4) whose range is
contained in A. Since End(4Ba) = {fs: f € H*}, we need to see for what f € H*
is fr(Ax H) C A If f = p- a non-zero left integral of H*, then ff(a x z) =
a X p(xg)x; = p(x)(a x 1), by the defining property of a left integral of H*. On the
other hand, if 8;(A x H) C A, then, in particular, B¢(1 x ) = 1 % f(xg)x; € A for
all z € H. Thus f(x9)r; must be a scalar multiple of 15 for all z € H and applying

¢ shows that this scalar is necessarily f(z). Thus f must be a left integral of H*. [

We omit the proof of the next proposition, the first three parts of which follow
directly from Lemma 3.3.2 and Theorem 3.3.4, while the fourth has a proof very

similar to that of Theorem 3.3.4(2).

Proposition 3.3.5. Suppose that o is an outer action of the finite-dimensional Hopf
algebra H on an algebra A and B = A x H. Let AC B C C C D be the iterated
basic construction of A C B. Then,

(1) D is isomorphic as an algebra over A to A x H x H* x H,

(2) BN D (= End(gCg)) = H for the natural imbedding of H in D,

(3) Hom(pCp,p Bg) is 1-dimensional and is identified in H as the scalar multiples
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of a(ny) non-zero left integral of H, and

(4) A0 D (= End(4Cp)) = H* x H for the natural imbedding of H* x H in
D. U

Note that Proposition 3.3.5(4) implies that the multiplication map (A’ N C) ®
(B'N D) — (A'Nn D) is an isomorphism. We now show that the crossed product
by an outer action of a finite dimensional Hopf algebra recognizes the Hopf algebra.

More precisely, we have the following theorem.

Theorem 3.3.6. Let H be a finite-dimensional Hopf algebra acting outerly on an
algebra A. Then, the isomorphism class of the pair A C A x H determines H up to
isomorphism, i.e., if ACAx H=ACAXK as pairs of algebras, for some finite

dimensional Hopf algebra K acting outerly on A, then H = K as Hopf algebras.

Before beginning the proof we note that by an isomorphism of pairs of algebras
A C B and C C D, we mean an algebra isomorphism from B to D that restricts to

an isomorphism from A to C.

Proof of Theorem 3.3.6. Begin with a pair of algebras A C B known to be iso-
morphic to A C A x H. Perform the double basic construction to get the tower
A C B C C C D of algebras. It follows from Theorem 3.3.4(2) and Theorem
3.3.5(2) that A NC = H* and B'N D = H as algebras.

Now, Theorem 3.3.4(3) and Proposition 3.3.5(3) give distinguished 1-dimensional
subspaces Hom(aBa,a Aa) € A'NC and Hom(pCp,p Bg) € B’ N D that are

identified with the spaces of left integrals in H* and H respectively.

Pick a non-zero element p € Hom(aBa,a Aa). Since p corresponds to a left-
integral of H*, for any g € H* = A'NC, we have gp = ¢g(1)p. Thus we get the map
g—g(1): AANC = H* — k - which is the counit ey of H*. Similarly, we get the

map ey : BND=H — k.
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Finally, given arbitrary f € H* = AN C and v € H = B'N D, consider
xf € AN D. Identifying H* and H with their images in H* x H, this is just the
element (e x x)(f X 1) = g, (f) X 2o = fo(x1)fi X x9 € H* x H. Pulling back this
element via the natural isomorphism from (A’'NC) ® (B'N D) to (A’ N D) gives the

element ay, (f) ® 2o € H* ® H. Now applying ey« ® ey to this gives f(x).

Thus, if A C AxH =2 A C AxK, we've seen that there are algebra isomorphisms
H — K and H* — K* that take the evaluation pairing between H and H* to
that between K and K™. This shows that the algebra isomorphisms are bialgebra

isomorphisms and therefore also Hopf algebra isomorphisms. O

3.4 The main theorem

We are now ready to state our main result.

Theorem 3.4.1. Let H be a finite-dimensional Hopf algebra and A C B be its
derived pair. Then B is isomorphic, as an algebra over A, to A x L (for some
(outer) action of L = D(H )P on A) and further, up to isomorphism, L is the only

finite-dimensional Hopf algebra with this property.

We briefly sketch the proof of this theorem before going into the details. We
first exhibit L = D(H)®? = D(H)®? (see 3.2) as a subalgebra of B, show that the
multiplication map A ® L to B is an isomorphism and that A is stable under the
‘adjoint action’ of L. This suffices to see that B is isomorphic as an algebra over A

to A x L. The uniqueness of L follows from Theorem 3.3.6.

While the following lemma is quite easy to prove, deriving the form of the ho-
momorphism from L to B took us the longest time and involved application of
the diagrammatics of Jones’ planar algebras. Having obtained the formula though,

verification is simple.

54



Lemma 3.4.2. The map L — B defined as the composite map L — H? — B
where L — H'%2 = H* x H x H* is defined by

f X T — fl(S.Tl)f3 X S.TQ X f2.

15 an injective algebra homomorphism.

Proof. We omit the verification that the map defined is an algebra homomorphism.
To see that it is injective, we consider the map H%? — L defined by f x x x g —

F(1D)g1(S7'z9) (g2 ® S™'ay) and verify that it is a left inverse. O

Remark 3.4.3. In particular, Lemma 3.4.2 implies that L is a subalgebra of H* %
H x H* x H which is a matriz algebra of size dim(H)?* and also is the tensor square

of the Heisenberg double H* x H of H*. This is one of the results of [11].

We will identify L with its image in B. Note that under this identification,

fR1—= foxlxfie H? ande®@x — Sz € H'.

Lemma 3.4.4. The multiplication map of B restricted to A® L is an isomorphism.

Proof. Given -+ Xz 'xex1x f%... € Aand f®x € L (identified with f;(Sz;)f3 x

Sy x fo € HI%Z C B), their product is computed to be:

fl(Sﬁl)ff(S$2)f3($?)(“' X [T 3T X fy xSy @ f22f2 X $§ 3 fhx a4 )

Thus, to prove the lemma, it suffices to verify that the map

gY@ fi(S11)g1(S22) f3(11)(fa @ S35 ® gofo @ yo)

of H* ® H ® H* ® H to itself is a linear isomorphism. We assert, and omit the
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straightforward but very computational proof, that the map

PR2z®qRw e pr(Sw)q (S 22)(q2Spr ® wy @ p3 @ S 2)

is its inverse. [l

Proposition 3.4.5. The map v : L — End(B) given by v(tez)(b) = (f®x)1bS((f®

x)9) maps A to itself.

Proof. The map v : L — End(B) is easily verified to be an action of L on B and so

it suffices to check for f € H*, x € H and a € A, that v(yg1)(a), Vs (a) € A.

Takinga =---xa 33X f2xar txexlxf2xadxftxa®x---, wecompute

Yen(a) = falzg ) f3(ST3) (- ) FExart e x 1x fif2Sfyxal x fAx),

Yeory (@) = [H@)( X fPxa T xexIx fyxa®x ffx-),
both of which are clearly in A. 0

Proof of Theorem 4.1.1. The hypotheses of Lemma 3.1.4 are satisfied by A C B and
L, by Lemma 3.4.4 and Proposition 3.4.5. Thus, by its conclusion, B is isomorphic
as an algebra over A to A x L, for some action of L on A. This action is outer since
A C B is irreducible by Proposition 3.1.6. Finally, by Theorem 3.3.6, L is unique

up to isomorphism. O

The result asserted in our abstract is an easy corollary using Lemma 3.2.1.

Corollary 3.4.6. Let A C B be the derived pair of H®P (= H°P) for a finite-
dimensional Hopf algebra H. Then B is isomorphic as an algebra over A to A x
D(H) for some outer action of D(H) on A and further D(H) is the only finite-

dimensional Hopf algebra with this property.

56



Chapter 4

Cabling and Drinfeld doubles

Throughout this chapter, & will be an arbitrary algebraically closed field, H =
(H,p,n,A e, S) a finite-dimensional, semisimple and cosemisimple Hopf algebra
over k, and h (resp. p) will always denote the unique nonzero idempotent integral
in H (resp. H*). Recall that in the previous chapter we have explicitly identified
an algebra embedding of L = D(H?) in H* x H x H* (Lemma 3.4.2). SInce L and
D(H) are isomorphic as algebras, this may be regarded as a map of P(D(H))a +
into P(H")4+. Such maps are interesting for various reasons. For instance, one such
embedding of D(H) into the tensor square of H x H* is discussed in [11] and used

in [12] to construct knot invariants in intrinsically three-dimensional terms.

It is thus a natural question to ask whether the embedding of D(H) into H* %
H x H* may be extended to a planar algebra map in some canonical fashion, and
it is the affirmative answer to this question that is one of the main results of this
chapter. We further show that this planar algebra map is injective and characterise

the image of P(D(H)) in @P(H*).
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4.1 The planar algebra morphism

The following proposition is the first part of the main result of this chapter.

Proposition 4.1.1. Let H be a finite-dimensional, semisimple and cosemisimple

Hopf algebra over k of dimension n = §% with Drinfeld double [)(H) The map

D(H) = P(D(H))yy — @P(H")y, = P(H")y, = H* x H x H*

defined by linear extension of f ® a — fi1(Say)fs X Sas X fo extends to a unique

planar algebra morphism from P(D(H)) to ®@P(H*).

Before beginning the proof, we recall Lemma 2.5.4 to clarify the isomorphisms
occurring in the statement of the proposition. We also remark that we shall write
both the Fourier transform maps, one from H to H* given by a — dp;(a)ps and the
other one from H* to H given by f — 6 f(hy)hs, as F' with the argument making it

clear which is meant.

The idea of the proof of Proposition 4.1.1 is very simple. Since we know a
presentation of the planar algebra of [)(H ) by generators and relations, in order to
define a planar algebra map of P(D(H)) into any planar algebra, it suffices to map

the generators to suitable elements in the target planar algebra in such a way that

the relations hold.

Proof of Proposition 4.1.1. Throughout this proof, we will use P to denote the pla-
nar algebra P(D(H)).

The map defined in the statement of Proposition 4.1.1 can also be expressed as
f®@aw— (fax1x fi)(e x S(a) xe€), as a brief calculation shows. This map is shown
pictorially in Figure 4.1. Being bilinear in f and a, this map clearly admits a linear

extension to a map D(H) — P(H*)y, = @P(H*)y,. Consider its extension to

58



Figure 4.1: Mapping D(H) to P, (H*)

a planar algebra map from the universal planar algebra on L = L,y = D(H) to
@P(H*). We will now check that each of the 8 relations (L), (M), (U), (I), (C), (T),
(E), (A) in Figures 2.6 - 2.9 (applied to the Hopf algebra D(H)) is in the kernel of
this planar algebra map.

Relation L: This is a direct consequence of the linearity of the map D(H) —
@P(H*)y, = P(H*), together with the multilinearity of tangle maps.

Relations M: The modulus relations for P = P(D(H)) depend on a choice of
square root of dim(D(H)) = n? and we will choose n to be the modulus of P. Thus
the modulus relations for P assert that Z%, . (1) = nlg+ where recall T%* are the
(0, %) tangles with just one internal closed loop and no internal discs and 1o 4 are
the unit elements of P . Pushing this down to @P(H*), what needs to be verified

is that, Z;gi(m)(l) = nlp 4 or equivalently that Z(PT(()Iﬁ))(Q)(l) =nlgy.

Since the 2-cabled tangle (T%%)®) is just the (0,+) tangle with two nested in-
ternal closed loops (and no internal discs), the asserted equality is a consequence of
(one application of each of) the modulus relations for P(H*).

Relation U: This is the equality ngfi(lf)(m) = Z}». (1), where 1221 and U are
the identity and unit tangles of colour (2, +). In order to push this down to ®P(H*),
we note first that 15,y = €® 1 (= e ® 1y) and that under the map of Figure 4.1
it goes to 144 - the unit element of P,  (H*). This is because F'S(1) = F(1) = ép

and by use of the integral relation in P(H*).

@p(H* @p(H*
Thus what needs to be verified is that ZI:};(H )(147+) = ZUQQi(H )(1) or equiva-
2,+
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lently that Z( 2+)(2)(14#) = Z(PU(i))@)(l). The last equality holds since (122”1)(2) -
]i’jrr, (U%+)2) = U** and, by definition, 1,y = Zya+(1).

Relation I: This is the equality ZII:Q,’I(h[)(H)> = n"'Zp, (1), where hp ) is the
integral in D(H) and E** is the Jones projection tangle of colour (2, 4) (see Figure
2.1). To push this down to PP(H*), recall first that hpry = p @ h. Under the map

of Figure 4.1 this goes to the element of Py (H*) shown on the left in Figure 4.2,

Figure 4.2: Equality to be verified in P, { (H*)

which needs to be shown to be equal to n_lZ;i(H )(1) = _1Z(E(2 +))<2) (1), which

is the element of P, (H*) shown on the right in Figure 4.2.

We prove this as follows. First note that F'S(h) = F(h) = 0p1(h)ps = dp(h)e =
d~'e. Now applying the unit relation in P(H*) we reduce the element on the left

side of Figure 4.2 to that on the left side in Figure 4.3.

Then we calculate in P(H*) as follows:

C

"/
()

Figure 4.3: Computation in P(H")

g/
N

)

The first equality in Figure 4.3 follows from the exchange and antipode relations

in P(H*) together with the fact that Sp = p and the Hopf algebra identity p; ®
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pa = p2 ® p1 (which essentially expresses the traciality of p), while the second
equality follows from the integral relation. Now, comparison with the previous step
immediately yields the equality expressed in Figure 4.2, thus verifying Relation (I).
Relation C: Recalling that the counit of D(H ) is given by 1 ® €, the verification
that Relation C is in the kernel of the planar algebra map from P to @P(H*) is
easily seen to be equivalent to the truth of the equation of Figure 4.4 holding in

P(H*). To prove this, observe that since the trace and antipode relations in P(H*)

(5]

|* £

Figure 4.4: Relation C

simplify the looped F'S(a) to §F(a)(h) = 6*p(Sah) = e(a). Now foSf1 = f(1)e, so
the required equality follows using Relation U.

Relation T: Recalling that Phm) = h ® p, the verification that Relation T is in the
kernel of the planar algebra map from P to 2)P(H*) is seen to be equivalent to the

truth of the equation of Figure 4.5 holding in P(H*). The left hand side of Figure

0

fo bil

e

Figure 4.5: Relation T

= nf(h)p(a)

FS(a)
I

4.5 simplifies, using the trace and counit relations in P(H*), to 6 fi(h)FS(a)(1)fe =
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6*p(a) fu(h) f2 = np(a) f(h), as needed.
Relation E: This is equivalent to two relations - one for multiplication and the other

for comultiplication. These are shown in Figure 4.6. To prove that the multiplication

1R

Figure 4.6: Multiplication and comultiplication relations

relation is in the kernel, a little thought shows that it suffices to verify the equality

of Figure 4.7 in P(H*). Using the exchange relation in P(H") twice, the equality in

*
&

= fila1) fi(Saz)

|*f2 | i
[T [

Figure 4.7: Equality to be verified for the multiplication relation

Figure 4.7 is equivalent to the Hopf algebraic identity:

f1® fa® FS(a) = fi(a1)fe(Sas) fs @ fa @ f55F (az)S fa.

To see this, it certainly suffices to see that

f®FS(a) = fi(a1)fs(Sas) f3 @ faSF(az)S fa.

Evaluating both sides on an arbitrary element + ® y € H ® H, we need to verify the
equality
f(@)FS(a)(y) = filar)f5(Sas) fs(x)(f15F (a2)S f2) (y)-
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The right hand side of the above equation may be written as:

RHS = fi(a1)f5(5a3) fs(x) fa(y1) SF (a2)(y2) S fa(ys)
= 0fi(a1)f5(Sas) f3(x) fa(yr)p1(Saz)p2(y2)S f2(ys)
= 0/1(a1) f5(Sas) f3(x)(fap2S f2) (y)p1(Saz)
= 0/f1(a1) f5(Sas) f3(x)p2(y) (S faprf2)(Saz)
= 0f1(a1)f5(Sas) f3(x)p2(y) S f1(Sas)pi(Sas) f2(Saz)
= Of(arSagzasSas)ps(y)p1(Sas)

= 0f(z)p(Say),

which clearly agrees with the left hand side, finishing the proof of the multiplication

relation.

Checking that the comultiplication relation is in the kernel is seen to be equiva-

lent to the identity of Figure 4.8 holding in P(H*). This easily reduces to verifying

|*J |* r‘ﬂ % ﬁ\
] ]

|
|
s e

Figure 4.8: Equality to be verified for the comultiplication relation

FSa

Fb(n

the relation of Figure 4.9. We leave this pleasant verification to the reader.

Fay

*
=
*
Fay

Figure 4.9: Equivalent equality to be verified
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Relation A: The easiest way to see that the antipode relation is in the kernel of
the planar algebra map from P to (Q)P(H *) is to appeal to the already proved multi-
plication relation. Since S is an anti-homomorphism as is the 2-rotation on 2-boxes,
compatibility with multiplication immediately reduces to checking the antipode re-
lation on an algebra generating set of [)(H ). These may be chosen to be f ® 1 and

a ® €, and on elements of this kind, the antipode relation is trivial to verify. O

4.2 Injectivity

Proposition 4.2.1. The planar algebra morphism P(D(H)) (=P) to @P(H*) de-

fined in Proposition 4.1.1 is injective.

Proof. Let U : P —® P(H*) denote the planar algebra morphism of Proposition
4.1.1, which is a collection of maps Wy, : Pp. — (PP(H*))r. = P (H*) for
each colour (k,€). To see that each of these is injective, it suffices to check this
when either k& = 0 or when ¢ = 1 (since the one-rotation tangles for k& > 0 give
isomorphisms). The cases when & = 0 (and ¢ = +1) are obvious since both sides
are naturally isomorphic to k& with the W, 1’s reducing to the identity map under
these isomorphisms. Also, ¥, ; takes 1; € P, to 1o € P, (H*), and is therefore

injective.

For k > 2 (and € = 1) consider the family of tangles X** with k& — 1 internal
boxes of colour (2,+) defined inductively as in Figure 4.10. It is easy to see that
Xk+ € T(k,+). Thus Z%, . : (D(H))®*Y — Py . is an isomorphism by virtue of
Lemma 2.5.3, and to show that U, . is injective it suffices to see that Wy o Z¥, |
is injective.

Since ¥ is a planar algebra morphism defined by the extension of the map of

Figure 4.1, it follows easily that Uy, 0ZF, . ((f'®2")@(f*®2?)®- - -(fFVeztE-D))
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X2+ = Xkt — Xkt

Figure 4.10: Inductive definition of X*+1.+

is given by the element of Py, (H*) shown in Figure 4.11. Some manipulation with

Figure 4.11: Wy .o Z§k7+((f1 RN (PR @ - @ (f* D @ zk-1))

the exchange relation in P(H™*) shows that this element is also equal to Zf;(f A )( fi®
FSz'Sfi @ fiSf; @ fiFS?*Sfi @ [{Sfi @ - @ [y 2FSa* S fy @ ff 25 fy @
RS2kt @ fF71) where S?F is the (2k, +) tangle with 2k — 1 internal boxes of

colour (2, +) shown in Figure 4.12. Now observe that S?** is in T(2k, +) and thus

Figure 4.12: The tangle S+

the injectivity statement desired reduces to the Hopf algebra statement: for every

k > 2 the map, say n : (H* @ H)®* =1 — (H*)®Z=1 defined by

fler'® Pt @ fFD gk M
fl@ FSe'Sf2@ flSfie [IFSe*Sfi@ [25fi @ -

e ® f{TPSA TS [T @ TS T @ fiT RSt T @ fiT
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is injective. It is this statement that we will prove by induction on k.

The basis case when k = 2 asserts that n, defined by no(f'®2!) = fi@ FSx'® f}
is injective which is clear. For the inductive step, assume that 7 is injective and
observe that with the linear map 0 : H* ® H @ H* ® H* — (H*)®* defined by
A(fRr®k®q) = fo @ FStSky ® 1Sk ® ksq, a short calculation shows that
N1 = (0 ® id®*=3)) o (id ® id ® n). Thus to show 1,4, is injective, it suffices to

see that 6 is injective.

Finally, a lengthy but complete routine calculation shows that the map f ® ¢ ®
k®qr— f1 & F(gSkifs) ® Sksfi ® S fakaq is a (right inverse and hence) inverse of

0, completing the proof of the inductive step and hence, of the proposition. O

A much simpler proof of injectivity has been suggested by Prof. Shamindra

Kumar Ghosh which relies on the following lemma.

Lemma 4.2.2. Let P and QQ be two connected planar algebras with the same non-
zero modulus such that the trace tangles TR%; (see Figure 2.1 for the definition) yield
non-degenerate traces on Py . for each color (k,€). Any planar algebra morphism

from P to Q) is then injective.

Proof. Let f = {fxe : Pre — Qre} be a planar algebra morphism from P to Q.
Given a non-zero element x in Py ., by non-degeneracy of the trace, there exists an
element y in Py such that Z;DR%; (xy) # 0. Since P and () are both connected,
the maps fo. : Py — (o, are isomorphisms and so f07€<Z£Rgi<xy)) # 0. But

Joe 2 o () = Z o (fue() fue(y)). Thus fio(x) # 0. m

Second proof of Proposition 4.2.1. This follows directly from an application of Lemma

4.2.2. U
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4.3 Characterisation of the image

Fix k > 2. Consider the (algebra) maps «, 5 : H — End(P(H")s+) defined for
r € H and X € P(H*)y + by Figure 4.13.

)
*
Fuxy
Fay
Fxy
Fay

.
[

R
*
2
*

Figure 4.13: Definition of o, (X) and S,(X)

The main result of this section is the following proposition. We will use the
notation @ to denote the planar subalgebra of @P(H*) that is the image of P =

P(D(H)). Thus Qg+ C P(H")op .

Proposition 4.3.1. For every k > 2,

Qry = {X €P(H )y an(X) = X},

Qr- = {X e€PH")yy:0n(X)=X}

We pave the way for a proof of this proposition by giving an alternate description
of the fixed points under ay,. We will need some notation. For z € H, let 6;(z)
denote the element of P(H*)y 1 depicted in Figure 4.14. For X € P(H*)4 + (resp.
P(H")gpy0.4) let X € P(H*)gy4. denote the element on the left (resp. right) in

Figure 4.15.

Lemma 4.3.2. For X € P(H*)yx+ or X € P(H*)yp42.+, the following conditions
are equivalent:

(1) ap(X) =X, and
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Figure 4.14: Definition of 6 (x)

Figure 4.15: Definition of X

(2) X commutes with Oy (x) for allz € H.

Proof. We prove the equivalence of the conditions only for X € P(H*)y + leaving
the case X € P(H")4j,42 4 for the reader. Suppose that (1) holds so that o, (X) = X.
Then, using the definitions of a,(X) and of X, we have that X is given by Figure

4.16. With a little manipulation and using traciality of h, so that hi ®@ho®- - - Rhos, =

*
Fhy
Fh

.
| Fhﬂ| X | Fhy |

g

Figure 4.16: X when X € P(H*)y. 4 and a,(X) = X

hor®h1®@ho®- - -@hop_1, we see that X is also given by Figure 4.17 below. Thus, X =
9k+1(h1)X9k+1(5h2)- Hence, for any = € H, X9k+1(37) = 9k+1(h1))29k+1(5h237) =
O11(xh1) X0,1(Shy) = 411 ()X, so that (2) is verified to hold. Conversely suppose
that (2) holds for X € Py .. It follows that the element in Figure 4.17 equals X and
hence also the element of Figure 4.16. This then implies that a;(X) = X, proving
(1) as needed. O

Next, we need some preliminary commutativity statements.
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*
= s ]
*

Figure 4.17: Equivalent form of X when X € P(H*)y, + and a,(X) = X

Lemma 4.3.3. The following two commutativity statements hold for all x € H and
al X € Qo 4.

*
* * *
*|

Proof. To prove the first commutativity relation, from the form of a general gener-

Tl

F

ator of ()24 in Figure 4.1, it suffices to see that the commutativity in Figure 4.18

holds To see this, note that calculation - see the pictorial rule for multiplication in

et e B [f=afeal

Figure 4.18: Equivalent form of the first commutativity relation

iterated cross products in [2] - shows that the elements € x 1 x fo x 1 x f; x 1 and
eXxryXex1xexxyof H* x Hx H*x Hx H* x H commute for all f € H*
and z € H. Now applying the isomorphisms of Lemma 2.5.4 (to P(H*)) proves the

desired commutativity.

As for the second commutativity relation, again from the form of a general
generator of () 1, it is easily seen to be equivalent to the equation in Figure 4.19

holding for all f € H* and x,a € H.

Setting F'x = g, this is equivalent to verifying the Hopf algebraic identity fo ®
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L LY

0] [ 0]

I/ |

Figure 4.19: Equivalent form of the second commutativity relation

* *

:|F:r

(f1591)(h)ga = (f25g2)(h)g1 ® f1. Evaluate both sides on a ®b to get the equivalent

identity hia ® Shob = bhy ® aShs - which is easy to see. O

Proof of Proposition 4.3.1. We first prove the characterisation of Q) +. Since @ is

the image of P(D(H)), it follows from Lemma 2.5.4 that any element X € Qo 4 C

P(H") 4y, 4 is of the form shown in Figure 4.20, where there are 2k — 1 4-boxes and

Figure 4.20: Form of X € Qo +

X1, Xo, -, Xog—1 € Q24 It now follows easily from Lemma 4.3.3 that X commutes
with 01 (x) for all x € H. Similarly, if X € Qopr1+ € P(H") 412+, then too X

commutes with 0y, (z) for all x € H. An appeal to Lemma 4.3.2 now shows that

Qur © {X € P(H )y : a(X) = X.

To prove the reverse inclusion, it suffices by Proposition 4.2.1 to see that dim({X €
P(H*)ap 1 ap(X) = X}) < n?*~2 Consider the tangle V2" of Figure 4.21. Note
that V%+ € T(2k,+) and hence induces a linear isomorphism from (H*)®(k=1) —

P(H*)o 4. Further, we see that

an(Zyws (Fa' @ Fa? @ --- @ Fa** ™)) =

F(h1a1) ® Fa®>® F(hzag) QFt® -9 Fd* 2?2 F(hka%_l).
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NN AN A

Figure 4.21: The tangle V2%

Thus it suffices to see that dim({a' ®-- - ®@a**~' € H®Z*D . gl ®@...®@ %! =
hia'®@a?@hya? @a*®@- - @a* 2 @hpa®* 1} < n? =2 or equivalently that dim({z'®
@b e H* '@ @ af = hia! @ hoa? ® -+ @ bt} < nF~1 Now observe

thatif 2' @ - @ 2% = 2! @ hex? @ - - - ® hi2®, then

[L’l®®l’k = h1$1®h2$2®“‘®hk$k
= hlfL‘l (24 Ak_l(hg)(ZL’Q X l‘k)
= h1®Ak_1(hQS{L‘1)(ZL’2®®I‘k)

= h®@hSr, 1°® - ® hy, Stk

k—1

This is clearly in the image of the map H®*~! — H®* given by 2! @ --- @ 271 =

hi ® hoz?> ® -+ - ® hz"~! and so the required dimension estimate follows.

Now note that, X € Qi _ < Zr(X) € Qk+ (where R is the one-rotation tangle
on (k, —) boxes, since @ is a planar subalgebra of @P(H*)). The action of R on Qy,
is given by the two-rotation tangle on P(H*)q; . Now the asserted characterisation

of Qi — follows from that of Q. O

4.4 The main theorem

We collect the results of the previous statements into a single main theorem.
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Theorem 4.4.1. Let H be a finite-dimensional, semisimple and cosemisimple Hopf

algebra over k of dimension n = 6% with Drinfeld double D(H) The map

P(D(H))2+ — @P(H")
defined in Proposition 4.1.1 extends to an injective planar algebra morphism P(D(H)) —
@P(H*) whose image Q is characterised as follows: Q. (resp. Q) is the set of

all X € Py such the element on the left (resp. right) in Figure 4.22 equals X .

Figure 4.22: Characterisation of the image

Proof. This follows from Propositions 4.1.1, 4.2.1 and 4.3.1, after observing that

Figures 4.13 and 4.22 are equivalent. 0

Remark 4.4.2. [t is worth noting that the main theorem above also allows us to
conclude that there is an explicitly characterised planar subalgebra of PP(H®) that

is isomorphic to P(D(H)). This is because D(H) and D((H®")*) are isomorphic.
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