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1 Algebras and modules over algebras

1.1 Algebras

In this subsection, we recall some basic concepts, definitions and constructions and discuss
important examples of algebras. In the following we will always take algebra to mean associative
unital algebra, and all algebra homomorphisms are assumed to be unital as well. For the tensor
product of vector spaces V and W over I, we use the notation VW = VrW.

Definition 1.1.1:

1. An algebra A over a field F is a vector space A over F together with a multiplication
map - : Ax A — Asuch that (A, +,-) is a unital ring and a- (Aa’) = (Aa)-a’ = A(a-d’) for
alla,a’ € Aand \ € F. An algebra A is called commutative if a-a’ = a’-a for all a, a’ € A.

2. An algebra homomorphism from an algebra A to an algebra B over F is an F-linear
map ¢ : A — B that is also a unital ring homomorphism, i. e. satisfies ¢(14) = 15 and

dla+a) =) +¢(d), ¢(Aa) =Ad(a), dla-d)=¢(a)-¢(d')  Va,a'€ A NEF.

As an algebra can be viewed as a unital ring with a compatible vector space structure, the
concepts of a unital subring, of a left right or two-sided ideal and of a quotient by an ideal have
direct analogues for algebras. In particular, a left, right or two-sided ideal in an algebra A is
simply a left, right or two-sided ideal in the ring A. That such an ideal is also a linear subspace
of A follows because Aa = (A1) -a =a- (A1) € I for all a € I and A € F. Consequently, the
quotient A/I by a two sided ideal I C A is not only a ring, but also inherits a vector space
structure and hence the structure of an algebra.

Definition 1.1.2: Let F be a field and A an algebra over F.

1. A subalgebra of A is a subset B C A that is an algebra with the restriction of the

addition, scalar multiplication and multiplication, i. e. a subset B C A with 14 € B,
b+b e€B, A\be B,and b-b € Bforall b,b) € B and and A\ € F.

2. The quotient algebra of A by a two-sided ideal I C A is the quotient vector space A/I
with the multiplication map - : A/I x A/I — A/I, (a+1,d + 1) — ad + 1.

Before proceeding with examples, we give an equivalent definition of an algebra that is formu-
lated purely in terms of vector spaces and linear maps. For this, note that we can view the unit
1 € A as alinear map n: F — A, A — Al. Similarly, we can interpret the multiplication as an
F-linear map m : AQA — A instead of a map - : A x A — A that is compatible with scalar
multiplication and satisfies the distributive laws. This follows because the distributive laws and
the compatibility condition on scalar multiplication and algebra multiplication are equivalent
to the statement that the map - is F-bilinear. By the universal property of the tensor product,
it therefore induces a unique linear map m : AQA — A with m(a®b) = a - b. The remaining
conditions are the associativity of the multiplication map m and the condition that 1 is a unit,
which can be stated as follows.



Definition 1.1.3:

1. An algebra (A, m,n) over a field IF is a vector space A over F together with linear maps
m: ARA — Aand n: F — A, the multiplication and the unit, such that the following
two diagrams commute

A®A®Am®id AQA F®A>\®a;)\a A a®)\;)\aA®F
id®ml lm @mw A
ARA ——— A ARA.
associativity unitality

An algebra A is called commutative if m?” := m o7 = m, where 7 : AQA — ARA,
a®b — b®a is called the flip map.

2. An algebra homomorphism from an F-algebra A to an F-algebra B is a linear map
¢ : A — B such that the following two diagrams commute

AA A S A F". A
¢®¢L jqﬁ idl ld)
B@BWB ]FW)B

Remark 1.1.4:

1. Definition can be generalised by replacing the field F with a commutative unital ring
R, F-vector spaces by R-modules, tensor products of vector spaces by tensor products of
R-modules and F-linear maps by homomorphisms of R-modules. This leads to the more
general notion of an algebra over a commutative unital ring.

2. Note that the multiplication and unit do not play the same role in Definition The
multiplication map m for a vector space A is a structure - there may be many associative
multiplication maps, and an algebra is specified by choosing one of them. The existence
of a unit map 7 that satisfies the conditions in Definition [I.1.3]is a property of the pair
(A, m). As two-sided units in monoids are unique, there there is at most one unit for m.

Example 1.1.5:

1. Every field F is an algebra over itself. If F C G is a field extension, then G is an algebra
over .

2. For every field I, the (n x n)-matrices with entries in F form an algebra Mat(n x n,F)
with the matrix addition, scalar multiplication and matrix multiplication. The diagonal
matrices, the upper triangular matrices and the lower triangular matrices form subalge-
bras of Mat(n x n,F).

3. For any F-vector space V', the linear endomorphisms of V' form an algebra Endr(V') with
the pointwise addition and scalar multiplication and composition.

4. For any algebra A, the vector space A with the opposite multiplication m,, : AQA — A,
a®b — b - a is an algebra. It is called the opposite algebra and denoted A°.



5. For two F-algebras A and B, the vector space A®B has a canonical algebra structure
with multiplication and unit

Mags : (AQB)®(A®B) - A®B (a®b)@(a'@V') > (aa")2(bb)
Nagp : F — A®B, A= A1),

This algebra is called the tensor product of the algebras A and B and denoted A®B.

6. The maps f : Ng — I form an associative algebra over ' with

(f +9)(n) = f(n)+g(n)  A)n)=Af(n)  (f-9)(n) =Zi_of(n—k)g(k).

This is called the algebra of formal power series with coefficients in F and denoted
F[[x]]. The name is due to the following. If we describe a power series Y, en,a,2" by
its coefficient function f : Ng — F, n — a,, then the formulas above give the familiar
addition, scalar multiplication and multiplication law for power series

n n n
EnENoanm + EnENobn-T = ZneNO (an + bn)x
n n
AX e @n " = Ypen, AT

(ZneNo@n®") + (Znemobn®™) = Lnen, (Zg—o@n-rbr)z".
7. The polynomials with coefficients in ' form a subalgebra
Flz] = {f : Ng = F| f(n) = 0 for almost all n € Ny} C F[[z]].

8. For any set M and any F-algebra A, the maps f : M — A form an algebra over F with
the pointwise addition, scalar multiplication and multiplication.

An important example of an algebra that will be used extensively in the following is the tensor
algebra of a vector space V over F. As a vector space, it is the direct sum T (V) = @2, V",
where V' := F and V®" := V®...QV is the n-fold tensor product of V with itself for n € N.
Its algebra structure is given by the concatenation, and the unit is the element 1 = 1y € F.
The symmetric and the exterior algebra of V' are two further examples of algebras associated
with a vector space V. They are obtained by taking quotients of T'(V') by two-sided ideals.

Example 1.1.6: Let VV be a vector space over F.

1. The tensor algebra of V' is the vector space T'(V) = @&5° ,V®" with the multiplication
(11®...QUy) * (W1R...Qw,) = V1Q...QU, QU K...QW,

for all vy, ..., v, wy, ..., w, € V and n,m € Ny, where v1®...Qu,, := 1g for n = 0. It is an
algebra over F with unit 1z € V. The injective F-linear map ¢y : V — T(V), v = v is
called the inclusion map.

2. If B is a basis of V, then By = {b1®...®b,, | n € Ny, b; € B} is a basis of T'(V').

3. The tensor algebra is N-graded: it is given as the direct sum T'(V) = &% ,V®" of the
linear subspaces V&, and one has V& . V& V@047 for all m, n € N,.



4. The tensor algebra has the following universal property:

For every F-linear map ¢ : V' — A into an F-algebra A, there is a unique algebra homo-
morphism ¢ : T(V) — A such that the following diagram commutes

V—2 oA
/1
LV[//H!J)
T(V).

5. The symmetric algebra of V' is the quotient algebra of T'(V)
S(V)=T(V)/(v®@w — wv)
by the two-sided ideal (v®@w — w®v) generated by the elements v@w —w®wv for v,w € V.

6. The exterior algebra of V or alternating algebra of V' is the quotient algebra of T'(V)
AV =T(V)/(v&w)

by the two-sided ideal (v®v) generated by the elements v®uv for v € V.

Tensor algebras plays a similar role for algebras as free groups for groups and free modules for
modules. In particular, it allows one to describe an algebra in terms of generators and relations.
If A is an algebra over FF, then by the universal property of the tensor algebra, the linear map
idg : A — A induces an algebra homomorphism ¢ : T(A) — A. As its kernel is a two-sided
ideal in T'(A), the quotient T'(A)/ker(¢) has a canonical algebra structure, and the algebra
homomorphism ¢ induces an algebra isomorphism ¢’ : T(A)/ ker(¢) = A. Hence, one can view
any algebra as a quotient of its tensor algebra.

If B is a basis of A, then the set Bg from Exampleis a basis of T(A), and we can express any
element in T'(A) as a linear combination of elements of Bg), or, equivalently, linear combinations
of products of elements in B, where 1y = V®° is viewed as the empty product. Hence, we can
characterise A uniquely by specifying a basis of A, specifying a subset U C ker(¢) that generates
the two-sided ideal ker(¢), and expressing the elements of U as linear combinations of products
of basis elements. This is called a presentation of A.

Definition 1.1.7: Let A be an algebra and ¢ : T(A) — A the algebra homomorphism with
¢ otq = ida induced by the universal property of the tensor algebra. A presentation of A
is a pair (B,U) of a basis B C A and a subset U C ker(¢) that generates the two-sided ideal
ker(¢) C T(A). The elements of B are called generators and the elements of U relations.
One often lists the relations u € U as equations v = 0 for u € U.

For simplicity, one usually presents an algebra A with as few generators and relations as possible.
In particular, one requires that the generators are linearly independent and that no proper
subset U" C U generates ker(¢). However, even if these additional conditions are imposed,
an algebra may have many different presentations that are not related in an obvious way. In
general, it is very difficult to decide if two algebras presented in terms of generators and relations
are isomorphic, and there are no algorithms that solve this problem in the general case.



In some textbooks, presentations of algebras are defined in terms of the free algebra generated
by a set B and relations in this free algebra. This is equivalent to our definition, since the tensor
algebra of a vector space V with basis B is canonically isomorphic to the free algebra generated
by the set B - both are characterised by the same universal property. For a detailed discussion,
see [Ka, Chapter 1.2 and Chapter I1.5].

Another algebra that will be important in the following is the universal enveloping algebra of
a Lie algebra, which is obtained as a quotient of its tensor algebra. This example is important
because its universal property relates Lie algebra homomorphisms and modules over Lie algebras
to algebra homomorphisms and modules over algebras. It is also the starting point for the
construction of many Hopf algebra structures that arise from Lie algebras.

Definition 1.1.8: Let F be a field.

1. A Lie algebra over F is an F-vector space g together with an antisymmetric F-linear
map [, | : g®g — g, z®y — [z, y], the Lie bracket, that satisfies the Jacobi identity

21y, 2] + [z oyl + [y, [2,2ll =0 Vg, z € 0.

2. A Lie algebra homomorphism from (g, [, ];) to (b, [, ]s) is an F-linear map ¢ : g — b
with
[, Jyo(90¢) = ¢of, |y

Every associative (not necessarily unital) algebra A has a canonical Lie algebra structure with
the commutator [, | : A®A — A, a®b+— [a,b] = a-b—b-a as the Lie bracket, whose Jacobi
identity follows from the associativity of A. If we talk about the Lie algebra structure of an
associative algebra or Lie algebra homomorphisms into an associative algebra A, we assume
that A is equipped with this Lie bracket.

Example 1.1.9: Let g be a Lie algebra.

1. The universal enveloping algebra of g is the quotient algebra U(g) = T(g)/I,
where I = (z®y — y®x — [z,y]) is the two-sided ideal generated by the elements
1@y — y®z — [z,y] for 7,y € g.

2. If g is finite-dimensional with a basis B = {x1, ..., z,,} then the Lie bracket of the basis
elements takes the form [z;,2;] = X}_, f, 2 with coefficients f;* € F, the structure
constants of g. In this case U(g) is presented with generators z, ..., x, and relations
T,Qn; — T;Qu; = Zzzlfijkxk.

3. The universal enveloping algebra has the following universal property:

The inclusion maps ¢; : g — U(g), * — x + [ are Lie algebra homomorphisms. For
any Lie algebra homomorphism ¢ : g — A into an algebra A, there is a unique algebra
homomorphism ¢ : U(g) — A such that the following diagram commutes

.y
/4

g
Lg[ T
Ul(g).

9



4. If B = (b;);es is an ordered basis of g, then the Lie bracket of g is given by
[bi7 bj] - Eke]fijkbk
with f,F = —f,} € F, ff = 0 for almost all k € I, and the universal enveloping algebra
U(g) is presented with generators b;, ¢ € I, and relations
bi®b; — bj@b; = [bi, bj] = Sker f;} br-

The set B' = {14(b;) - - t4(b;,) | n € No,i € I,i; < iy < ... <4,} is a basis of U(g), the
Poincaré-Birkhoff-Witt basis of Uf(g).

5. The universal enveloping algebra is a filtered algebra:

It is the union U(g) = W ,U"(g) of subspaces U"(g) = @®F_,V®* /I, which satisfy
U%g) C U(g) C ... and U™(g) - U™(g) C U™*™(g) for all n,m € N,.

The universal property of the universal enveloping algebra is a direct consequence of the uni-
versal property of the tensor algebra and the fact that for any Lie algebra morphism ¢ : g — A,
the induced algebra homomorphism ¢’ : T'(V) — A satisfies ¢'(z®y — y®z — [z,y]) = 0 for
all z,y € g. The proof of the Poincaré-Birkhoff-Witt Theorem, which states that the Poincaré-
Birkhoff-Witt basis is a basis of U(g), and the proof that U(g) is filtered are more cumbersome
and proceed by induction. These proofs and more details on universal enveloping algebras can
be found in [Di] and [Se, Chapter II].

Another class of important examples are group algebras. They will become the simplest examples
of Hopf algebras. The group algebra of a group G is simply its group ring R[G], in the case
where the ring R = [ is a field. In this case, the group ring becomes an algebra over F with
the pointwise multiplication by F as scalar multiplication.

Example 1.1.10: (The group algebra F[G])
Let G be a group and F a field. The free F-vector space generated by G

(GYyr ={f:G—TF|f(g9) =0 for almost all g € G}

with the pointwise addition and scalar multiplication and the convolution product:

i+ )9) = filg) + f2l9) (AN =Aflg)  (f1- f)(9) = Eneafi(gh™) - fa(h)

is an associative unital F-algebra, called the group group algebra of G and denoted F[G]. The
maps 0, : G — F with §,(¢9) = 1 and d,(h) = 0 for g # h form a basis of F[G].

Remark 1.1.11:

1. In terms of the maps d, : G — F the multiplication of F[G] takes the form ;- ), = d,, for
all g,h € G. In the following we therefore write g for §, and denote elements of F[G] by
[ =2X4ec)A, g with A\, € F for all g € G. The algebra structure of F|G] is then given by

(XgecAg 9) + (Eneahn h) = Zgea(Ag + 1g) g
A (ZQEG)\Q g) = Z:geG()\)\g) g
(Zgecg 9) - (Bneatn h) = Sgec (EnecAgh-11n) -

2. A group homomorphism p : G — H induces an algebra homomorphism ¢, : F[G] — F[H],
YgecAg g — YgeaAg p(g), but not every algebra homomorphism ¢ : F|G] — F[H] arises
from a group homomorphism. Similarly, for every subgroup U C G, the linear subspace
spang(U) = F[U] C F[G] is a subalgebra, but not all subalgebras of F|[G|] arise this way.

10



1.2 Modules over algebras

In this section, we discuss basic properties and examples of modules over algebras. As an algebra
A over F is a unital ring with a compatible vector space structure over IF, a module over an
algebra is simply defined as a module over the underlying ring. In particular, this ensures that
all known constructions for modules over rings such as submodules, quotients, direct sums,
products and tensor products can be carried out for algebras as well. Some basic results and
constructions for modules over rings are summarised in Appendix [A.T]

The only difference to modules over general rings is that modules over an algebra A are vector
spaces over [ and all module homomorphisms between them are F-linear maps. Hence, we can
also view submodules, quotients, direct sums and tensor products of modules over an algebra A
as submodules, quotients, direct sums and tensor products of vector spaces that carry additional
structure, namely a representation of A.

Definition 1.2.1: Let F be a field, A an algebra over F and G a group.

1. A left module over A or a representation of A is an abelian group (V,+) together
with a map > : A X V — V| (a,v) — a > v that satisfies for all a,b € A, v,0" € V

a>(v+v') = a>v+a>v, (a+b)>v=a>v+b>v, (a-b)>v=a>(b>v), 1>v=u.

2. A homomorphism of representations, an A-linear map or a homomorphism of
A-left modules from (V,>y) to (W, >y ) is a group homomorphism ¢ : (V,+) — (W, +)
with ¢(a >y v) =a>w ¢(v) foralla € Aand v e V.

3. A representation of G over F is an F|[G]-left module. A homomorphism of group
representations is a homomorphism of F[G]-left modules.

Note that the left modules over A form a category A-Mod. The objects of A-Mod are left
modules over A, and the morphisms of A-Mod are homomorphisms of A-left modules. In fact,
the category A-Mod has additional structure, namely that of F-linear category.

There are analogous concepts of right modules over A and of (A, A)-bimodules, see Remark
in Appendix The former are equivalent to left modules over the algebra A°? and the
latter to left modules over the algebra AR A. In the following we use the term module over A
as a synonym of left module over A.

It important to note that there are several equivalent definitions of algebra and group rep-
resentations in the literature, which are summarised in the following remark and then used
interchangeably, without further comments.

Remark 1.2.2:

1. A representation of a F-algebra A can be defined equivalently as a pair (V,p) of an
F-vector space V' and an algebra homomorphism p : A — Endg(V).

This holds because every A-module (V,>) has a canonical F-vector space structure
with the scalar multiplication Av := (A1) > v, and the map p : A — Endg(V) with
p(a)v := a > v is an algebra homomorphism. Conversely, each algebra homomorphism
p: A — Endg(V) determines an A-left module structure on V given by a > v := p(a)v.

11



2.

A representation of a group G can be defined equivalently as a pair (V,p) of a vector
space V' and a group homomorphism p : G — Autp(V).

This follows because a representation of G is equivalent to a pair (V,p’) of an F-vector
space V' and an algebra homomorphism p' : F[G] — Endgr(V) by 1. As every algebra
homomorphism p’ : F|G] — Endg(V') induces a group homomorphism p : G — Endg(V),
g — p'(6,) and vice versa, this corresponds to the choice of an F-vector space V' and a
group homomorphism p : G — Endg(V). As p(g') o p(g) = p(g) o p(g)~! = idy for all
g € G, one has p(g) € Autg(V) for all g € G.

. Equivalently, we can view a representation of an F-algebra A as a pair (V,1>) of an F-

vector space V and an F-linear map > : A®V — V such that the following diagrams
commute

AQARV' 2> AgV giliniell 11%
S
AQV ———>V A®V.

A homomorphism of representations can then be defined as a F-linear map ¢ : V — W
such that the following diagram commutes

AV 2V v

] |

AW Z¥ s 1.

This follows from the F-bilinearity of the map > : A x V' — V. By the universal property
of the tensor product, it induces a linear map > : AQV — V. The commutativity of the
diagrams is then a direct consequence of the definitions.

Example 1.2.3:

1.

Any group G can be represented on any F-vector space V' by the trivial representation
p:G— Autp(V), g — idy.

. Any F-vector space V carries representations of Autp(V') and Endg(V).

. A representation of the group Z/2Z on an F-vector space V' corresponds to the choice of

an involution on V/, i. e. an F-linear map [ : V — V with [ o I = idy. If char(FF) # 2, this
amounts to a decomposition V' =V, @ V_, where Vi = ker(I Fidy).

. A representations of the group Z on an F-vector space V corresponds to the choice

of an automorphism ¢ € Autg(V). This holds because a group homomorphism
p : Z — Autp(V) is determined uniquely by the automorphism p(1) = ¢, and every
automorphism ¢ € Autyp(V') determines a representation of Z given by p(z) = ¢*.

. For any F-vector space V there is a representation of S, on V®" which is given by

p S = Autp(VE") with p(0)(11®...0v,) = U,0)®....8U(n) for all vy,..,v, € V.

. A representation of the polynomial algebra F|x] on an F-vector space V amounts to the

choice of an endomorphism of V.

12



10.

11.

12.

This follows because any algebra homomorphism ¢ : F[z] — Endp(V) is determined
uniquely by p(z) € Endp(V) and any element ¢ € Endp(V) determines an algebra
homomorphism p : Flz] — Endp(V), X,en,@nx™ — Spen, and™.

Let V, W be vector spaces over F. The representations of the tensor algebra 7'(V) on W
correspond bijectively to F-linear maps ¢ : V' — Endp(W).

This follows because the restriction of a representation p : T(V) — Endp(W) to
(V) € T(V) defines an F-linear map from V' to Endg(W). Conversely, every F-linear
map ¢ : V — Endp(WV) induces an algebra homomorphism p : T(V) — Endg(W) with
p ot = ¢ by the universal property of the tensor algebra.

. Let g be a Lie algebra and V a vector space over [F. Representations of the universal

enveloping algebra U(g) on V correspond bijectively to representations of g on V', i. e. Lie
algebra homomorphisms ¢ : g — Endg(V).

This follows because any algebra homomorphism p : U(g) — Endp(V') satisfies
[po1g(x), potg(y)] = pleg() - 1g(y) = 14(Y) - ta(x)) = porg(la,y]) Yo,y €g.

Hence po¢; : g — Endg(V) is a Lie algebra morphism. Conversely, for any Lie
algebra homomorphism ¢ : g — Endp(V) there is a unique algebra homomorphism
p:U(g) = Endg(V') with p oty = ¢ by the universal property of U(g).

. Any algebra is a left module over itself with the module structure given by left multi-

plication > : A®A — A, a®b +— a - b and a left module over A% with respect to right
multiplication > : AP?®A — A, a®b — b - a. Combining the two yields an AR A%P-left
module structure on A with > : (ARAP)®A — A, (a®b)®c +— a-c-b.

If 9 : A — B is an algebra homomorphism, then every B-module V' becomes an
A-module with the module structure given by a > v := ¢(a) > v for all v € V. This is
called the pullback of the B-module structure on V' by ¢.

In particular, for any subalgebra U C A, the inclusion map ¢ : U — A, u — u is an
injective algebra homomorphism and induces a U-left module structure on any A-left
module V. This is called the restriction of the A-module structure to U.

If (V,>v) and (W, >y ) are modules over F-algebras A and B, then
> (ARB)@(VeW) — VoW, (a®b) > (ve@w) = (a >y V)R (b >w w)

defines an A® B module structure on VeW.

We will now focus on representations of groups or, equivalently, group algebras. In contrast
to representations of algebras, group representations are naturally compatible with the tensor
product of vector spaces. More specifically, if V' and W are vector spaces over F that carry
representations of a group G, then their tensor product V®W also carries a canonical represen-
tation of G. Moreover, we have a trivial representation of G on F, and for each representation
of G on V, a representation on the dual vector space V* = Homy(V, F). This follows by a direct
computation verifying the conditions in Definition [1.2.1}

Proposition 1.2.4: Let G be a group, F a field and py : G — Autp(V), pw : G — Autg(W)
representations of G on F-vector spaces V', W. Then the following are representations of G:
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e the trivial representation of group pr : G — Autp(F), g — idy.
e the tensor product representation: pygy : G — Autp(VRrW), g — pv(9)Qpw(9g).
e the dual representation: py- : G — Autp(V*), g — py«(g) with py«(g)a = aop(g™).

Proposition defines group representations on multiple tensor products of representation
spaces of a group G, of the underlying field F and of dual vector spaces of representation spaces.
However, when working with tensor product of vector spaces, one is not only interested in
these tensor products themselves but also in certain canonical isomorphisms or homomorphisms
between them. These are

e the associativity isomorphism

apyw : (UV)QW = U(VeW), (u@v)@w — u@(v@w)

the right and left unit isomorphisms

vy VRF SV, v@\ = \v ly :FQV SV, A\®@v = \v

the flip isomorphism cyy : URQV = VU, u®v — vQu

the left and right evaluation maps
evi : VRV* = F, v@a — alv) evi : V@V = F, a®v— a(v)
If V is finite-dimensional with an ordered basis B = (by, ..., b,) and dual basis B* = (g, .., "),

e the left and right coevaluation maps
coevi : F — V@V, X — AXL B'®b; coevii (T — V@V* A AX b

Note that the left and right coevaluation maps do not depend on the choice of the basis of V,
although a basis and its dual are used in their definition. This follows because any other ordered
basis C' = (cy, ..., ¢,) of V with dual basis C* = (v, ...,4") is related to B by an automorphism

¢ € Autp(V) with ¢; = ¢(b;) = B7_,¢;:b; and §° = ¢* (') = X7_¢47’. This implies that the

coevaluation maps for the two bases are equal.

Given these canonical linear maps associated with tensor products of vector spaces, it is natural
to ask if these linear maps become homomorphisms of representations, when the tensor products
are equipped with the tensor product of group representations, the field F with the trivial
representation and dual vector spaces with dual representations. That this is indeed the case
follows by a simple computation verifying the conditions from Definition [I.2.1] 2. and 3., which
is left as an exercise.

Proposition 1.2.5: Let G be a group and F a field. Then:

1. The associativity isomorphism ayy is an isomorphism of representations from
pweview to puewew) for all representations py, pv, pw of G on U, V,W.

2. The right and left unit isomorphisms 7y and [y are isomorphisms of representations
from prgy and to pyer to py for all representations py of G on V

14



3. The flip isomorphism ¢y is an isomorphism of representations from pygy to pygu
for all representations py, py of G on U, V.

4. The left and right evaluation maps evy and evil are are homomorphisms of

representations from py gy« and py«gy to pp for all representations py of G on V.

5. If dimp(V) < oo, the left and right coevaluation maps coevl and coevi? are homo-

morphisms of representations from pp to py«gy and pygy« for all representations py of

GonV.

Clearly, Propositions[T.2.4 and [T.2.5] have no counterparts for representations of algebras. For an
F-algebra A, the map pr : A — Endp(F), a — idy is in general not an algebra homomorphism,
since this would imply pp(pa) = idg = pp(a) = pidy for all 4 € F and a € A. Neither does one
obtain an algebra homomorphism pp : A — Endp(F) by setting p(a)\ = 0 for all A € F and
a € A, since this contradicts the condition pp(1) = idg.

Similarly, if py : A — Endgp(V) and py : A — Endp(W) are algebra homomorphisms, then the
map pyew : A = Endp(VRW), a — py(a)®pw(a) is in general not an algebra homomorphism,
since this would imply pyew (1a) = ppovew(a) = pv(pa)@pw (pa) = (i pyew(a) for all p € F
and a € A. Finally, it is not possible to define a representation on the dual vector space
V* in analogy to the one for a group since the elements of an algebra do not necessarily have
multiplicative inverses. The linear map p' : A — Endp(V"), p'(a)a = aop(a) is a representation
of A not of A, since p/(a-b) = p/'(b) o p'(a) for all a,b € A.

Hence, to obtain counterparts of Propositions[1.2.4 and [T.2.5] for representations of algebras over
IF, we need to consider algebras that are equipped with additional structures that define a trivial
representation on the underlying field, representations on tensor product and representations
on dual vector spaces. The requirement that the linear maps from Proposition [1.2.5| are homo-
morphisms of representations then induce compatibility conditions between these structures.
This leads us to the concepts of bialgebras and Hopf algebras.
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2 Bialgebras and Hopf algebras

2.1 Bialgebras

We now investigate which additional structures are required on an algebra A to ensure that its
representations satisfy counterparts of Propositions [1.2.4] and [1.2.5] for group representations.
We start by considering only the trivial representation and representations on tensor products
in Proposition and the the associativity and the left and right unit isomorphisms in
Proposition [1.2.5

To obtain a representation of A on IF, we require an algebra homomorphism ¢ : A — F and set
pr : A — Endp(F), pr(a)\ = €(a)X for all a € A, X € F. To obtain representations on tensor
products of representation spaces, we require an algebra homomorphism A : A - A®A and
set prew = (py®pw) o A : A — Endp(VRW).

The requirements that the associativity isomorphism ayyw : (UQV)@W — UR(V@W) and
the left and right unit isomorphisms ry : VQF — V and [y : FQV — V from Proposition
are homomorphisms of representations impose additional conditions on the algebra ho-
momorphisms € and A. If we define representations on tensor products as above, then the
representations of A on UR(VRW) and on UR(V®W) are given by

pweview = ((pu@pv)@pw) o (ARid4) 0o A prgwew) = ((Pu®pv)@pw) o (Ida®A) o A
Hence the associativity isomorphism is an isomorphism of representations for all py, pv, pw if
(A®idy) o A = (Id4®A) o A. (1)
Similarly, we find that the representations of A on V®F and F®V are given by

pver = (pv®@pr) 0 A prev = (PF@py) 0 A

with pp as above. The linear maps ry : VRQF — V, v®@A — Av and [y : FQV — V, AQV — v
are isomorphisms of representations for all representations py of A on V' if

’l“vO(6®idA)OA:lvo(idA@)é)OA:idA. (2)

That conditions and are not only sufficient but necessary follows by considering tensor
products of the representation of A on itself by left multiplication. In this case one has

((pa®pa) o pa)(a)la = (A®id) 0 A(a) (pa@(pa®pa))(a)la = ([dRA) o Aa)
(Pa®@pr)(a)(1a®1x) = (id®e)(a) (rr@pa)(a)(1x®@14) = (exid)(a)

A vector space A over F together with linear maps ¢ : A — F and A : A — A®A subject
to and is called a coalgebra. If we also require that the linear maps € : A — F and
A:A— A®A are algebra homomorphisms, we obtain the concept of a bialgebra.

Definition 2.1.1:

1. A coalgebra over a field F is a triple (C, A, €) of an F-vector space C' and linear maps
A:C —CxC,e: C — T, the comultiplication and the counit, such that the following
diagrams commute
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CoCeC 22 cec FoC <% ¢ % OoF
aoa | B I
CRC <— C CxC
coassociativity counitality
A coalgebra (C,A¢) is called cocommutative if A” := 70 A = A, where

7:C0C — CRC, c®d — d®c is called the flip map.

2. A homomorphism of coalgebras or coalgebra map from (C, A¢, ec) to (D, Ap,€p)
is a linear map ¢ : C' — D for which the following diagrams commute

CC <22 F<C (
¢®¢>l laﬁ idL lqﬁ

Note that the comultiplication A is a structure on C, whereas the counit is a property. One
can show that for each pair (C,A) there is at most one linear map € : C' — F that satisfies the
counitality condition (Exercise).

Note also that the commuting diagrams in Definition [2.1.1] are obtained from the corresponding
diagrams for algebras and algebra homomorphisms in Definition by reversing all arrows
labelled by m or n and labelling them with A and e instead. In this sense, the concepts of an
algebra and a coalgebra are dual to each other, which motivates the name coalgebra.

Remark 2.1.2: For a coalgebra (C, A, €) we use the symbolic notation A(c) = X c(1y®c(2),
where c(1) and c(p) are interpreted as elements of C' and X as a finite sum over elements of
C®C'. This notation is called Sweedler notation.

It is symbolic since the properties of the tensor product imply that the elements c(1) and c¢(o) are
not defined uniquely. However, this ambiguity causes no problems as long as all maps composed
with A are F-linear. The coassociativity of A then implies for all ¢ € C'

(A®id) o A(c) = X)) @cay@)®c2) = L c1)@c@)1)@c@)z) = ([d®A) o A(c).
This allows us to renumber the factors in the tensor product as
2(e)c(1)®C2)®C(3) = (e)C(1)(1)®C(1)(2)®C(2) = i(e)C(1)RC(2)(1)®C(2)(2)

and similarly for higher composites of A.

Example 2.1.3:

1. For any coalgebra (C, A, ¢€), the opposite comultiplication A®? = 70 A : C — C®C
defines another coalgebra structure on C' with counit e. The coalgebra (C, A%, ¢) is called
the opposite coalgebra and denoted C°P.
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2. For any pair of coalgebras (C,A¢,€ec) and (D, Ap,ep) the vector space C®D has a
canonical coalgebra structure given by

Acgp = T30 (Ac®Ap) : CR®D — (CRD)R(CRD) c@d = Y 1) c1)@d1)Rc2)@d(2)
€cop = €c®ep : CRD — F c®d — ec(c)ep(d),

with 73 @ CRCRDRID — CRIDICRXD, cRdRdRd" — cdd®d. This coalgebra
structure on C'®D is called the tensor product of the coalgebras C', D.

3. If (A,m,-) is a finite-dimensional algebra over F, then the dual vector space A* has a
coalgebra structure (A*, m*, n*), where m* : A* —» (A®A)* = A*®A* and n* : A* > F
are the duals of the multiplication and unit map given by

m*(«)(a®b) = a(ab) n(a) =a(l) VYae A* a,be A.

If A is infinite-dimensional, then the dual of the multiplication is a linear map
m*: A* — (A®A)*. However, in this case we can have A*®A* C (A®A)*, and then M*
does not define a coalgebra structure on A*. However, we obtain a coalgebra structure
on the finite dual A° = {a € A*|m*(a) € A*®A*} (Exercise).

4. The dual statement of 3. holds also in the infinite-dimensional case. If (C,A,€) is a
coalgebra over F, then the (C*, A*|c+gcx, €°) is an algebra over F.

5. We consider the algebra Mat(n xn, F) with the basis given by the elementary matrices E;;
that have the entry 1 in the ith row and jth column and zero elsewhere. The dual basis
of Mat(n x n,F)* is given by the matrix elements M,; : Mat(n x n,F) = F, M — m,;.
The comultiplication and counit of Mat(n x n,F)* are given by

A(Mij) = S0 M®@My; (M) = 6.

As we can view a coalgebra as the dual of an algebra, we can also introduce subcoalgebras
and left, right and two-sided coideals by dualising the concepts of subalgebras, left, right and
two-sided ideals. In particular, we can take the quotient of a coalgebra by a two-sided coideal
and obtain another coalgebra.

Definition 2.1.4: Let (C, A, €) be a coalgebra.
1. A subcoalgebra of C is a linear subspace I C C with A(]) C I®]1.

2. A left coideal in C is a linear subspace I C C' with A(I) C C®I, a right coideal is a
linear subspace I C C with A(/) C I®C and a coideal is a linear subspace I C C' with
A(l) C I®C+ C®I and €(I) = 0.

Proposition 2.1.5: If C is a coalgebra and I C C' a coideal, then the quotient space C/I
inherits a canonical coalgebra structure with the following universal property:

The canonical surjection 7 : C'— C/I is a coalgebra map. For any coalgebra map ¢ : C' — D
with ker(¢) C I there is a unique coalgebra map ¢ : C'/I — D with ¢ o m = ¢.
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Proof:

As I C C'is a coideal, the map A" : C/I — C/IRC/I, c + I — (m@7)A(c) is well defined and
satisfies A’ o m = (7®m) o A. Its coassociativity follows directly from the coassociativity of A
and the surjectivity of 7

(A'®id) o Ao = (A'®id) o (7®7) 0 A = (7@7&7) o (A®id) o A
= (7@7@7) o (Id®A) 0o A = (IdRA") o (7®7) 0 A = (Id®A) o A’ o 7.

As [ is a coideal, we have I C ker(e) and obtain a linear map ¢’ : C'/I — F with ¢ om = €. The
counitality of € then follows directly from the counitality of € and the surjectivity of =
(€®id) o Ao = (€®id) o (7@7) 0 A = (1d®7) o (e®id) 0 A = 17
(id®e) o A’ o = (Id®€') o (7®@7) 0 A = (id®7) o (id®e) o A = 1pR.

In a similar manner, we can dualise the concept of a module over an algebra to obtain the notion
of a comodule over a coalgebra. One also can define subcomodules, quotients of comodules by
subcomodules and related structures. All of them are obtained by taking the corresponding
diagrams for modules over algebras and reversing all arrows labelled by m, n and >.

Definition 2.1.6: Let (C, A, ¢) be a coalgebra over F.

1. A left comodule over C' is a pair (V,0) of a vector space V over F and a linear map
0 :V — C®V such that the following diagrams commute

id®é

CRORY <= CaV V8 BV
A®idT T(s 5l A’
CoV <2 1% cxV.

2. A homomorphism of left comodules or an C-colinear map from (V, dy) to (W, éw)
is an [F-linear map ¢ : V' — W for which the following diagram commutes

oV _vy

o

Cow 2w,

Analogously, one defines right comodules over C' as left modules over C*? and (C,C)-
bicomodules as left comodules over C®CP. One often uses a variant of Sweedler notation
and denotes the map § : V' — V®C for a right comodule V' by 6(v) = X()v(0)®@v(1), where v(q)
is understood as an element of V', v(;) as an element of C' and X, as a finite sum over elements
of C®V. By definition of a right comodule, one then has

(6®idc)od(v) =) v(0)(0)®V(0)(1) ®V(1) =1 L) V(0) DV (1) BV (2) 1= L) V(0) ®V(1)(1) V(1) (2) = (Id®A )05 (v).

Example 2.1.7:
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1. Every coalgebra (C, A, ¢) is a left comodule over itself with the comultiplication § = A
and a right comodule over itself with the opposite comultiplication 6 = A°. This gives
C' the structure of a (C, C)-bicomodule.

2. If V is a left comodule over a coalgebra (C, A, €) with 6 : V. — CQV, v = 3,)v1)@v(0),
then it is a right module over (C*, A* €*) with > : VRC* = V, v®@a — Xya(va)) v(o).-
However, not every right module over (C*, A*, €*) arises from a comodule over C| if C' is
infinite-dimensional. The modules that arise in this way are called rational modules.

3. If (C,A¢€) is a coalgebra and I C C' a linear subspace, then the comultiplication of C'
induces a left (right) module structure on the quotient C'/I if and only if [ is a left (right)
coideal in C.

If we require that a coalgebra over [F also has an algebra structure and that its comultiplication
and counit are algebra homomorphisms, we obtain the notion of a bialgebra. Note that the
condition that comultiplication and the counit are algebra homomorphisms is equivalent to
imposing that the multiplication and unit are coalgebra homomorphisms. Hence, the coalgebra
structure and the algebra structure enter the definition of a bialgebra on an equal footing.

Definition 2.1.8:

1. A bialgebra over a field F is a pentuple (B, m,n, A, €) such that (B, m,n) is an algebra
over F, (B, A,¢) is a coalgebra over F and A : B — B®B and € : B — F are algebra
homomorphisms.

2. A bialgebra homomorphism from a bialgebra (B, m,n,Ae) to a bialgebra
(B',m/,n', A’ €) is a linear map ¢ : B — B’ that is a homomorphism of algebras and a
homomorphism of coalgebras:

m'o(¢R¢) =dom  gon=1n Aop=(¢R¢)cA ogp=c

Example 2.1.9:

1. For any bialgebra (B, m,n,A ¢€), reversing the multiplication or the comultiplication
yields another bialgebra structure on B. The three new bialgebras obtained in this way
are given by (B,m%,n,A¢), (B,m,n, A% ¢) and (B,m n, A°? ¢) and denoted B,
BP and B°P“°P  respectively.

2. For any two bialgebras B, C over F, the vector space BQC' becomes a bialgebra when
equipped with the tensor product algebra and coalgebra structures. This is called the
tensor product bialgebra and denoted BRC.

3. For any finite-dimensional bialgebra (B, m,n, A, €), the dual vector space has a canonical
bialgebra structure given by (B*, A* e*,m*,n*). If B is infinite-dimensional, the finite
dual B° = {b € B|m*(b) € B*®B*} is a bialgebra with the restriction of the maps
m*: B* — B*®B*, n*: B* - F, A*: B*®B* — B* and ¢* : F — B* (Exercise).
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2.2 Hopf algebras

We will now investigate which additional structure is needed on a bialgebra H to obtain a
representation on the dual vector space V* for every representation py : H — Endp(V') such
that the evaluation maps and for finite-dimensional vector spaces the coevaluation maps from
Proposition become homomorphisms of representations. For this, we suppose that V' is
a finite-dimensional vector space over F with an ordered basis B = (by,...,b,) and denote by

= (B, ..., 8") the dual basis of V*. Then the evaluation and coevaluation maps are given by

evii V'@V = F,  a®vr alv) evi VRV - F,  v@a s a(v)

coevi : B — V'@V, A= AL B'b; coevit : B — VRV*, A AN s
To obtain a representation of H on V* for each representation py : H — Endg(V) we require
an algebra homomorphism S : H — H and set py«(h)a = a o py o S(h) for all h € H and

a € V*. By definition of the representations on tensor products and of the right evaluation and
coevaluation we then have forallv e V., o € V* and h € H

(evi} 0 pyegy (h))(a®v) = (evi} o (pv-®pv) 0 A(h))(a®v) = Sy evi(pv(hay)a®py (h))v)
=Xmn )evv(a o pV(S(h(1)))®,0v(h(2))U) = X(n) (o PV<S(h(1))))<PV(h(2))U)

= Xm) (o py(S(hw)) o pv(he))v =Zm) (@ o pv(S(ha)) - k) (v)

(pvev=(h) o CO@V&%(A) = ALl l(pV®V*(h))(bi®/6i> = AU X Pv(h(l))bi®,0v*(h(2)>ﬂi

= AZ ) pv (h)bi@(6' 0 pr(S(hz))) = AZL Sy pv (hay - S(he)bi® s,

where we used the identity X7 ,¢(b;)®8° = 7 b;0¢*(8") for ¢ € Endg(V) and Sweedler
notation for the comultlphcatlon of H. As we have by definition of the trivial representation

(pp(h)oevyy)(a®v) = ps(h)a(v) =c(h)a(v) (coevyiops(h))(A)=e(h)coevii(A)=Ae(h) T, bio ',
we find that the right evaluation and coevaluation are homomorphisms of representations iff
m o (S@id)o A(h) = S S(haw) - by = noe(h) = Sohqy - Slhay) = m o (id@S)oA(R)  (3)
for all h € H. An analogous computation for the left evaluation and coevaluation yields
evh o prov- (1) (v8a) = a 0 py (S S(hia) - hw)(v)
prav-(h) o coeviz(A) = AL, Sy B'@py (S(hz) - hay)bi
and hence the left evaluation and coevaluation are homomorphisms of representations iff
o (5@id)oA(h) = Sanhe) - S(ha) = noe(h)= S S(he)ha) = mPo(ideS)oA(R)  (4)

for all h € H. We will see in the following that imposing both and is too restrictive since
it eliminates too many examples. Moreover, if V' is finite-dimensional we can obtain the left
evaluation and coevaluation for a vector space V from the right evaluation and coevaluation
for V* by composing the latter with the canonical isomorphism can : V' = V** v+ f, with
f(a) = a(vy) for all & € V*. Hence, at least in the finite-dimensional case the left and right
(co)evaluations are not independent and for this reason, we consider only the conditions
for the right evaluation. We will also see that these conditions imply that S : H — H is
an algebra homomorphism and hence we do not impose this in our definition. This yields the
concept of a Hopf algebra.
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Definition 2.2.1: A bialgebra (H,m,n, A, ¢) is called a Hopf algebra if there is a linear
map S : H — H, called the antipode, with

o(S®id) o A =mo (id®S)o A =noe.

Remark 2.2.2:

1. In Sweedler notation, the axioms for a Hopf algebra read:
X () a1y 1)®a1)2)®ae) = S@)am@ae)n)@ae)e)  Swelam)ae) = Swane(ae) = a
X(ab)(ab) 1y®(ab) o) = By Xpambny®a@be)  €(ab) = e(a)e(b)

Z(G)S(a(l))a(g) = Z(a)a(l)S(a(g)) = e(a) 1 Va, be H.

2. As indicated by the wording of Definition [2.2.1] the existence of the antipode is a property
of a given bialgebra (H, m,n, A ¢). An antipode either exists or it does not, but we will
prove that there is at most one antipode for a given bialgebra structure on H.

3. Although the antipode replaces the inverse for representations of a finite group, it does
not need to be an involution. In fact, it is not even guaranteed that the antipode of a
Hopf algebra is invertible.

Before considering concrete examples, we give an alternative interpretation to the defining con-
dition on the antipode in Definition This condition is well-motivated from the representa-
tion theoretical viewpoint since it was obtained from the condition that the right evaluation and
coevaluation maps should be homomorphisms of representations. However, it looks rather odd
from a purely algebraic viewpoint, and it should be possible to gain a conceptual understand-
ing without considering representations. This can be achieved by considering the convolution
product of a bialgebra H, which is defined more generally for a pair (A4, C') of an algebra A and
a coalgebra C.

Lemma 2.2.3: Let (A, m,n) be an algebra and (C, A, ¢€) a coalgebra over F.

1. The map * : Homp(C, A)®@Homp(C, A) — Homp(C, A), f®g +— f*g=mo (f®g)o A
defines an algebra structure on Homp(C, A) with unit noe: C — A.

The vector space Homp(C, A) with this algebra structure is called the convolution
algebra of C' and A, and x is called the convolution product on Homp(C, A).

2. f € Homp(C, A) is called convolution invertible if there is a ¢ € Homp(C, A) with
g [ = fxg=mnoe The convolution inverse of an element f € Homy(C, A) is unique,
and the convolution invertible elements in Homp(C, A) form a group with unit 7 o e.

Proof:

That the map * is F-linear follows from the F-linearity of A : C — C®C, m : AQA — A and
the properties of the tensor product. The associativity of * follows from the associativity of m
and the coassociativity of A

(fxg)xh=mo((f*g)®h)oA=mo (m®id) o (fRg®h) o (Ax®id) o A
=mo (idem) o (f@®g®Rh) o (IdRA)o A =mo (fR(gxh))o A= fx(gx*h).
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That noe: C — A is a unit for x follows because 7 is the unit of A and € the counit of C

(noe)xf=mo((noe)@f)oA=mo (ild®f) o (n®id) o (e®id) o A =mo (140f) = f
fx(noe)=mo(fR(moe)oA=mo(f®id)o (id®n) o (id®e) o A =mo (f®14) = f.

This shows that the vector space Homp(C, A) with the convolution product is an associative
algebra over . The uniqueness of two-sided inverses and the statement that the elements with
a two-sided inverse form a group holds for any monoid and hence for any associative algebra.
O

If (B,m,n,A ) is a bialgebra, we can choose (C,A¢) = (B,A,¢) and (A,m,n) = (B, m,n)
and consider the convolution product on Endg(B). Then it is natural to ask if the element
idg € Endp(B) is convolution invertible. It turns out that this is the case if and only if B is
a Hopf algebra, and in this case, the convolution inverse is the antipode of B. This gives a
more conceptual interpretation to the defining condition on the antipode in Definition [2.2.1]
Moreover, the convolution product allows us to derive the basic properties of the antipode
which are obtained from the following proposition.

Proposition 2.2.4: Let (B,m,n,A,¢) and (B, m/,n’, A’, €') bialgebras over F.

1. The identity map idg : B — B is convolution invertible if and only if (B, m,n, A €) is a
Hopf algebra, and in this case the convolution inverse of idg is the antipode S : B — B.

2. If f € Homp(B, B) is a convolution invertible algebra homomorphism, then its convo-
lution inverse f~! : B — B is an anti-algebra homomorphism: m®o(f~'®@f~!) = f~lom.

3. If f € Homg(B, B) is a convolution invertible coalgebra homomorphism, then its convolu-
tion inverse f~! : B — B is an anti-coalgebra homomorphism: Ao f~! = (f'@f~1)o AP.

4. If ¢ + B — B’ is an algebra homomorphism, then Ly : Homg(B, B) — Homg(B, B'),
f+— ¢ o fis an algebra homomorphism with respect to the convolution products.

5. If ¢ : B — B’ is a coalgebra homomorphism, then R, : Homp(B', B') — Homg(B', B),
g — go ¢ is an algebra homomorphism with respect to the convolution products.

Proof:

By definition, the identity map idg is convolution invertible if and only if there is a linear map
f: B — Bwith fxidg =mo(f®idg)oA =noe =mo(idp®f)oA =idg* f. This is precisely
the condition on the antipode in a Hopf algebra.

For 2. we note that f1on=mo(fton®fon)=mo(f'®f)oAon=nocon=rn for any
algebra homomorphism f. We then consider the convolution algebra Homp(B® B, B), where
B®B is equipped with the tensor product coalgebra structure from Example[2.1.3] 2. and show
that both, f~' omp : BB — B and m® o (f~'®f~') : B® B — B are convolution inverses
of mo (f®f) = fom : BB — B. The uniqueness of the convolution inverse then implies
mP o (f 1@ f~1) = f~! om, and this shows that f is an anti-algebra homomorphism. To show
that both, f~' omp and m° o (f~'®@f~1), are convolution inverses of f om, we compute

(ffom)x(fom)(b®c) =mo (fom®fom)oApgg=mo (f '®f)oAgom

:(ffl*f)om:noeom:no(a@e):noeB®B.
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To evaluate the other term, we note that in Sweedler notation we have fxg(b) = X f(b1))g(be2))
and Apgp(b®c) = ) ) ba)®ca)@bz)®c2). With this, we obtain

(m®o (f'@f ™) *(fo m)(b®0)
= Sy (m®” o (f1@f 1)) (boy®cq)) - (fom)(b@)@C(z)) = E(b)<c>f_1(0(1>> ) f (beee)
= Sy f " Hew) - FTHbw) f ( )).f (e ) ) Sy fHew) - (71 ) fle)
= e(b)2 0. f " ew) - flew) = e®)(f 7 * f)(c) = e(b)e(c)1p =1 0 epan(b@0)
and a similar computation proves (fom) (f~tom) = (f*m)o(m®Po(fto f~!) =noepys.
The proof for 3. is analogous. One considers the convolution algebra Homp(B, B&B), where

B®B is the tensor product of B with itself from Example|l.1.5 5. and proves that both Ao f~1
and (f~'®f~!) o A’ are convolution inverses of Ao f = (f®f)o A : B— BB (Exercise).

For 4. and 5. we compute for an algebra homomorphism ¢ : B — B’, a coalgebra homomorphism
Y B — B’ and linear maps f,g € Homg(B, B), h,k € Homg(B’, B')

po(fxg)=domo(f®g)oA=m'o(¢x¢)o (fRg)c A= (o f)+ (dog)
(hxk)ot =m'o (h®k)o A" o) =m' o (h®k)o (YpR1)) o A = (hot))«" (ko).

As for any algebra homomorphism ¢ : B — B’ one has Lg(noe) = ¢ponoe =n oe and for
any coalgebra homomorphism ¢ : B — B’, one has Ry(n o€') =1 o€ 01 =1 oe, this shows
that L, : Homp(B, B) — Homgp(B, B') and R, : Homy(B’, B') — Homp(B, B’) are algebra
homomorphisms. O

Proposition allows us to draw conclusions about the basic properties of an antipode in a
Hopf algebra H. The first is its uniqueness, which follows directly from the uniqueness of the
convolution inverse established in Lemma 2.2.3|and the fact that the antipode is the convolution
inverse of the identity map. Proposition [2.2.4] 2. and 3. imply that the antipode defines an
algebra homomorphism S : H — H° P since the identity map idy : H — H is an algebra and
a coalgebra homomorphism. Finally, Proposition [2.2.4] 4. and 5. show that the antipode of a
Hopf algebra is automatically compatible with bialgebra homomorphisms since any bialgebra
homomorphism ¢ : H — H' induces algebra homomorphisms L, : Endg(H) — Homgp(H, H'),
[ ¢ofand Ry : Endg(H') — Homg(H, H'), g — go ¢ by Proposition 2.2.4] 4. and 5. which

map convolution inverses to convolution inverses.

Corollary 2.2.5: (Properties of the antipode)

1. If a bialgebra (B, m,n, A, ¢€) is a Hopf algebra, then its antipode S : B — B is unique.
2. The antipode of a Hopf algebra is an anti-algebra and anti-coalgebra homomorphism
m?o (S®S)=Som  Son=n  AoS=(5®S5)oA” coS=ce
3. If (B,m,n,A,e,5) and (B',m',n', A’ €', S") are Hopf algebras, then any homomorphism
of bialgebras ¢ : B — B’ satisfies S’o¢ =¢o S.

Proof:
The first two claims are obvious. The last claim follows directly from Proposition [2.2.4] 4. since
for any bialgebra homomorphism ¢ : B — B’, one has

(poS)x¢d = Ly(Sxidp) = Ly(noe) =n'oe=Ly(noe) = Ly(idg*S) = ¢ * (¢
(S0 @) *x¢p=Ry(S xidp) = Rs(f o) =1 oe = Ry(n' o €') = Ry(idp *S) =

¢o5)
¢ * (50 ¢).
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This shows that both, S’ o ¢ and ¢ o S are convolution inverses of ¢ : B — B’ in Homg(B, B’)
and the uniqueness of the convolution inverse then implies S’ o ¢ = ¢ o S. O

Before considering examples, it remains to clarify the dependence of our definitions on the
choices involved in the process. Our definition of a Hopf algebra took as the defining condition
for the antipode equation , which ensured that the right evaluation and coevaluation maps
are homomorphisms of representations. It is natural to ask how the corresponding condition
for the left evaluation and coevaluation is reflected in the properties of the antipode. It
turns out that imposing both conditions is equivalent to the requirement that the antipode is
an involution. More generally, if the antipode is invertible, the antipode satisfies condition ({3))
and the inverse of the antipode satisfies condition (4)).

Lemma 2.2.6: (Properties of the antipode)

Let (H,m,n,A ¢, S) be a Hopf algebra.
1. If S is invertible, then m? o (S7'®id) o A = m o (id®S ') o A =noe.
2. 5% =idy if and only if m? o (S®id) o A =noe=m o (id®S) o A.

3. If H is commutative or cocommutative, then S? = idy.

Proof:
1. If S=' : H — H is the inverse of the antipode S : H — H, one has

Som®o (S ®id) o A =mo (S®S) o (S7'®id) o A =mo (id®S) o A =noe
Som o (idoS ) oA =mo (S®S) o (idoS ') oA =mo (S®id)o A =noe.

As Sonoe=noe=S"tonoe, applying S~* to both sides of these equations proves 1.

2.1f S? = idy, then S = S~! and from 1. one obtains m®o (S®id)o A = noe = mo(id®S)oA.
To prove the other implication, one computes with the convolution product in Endp(H)

S5 =mo (S®5%) oA =Som”o (id®S) o A =mo (id®S)o A% 0o S (5)
S?% S =mo (S*®5) oA =Som?o (S®id) o A =mo (S®id) o A% o S.

If m o (S®id) o A =noe=m?o (id®S) o A, this implies S x S = 5? xS = Sonoe=noe
This means that S? and idg are both convolution inverses of S, and from the uniqueness of the
convolution inverse one has S? = idy. Claim 3. also follows directly from since m°? = m or
A% = A imply S * S? = 52 % S = idy in (B)) and hence S? = idy. O

With these results on the properties of the antipode, we can now consider our first examples,
which are rather trivial but structurally important, because they care used in many construc-
tions. More interesting and advanced examples will be considered in the next subsection.

Example 2.2.7:

1. For any Hopf algebra (H,m,n,A, ¢, S), reversing the multiplication and the comul-
tiplication yields another Hopf algebra structure on H, namely the Hopf algebra
Heopeor = (H,m n, A% €, S). If S is invertible, then reversing the multiplication or
the comultiplication and taking the inverse of the antipode yields new Hopf algebra
structures H? = (H,m,n, A, e, S7') and HP = (H,m,n, A%, ¢,S7!) on H.
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2. For any two Hopf algebras H, K over [F, the tensor product bialgebra H®K is a Hopf
algebra with antipode S = Sy®Sk. This is called the tensor product Hopf algebra
and denoted H® K.

3. For any finite-dimensional Hopf algebra (H,m,n,A¢,S), the dual bialgebra
(H*, A* e*,;m*,n*) is a Hopf algebra with antipode S*. For any Hopf algebra
(H,m,n,A,e,S), the finite dual (H°, A*|gogpo, €', m*|go, n*| o) from Example[2.1.9] 3. is
a Hopf algebra with antipode S*|go (Exercise).

H°,

Example 2.2.8: Let GG be a group and F a field.

The group algebra F[G] is a cocommutative Hopf algebra with the algebra structure from
Example [1.1.10} comultiplication A : F[G] — F|G]|®QF[G], g — g®g, counit € : F[G] = F, g+ 1
and antipode S : F[G] — F[G], g —~ ¢!

Proof:
As the elements of F[G] are finite linear combinations Y eq A\gg with A\, € F, it is sufficient to
verify that the axioms hold for the basis elements. This follows by a direct computation
(A®id) o A(g) = Ag)®g = g®gRg = g¥A(g) = (Id®A) 0 A(g)
(e@id) 0 A(g) = e(g)®g = 1®g  (id®e) 0 A(g) = gRe(g) = g1
A(g - h) = (gh)®(gh) = (9®g) - (h®h) = A(g) - A(h)
€lg-h)=1=1-1=¢€(g)-e(h)
mo (S®id) o A(g) =m(g~'®g) = g~'g =1 =1(e(g)) = g9~ =m(gg~") = mo (id®S) o A(g).
O
Example 2.2.9: Let G be a finite group and F a field.
Then the dual vector space F|G]* is isomorphic to the vector space Fung(G) of functions f :
G — F with the pointwise addition and scalar multiplication. The functions ¢, : G — F with
ds(g9) = 1 and d4(h) = 0 for g # h form a basis of Fung(G). In terms of this basis, the Hopf
algebra structure (Fung(G), A*, €*, m*,n*, S*) that is dual to (F[G],m,n, A ¢, S) is given by
A" (0,00p,) = 64 - 0, = 64(h) 0y, €'(N) = AXyeqdy,
m*(dy) = Lhecon®dp-1g " (0g) = dg(€) S'(dg) = 57(34) = 41
for all g,h € G. This Hopf algebra is commutative, and its algebra structure is given by the
pointwise multiplication of functions f : G — F.

Proof:
This follows by a direct computation from the definition of the dual Hopf algebra structure.
We have for all g, h,u,v € G

A (B@00) (1) = (8,08) (A1) = (860 () = b, (u)b(w) = 8,(1) br(w)

€' (N)(u) = Ae(u) = X = EgegAdy(u)

(8, (uv) = 8,1 ©) = Sneadn(u)dy(hv) = Sneadn(u)d 14(v)

1°(0g) = dg(e)

S*(0g) () = 04(S(w)) = Gg(u™") = Gy-1(u).

In particular, this implies for all u € G

(fr- f2)(u) = A" ([1@f2)(u) = Xy nea f1(9) fo(R)AT(0,@0n) (u) = By hecf1(9) f2(h)dg(w)on(w)
= fi(u) fa(w). 0
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2.3 Examples

In this section, we consider more interesting and advanced examples of Hopf algebras, which
show that the concept goes far beyond group algebras and other familiar constructions. In
particular, we construct parameter dependent examples that are non-commutative and non-
cocommutative and can be viewed as deformations of other, more basic Hopf algebras with
a simpler structure. We start with two most basic examples, namely the tensor algebra of a
vector space and the universal enveloping algebra of a Lie algebra.

Example 2.3.1: The tensor algebra T'(V') of a vector space V over F is a cocommutative
Hopf algebra over F with the algebra structure from Example [1.1.6{ and the comultiplication,
counit and antipode given by

A(UI(XJ e ®Un) = EZZOZ(,eSh(p,n_p) (UU(1)® e ®U0(p))®(va(p+1)® ce ®Ua(n))
€(®...0u,) =0 S(®...0v,) = (—1)"1,®...Qu;,

where Sh(p, q) is the set of (p, ¢)-shuffle permutations
o€ Sprg with o(l)<o(2)<..<o(p)ando(p+1)<o(p+2)<..<o(p+q),

and we set vy(1)® ... Vs = 1 for p =0 and vy(p41)® ... QVs(n) = 1 for p = n.

Proof:
By the universal property of the tensor algebra, the linear maps

AV STWV)RT(V), v lev+uel € :V—oF v=0  S:V->TV)? v —v

induce algebra homomorphisms A : T(V) — T(V)QT(V), e : T(V) = F, S: T(V) = T(V)
with Aoy = A’, oty = € and S oy = 5. To show that A and € are coassociative and
counital and S is an antipode it is sufficient to prove that

(A®id) o Aoty = (Id®A) o Aoy
lrvy o (e®id) o Aoy =1y = rpw) o (id®e) o Ao vy
mo (S®id)o Aoy =noeoty =mo (id®S) o Aoy,

The claim then follows from the universal property of the tensor algebra. These identities follow
by a direct computation from the expressions above

(A®id) o Aoy (v) = (A®id)(1®v +1v®1) = A(1)@v + A(v)®1 = 19100 + 1@ve1 + 1®1®1
(1d®A) o Aoty (v) = (1d®A)(1®v + 1v®1) = I0A(v) + A(1)®v = 118V + 1®ve]l + v®1®1
lrvy o (e®id) o A o 1y (v) = lp)(e(v)®1 + €(1)®@v) = v = 1y (v)
rrvy © (1d®e) o Aoy (v) = ree)(1Re(v) + v®e(1)) = v = 1y (v)
mo(S®1d)voW(v) =m(S1)@v+S)®l)=1-v—v-1=0="n(e(v)) =noecowy(v)

) =m(1®

mo (Id®S) o Aoy (v) =m(1S(v) + v®S(1)) = —1-v+v-1=0=n(e(v)) =noeoiy(v).

This proves that the algebra homomorphisms A and € are coassociative and counital, that S is
an antipode that and (T(V), m,n, A, ¢, S) is a Hopf algebra,
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The formulas for the comultiplication, counit and antipode follow by induction over n. If they
hold for all products of vectors in V' of length < n, then we have by definition of A, ¢ and §

(N ®...QUp11) = €(U1®...QU,) - €(Vpy1) =0

S(1®...0Un41) = S(Vni1)RS(11®...00,) = (—1)" M, 1QU,®...Qv;

A ®...00,11) = A(v1R...Qv,) - A(vpy1)

= (Zp=oZoesnpn—r) (Vo()®--BVo() )@ (Vo(pr1) - BVs(m)) - (Un1®1 + 1@0n11)
= X0 Zeesh(pn—p) (Vo(1)®--- OVs(p) OVp41) (Vs (p+1) ®-.. QU (n))

+ X0 Eoeshpn-p) (Vo()®-+-BVs()) (Vo (p41) D OVo () DVn 41)

= 230 Boeshpntiop) (Vo()®---®Vs(p)) ®(Vs(p1) ®-. Vs (nr1) ).

In the last step, we used that from every shuffle permutation ¢ € Sh(p,n — p), we ob-
tain a shuffle permutation ¢’ € Sh(p + 1,n — p) by setting o'(i) = o(i) for 1 < i < p,
dp+1) =n+1and o'(i) = o(i — 1) for p+2 < i < n+ 1. We also obtain a shuffle
permutation ¢” € Sh(p,n + 1 — p) by setting ¢”(i) = o(i) for 1 <i <n, d"(n+1) =n+ 1.
Conversely, for every shuffle permutation 7 € Sh(p,n + 1 — p), one has either 7(p) = n + 1
or m(n + 1) = n + 1. In the first case, one has p > 0 and 7 = ¢’ for a shuffle permuta-
tion o € Sh(p—1,n+1—p) and in the second m = ¢” for a shuffle permutation o € Sh(p, n—p). O

Example 2.3.2: The universal enveloping algebra U(g) of a Lie algebra g is a cocommutative
Hopf algebra with the algebra structure from Example and the comultiplication, counit
and antipode given by A(z) = 2®1 + 1®x, €(z) = 0 and S(z) = —z for all z € g.

Proof:

The linear maps
A:g—=U(g)eU(g), r—2@l+1@x  €:g—>F z2—~0 S :g—>U(@% 2+ —x

are Lie algebra homomorphisms, since one has for all x,y € g
[A(z), Al(y)] = A'(z) - A(y) — Al(y) - Al(x)

= (z2®1 + 1e7) - (y®1 + 18y) — (y©1 + 1Qy) - (t®1 + 1Q)

= (2y)®1 + 2y + 1®(ry) + yz — ((y2)R1 + Yy + QY — 1 (y))

(zy — y2)®1 + 10(2y — yz) = [z, y]®1 + 1®[z, y| = A([z,9])

[€'(x), € (y)]) = €'(x)e'(y) — €' ()€ (x) = 0 =€ ([z,y])

[S'(z), " ()] = S'(9)S"(z) = S'(2)S'(y) =y -z —x-y=—[z,y] = ([, y]).

By the universal property of U(g), they induce algebra homomorphisms A : U(g) — U(g)®U(g)
€e:U(g) > Fand S:U(g) = U(g)” with Aoy =A" co1y=¢ and So¢; = 5. To prove the
coassociativity and counitality of A and e and that S is an antipode, it is sufficient to show
that (A®id) o Aoty = (Id®A) 0 Ao iy, lyg) o (e®id) 0o Ao g = 13 = Ty(g) © (Id®e) 0 A o ¢4
and mo (S®id)o Aoy =noeoi; =mo (1d®S) o Aoy . The claim then follows from the
universal property of U(g). These identities follow by a direct computation that yields the
same formulas as in the proof of Example [2.3.1] That this bialgebra is cocommutative follows
from the fact that A o (4(z) = 1®z + 2®1 = A% o 14(z) for all € g. With the universal
property of U(g), this implies A = A% : U(g) — U(g)U(g). 0
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All examples of Hopf algebras treated so far are cocommutative, and hence their (finite) duals
are commutative. To construct more interesting examples that are neither commutative nor co-
commutative, we consider certain polynomials in Z[q], the so-called g-factorials and g-binomials.
Their name is due to the fact that they exhibit relations that resemble the relations between
factorials of natural numbers and binomial coefficients. That the variable in the polynomial
ring Zlq| is called ¢ instead of = has historical reasons and no deeper meaning.

Definition 2.3.3: Let R be an integral domain, Z[g| the ring of polynomials with coefficients
in Z and Z(q) the associated fraction field of rational functions. We define:

e the ¢-natural (n),=1+q¢+..+¢" ' = E for all n € N,

e the g-factorial (0)!, = 1 and (n)!, = (n)y(n—1)4 - - (1), = L= ((T; 11;73)"'('1_1) forn € N,

e the g-binomial or Gauf} polynomial (Z) = W for k,n € Ny with 0 < k£ < n.
q

Lemma 2.3.4:

1. For all k,n € N with 0 < k < n, the ¢g-naturals, the ¢-factorials and the g-binomials are
polynomials in ¢ with integer coefficients.

2. For all k,n € N with 0 < k < n the ¢g-binomials satisfy the identity

(:),= (),

3. For all k,n € N with 0 < k < n the g-binomials satisfy the ¢g-Pascal identity

n+1\ (n k1 n _ n nek [T
<k+1> _(k> +a <k+1> _(k+1) +4a (k>
q q q q q

4. If Ais an algebra over Z(q) and =,y € A with xy = g yx one has the g-binomial formula

(x+y)" =) (Z) yra"
k=0 q

Proof:

That the elements (n), and (n)!, are polynomials in ¢ follows directly from their definition.

That this also holds for the g-binomials follows by induction from 3. and from the fact that

they are equal to 1 for k£ = 0 or k = n. The second claim follows directly from the definition of

the g-binomial, and the third follows by a direct computation

(Z) L g (kil) _ @ =D (@ =) e (1) (@ 1)

(" F=1)--(¢—1) (" *t=1)-(¢—1)

("' =1 (" -1) (n+1
b) = (" *=1)(¢—1) :<k+1>'

_ (qn_l)"'(qkw_l). k41
B RSy

4. To prove the last claim, we use the identity

_ 1 4 qk-i-l(qn—k .

zy* — ¢yt = 37 ¢y (vy — qua)yF T, (6)
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which follows by induction over k£ and compute with 3. for general z,y € A

n+1 n n+1
(z 4+ y)™+! — Z (n Z— 1) e L Z (Z) ek Z (n Z— 1) g1k
q q q

k=0 k=0 k=0
n—1 n n n
_ Z (Z) yk+1$n—k + (Z) xykxn—k . Z (k; ﬁ 1) ykxn—i-l—k _ Z (Z) qkykmn-&-l—k
k=0 q k=1 q k=1 q k=1 q
1

n n k—
n n— n+1— n —l-1,n—
= (k) (zy"a" ™" — ghytam ) = (k) q'y' vy — qyo)y* ™" € (ay — qya).
k=1 q k=1 1=0 q

If xy = qyz, then the ideal (zy — qyz) is trivial and the claim follows. O

To evaluate the g-naturals, g-factorials and g-binomials, we recall that for every integral domain
R, we have a unital ring homomorphism Z — R, z — 2z = z1, which induces a unital ring
homomorphism Z[q] — R[q], Lnen,ang™ — Lnenyanl ¢". By composing it with the evaluation
homomorphism ev, : R[g] = R, ¥pen,nq" — Znenanr™ for r € R, we obtain a unital ring
homomorphism ev! : Z[q] — R, Ynen,anq"” — Znen,anlr™ that allows us to evaluate every
polynomial in Z[q| at r € R.

Definition 2.3.5: The evaluation of the g-naturals, ¢g-binomials and g-factorials in r € R is

(), =evin)y ()= evl(n)l, (Z) —ev] (Z)

Clearly, there are two cases in which the evaluation of g-naturals, g-factorials and g-binomials
is of special interest. The first is » = 1, where we have (n); = nl, and the evaluations of
g-factorials and ¢-binomials in » = 1 coincide with the usual factorials and binomials in R.
This justifies the names g-naturals, ¢-binomials and g-factorials. The second is the case, where
r € R is a primitive nth root of unity, i. e. 7® = 1 and r* # 1 for 1 < k < n. In this case, one
has (n),. = 0 and (k). # 0 for all k& < n since the roots of the polynomial (m), are precisely
the non-trivial mth roots of unity. This implies that the evaluations of all g-factorials (m)!,
with m > n vanish, since they contain a factor (n),. The same holds for the evaluations of all

g-binomials with entries 0 < k < n, since (n). =0 and (k). # 0 for all £ < n implies

(") )y )y okt D),

=¢evV,—————> - — €V
k

r T(n - k)!q(k)!q " (k)q(k - 1)q T (Uq

We will now use the g-naturals, ¢-factorials and g-binomials to construct an example of a
Hopf algebra that is neither commutative nor cocommutative. The natural way to proceed is
to present its algebra structure in terms of generators and relations. Clearly, the minimum
number of linearly independent generators that can give rise to a non-commutative and non-
cocommutative bialgebra is two. The simplest relations that can be imposed on such an algebra
without making it commutative or trivial are quadratic relations in the two generators, i. e. rela-
tions of the form 2% —q, y? —q or xy —qyx for some ¢ € F and generators x, y. While the first two
yield a rather trivial algebra structure, the last one is the more promising and indeed gives rise
to an infinite-dimensional non-commutative and non-cocommutative bialgebra. If we impose
additional relations of the form z™ = 0 and y™ = 1 to make the bialgebra finite-dimensional,
we have to take for ¢ a primitive nth root of unity and obtain Taft’s example.
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Example 2.3.6: (Taft’s example)
Let F be a field, n € N and ¢ € F a primitive nth root of unity. Let A be the algebra over F
with generators x,y and relations

n

xy —qyxr =0, " =0, y"—1=0.
Then A is a Hopf algebra with the comultiplication, counit and antipode given by
Alz) =10z + 20y, A(y) =yRy, @) =0, ely)=1, Sx)=-ay""", Sy =y""

Proof:

Let V be the free F-vector space generated by B = {x,y}. Then the algebra A is given as
A=T(V)/I, where I = (z-y—qy-x,2",y" — 1) is the two-sided ideal in T(V') generated by
the relations and - denotes the multiplication of the tensor algebra T'(V').

The linear maps A" : V — T'(V)®T(V) and € : V — F that are determined by their values on
the basis B induce algebra homomorphisms A" : T(V) — T(V)QT(V), ¢ : T(V) — F with
A" o1y = A’ and €’ o1y = € by the universal property of the tensor algebra. These algebra
homomorphisms satisfy the coassociativity and the counitality condition, since we have

(A'®id) o Al(z) = A'(1)@z + Al(2)®y = 1®18z + 1QrQY + 2QYRyYy

(1d®A") o Al(z) = 1A' (z) + 20A(y) = 1918z + 101Qy + 2QyRyY

(A'®id) o A'(y) = Al(y)®y = yRyRy = y@A'(y) = ([doA") o Al(y)

(€®id) o A'(z) = €(1)®@z + € (2)Qy = 1Qx (id®€’) o A'(z) = 1®€ (z) + Q€ (y) = z®1
(€®id) o Al(y) = €' (y)®y = 1@y (id®e') o Al(y) = y@€ (y) = y@1.

This shows that A” and €” define a bialgebra structure on the tensor algebra 7'(V'). To show that
this induces a bialgebra structure on A = T'(V')/1, it is sufficient to show that I is a coideal in
T(V),i.e. A"(I) Cc T(V)®I + I®T(V) and €”(I) = 0. Proposition then implies that this
induces a bialgebra structure on A. As I is the two-sided ideal generated by the relations and
A" and €” are algebra homomorphisms, it is sufficient to show that A”(r) € IQT(V)+T(V)®I
and €”’(r) = 0 for each relation r. The latter follows directly from the definition of €”

' (zy — qyz) = €' ()" (y) — ¢’ (y)e" () =0-1—¢q-1-0=0
Ell(yn _ 1) _ E//(y)n —1=1"-1=0=0" = Ell(x)n _ G/I(wn).
For the former, we compute with the multiplication - of the tensor algebra
A'(xy — qyz) = A" (x) - A(y) — qA"(y) - A"(2)
= (1®z + 2®y) - (YY) — q(y®y) - (1®z + 2®Y)

= y@(zy) + (2y)Qy* — qy(yz) — q(yr)QyY®
= y®(2y — quyr) + (vy — qur)RYy* € T(V)RI + IQT (V).

Ay —1)=A"(y)" — 111 = (yoy)" — (181) = y"®y" — 11
— "2 — 1)+ (y" — Dol € T(V)&I + IQT(V).

To prove this for A”(z") = (1®z + x®y)", note that the proof of Lemma [2.3.4] 4. implies

(1®z 4+ z@y)" — (Z) (zey)F - (1) e J
0



where the binomial coefficient is evaluated in ¢ € F and J is the two-sided idea generated by
the element (1®z) - (z®y) — ¢ (z®y)(1®2) = 2®(xy) — ¢r@(yr) = 2@(xy — qyz) € T(V)®1.
As T(V)®I is a two-sided ideal in T'(V)QT(V'), we have J C T(V)®I, and as ¢ is a primitive
nth root of unity, the evaluations of the binomial coefficients for 0 < k < n vanish. This yields

A"(z") = (1ez + 2®y)" = 12" + 2"y" + T(V).@I € T(V)®I + IQT (V).

Hence, we have shown that A’ and ¢ induce algebra homomorphisms A : A - A®A and
€: A— F with (7®7) o A" = Aorm and € = eom, where 7 : T(V) — T(V)/I is the canonical
surjection, and that this defines a bialgebra structure on A =T(V)/I.

To show that A is a Hopf algebra, we consider the linear map S” : V' — T(V)° defined by
its values on the basis. By the universal property of the tensor algebra, it induces an algebra
homomorphism S” : T'(V)) — T'(V)° with S” o vy = S’. By composing S” with the canonical
surjection, we obtain an algebra homomorphism 7o S” : T(V) — A, and we have to show that
70 5”(r) = 0 for all relations r of I. With the definition of the antipode and (), we compute

mo §"(zy — qyr) & 7(S"W)7(5"(2)) — gm(S"(@)7(5" (W) = ~y" "y T+ gy -y
O _yn—l xyn—l + qnyn—ll,yn—l _ (qn . 1)yn—1xyn—1 _ O,
108" (8" (£)) = —xy — (—1)" :L_ynfl ‘,Eynfl —(—1 nq(nfl)(lJr...Jrn)ynxn — 07
(2") = m(

mo 'yt —1) = m(S"(y)") — 1= y”““” —1=1""-1=0,

and this shows that the map 7 o S” induces an algebra homomorphism S : A — A°. Because

m o (S®id) o A(z) = m(S()@x + S(x)®y) =1 -z — (zy" ") -y = x(l —y") =0=¢(x),
m o (id®S5) o (:U)Im(1®5()+x®5(y))=—1~(:vy Dta-y" =t =0=e),

mo (S®id) o A(y) = m(y"'@y) =y" -y =y" =1 =€y,

mo (id®S) o A(y) = m(yeS(y)) =y-y" ' =y" =1=€(y)l,

it follows from the universal property of the tensor algebra and the quotient algebra that S is

an antipode for A and A is a Hopf algebra. O
Remark 2.3.7:
1. Taft’s example for ¢ = —1, n = 2 is also known as Sweedler’s example.

2. The elements z'y? € A with 0 < 4,5 < n — 1 generate the vector space A. This follows
because every mixed monomial in x and y can be transformed into one of them by
applying the relations. However, they are not linearly independent (why?).

3. It follows from the proof of Example that the algebra with generators z,y and the
relation xy — qyx is also a bialgebra for any ¢ € F, because the ideal I’ = (zy — qyx) is
a coideal in T'(V'). This infinite-dimensional bialgebra is sometimes called the quantum
plane. It is not cocommutative, commutative if and only if ¢ = 1, and the elements zy
for i, 5 € Ny form a basis of this bialgebra. .

4. The antipode in Taft’s example satisfies S?(y) = y and S?(x) = yxy~'. This shows that
S? and hence S are invertible, but we do not have S? = id.

Our next example of a non-cocommutative and non-commutative bialgebra and Hopf algebra
are the so-called g-deformed matrix algebras M (2, F) and SL,(2,F). They are again presented
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in terms of generators and relations and their coalgebra structure will be interpreted later as a
generalisation and deformation of the coalgebra Mat(2 x 2, F)* from Example [2.1.3 5. We first
describe their bialgebra and Hopf algebra structure and then relate them to Mat(2 x 2,F)*.

Example 2.3.8: Let F be a field and ¢ € F \ {0}.

1. The matrix algebra M, (2, F) is the algebra over F with generators a, b, ¢, d and relations
ba = qab, db=qbd, ca=qac, dc=qcd, bc=cb, da—ad=(q—q ")be. (7)
It has a bialgebra structure with comultiplication and counit given by

A(a) = a®a + b®c, A(b) = a®b+bod, A(c) = c®@a+ d®ec, A(d) = c®b+ dod
€(a) =1 €(b) =0 €(c) =0 e(d) =1. (8)

2. The g-determinant det, = ad — ¢ 'bc is central in M,(2,F) with
A(det,) = det,®@det, e(det,) = 1.

3. The bialgebra structure of M,(2,F) induces a Hopf algebra structure on the algebra
SL,(2,F) = M,(2,F)/(det, — 1) with the antipode given by

S(a)=d, S(b)=—qb, S(c)=—q'c, S(d)=a.

Proof:

1. The proof is similar to the one of Example[2.3.6] The algebra M,(2, F) is given as the quotient
M,(2,F) = T'(V)/I, where V is the free vector space with basis {a,b,c,d} and I C T'(V) the
two-sided ideal generated by the six relations in @ By the universal property of the tensor
algebra, the maps A’ : 'V — T(V)®T(V) and ¢ : V — F specified by induce algebra
homomorphisms A” : T'(V) — T(V)QT (V) and €’ : T(V) — F. To show that A” and ¢” are
coassociative and counital, it is again sufficient to show that (A"®id)o A" (z) = (Id®A")o A" (x)
and Ipyy o (€"®id) o A"(x) = rpevy o (1d®e”) o A”(x) for x € {a, b, c,d}. This follows by a direct
computation from , which yields

a) = A"(a)®a + A"(b)®c = a®a®a + bRc®a + a@bRc + bdRc
)o A"(a) = a®A"(a) + bRA"(¢) = a®a®a + a®@bRc + bRc®a + bRdRe
id) o A”(b) = A"(a)®b + A" (b)@d = a®a®b + b2e@b + a@bRd 4 bod®d
) (b) = a®A"(b) + bRA(d) = a®a®b + a®bRd + bRc®b + bd®d
A”@ld) o A"(c) = A"(c)®@a + A"(d)®c = c®a®a + dRc®a + cRbRc + dRdRc
) (¢) = c®@A"(a) + dRA"(¢) = c®a®a + c@bRc + d@c@a + dRd®c
®id) (d) = A"(c)@b + A"(d)®d = c®a®b + dRc®b + cRbRd + dRd®d
) o A"(d) = c®A"(b) + dRA"(¢c) = c®a®b + c@bRd + dRc®b + dRdRd.

To show that this induces a bialgebra structure on M,(2,F) it is sufficient to prove that I is
a two-sided coideal in T'(V), i. e. that we have A”(r) € IQT (V) + T(V)®I and ¢’(r) = 0 for
each relation r. For the latter, note that ¢’(zy) = 0 if z,y € {a,b, ¢, d} with {z,y} N {b,c} # 0.
This proves that €”(r) = 0 for the first five relations. For the last relation, we have

'(da — ad) = €'(d)e"(a) — "(a)"(d) =1 —-1=0= (¢ — ¢ )" (b)"(c) = (g — g )" (be).
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The identities A”(r) € IQT (V) +T(V)®I follow from a direct computation, which we perform
for the first relation, since the other computations are similar

A"(ba — gab) = (a®b + b@d) - (a®a + bRc) — g(a®a + bRc) - (a®b + bRd)
= a*®ba + ab®bc + ba®da + b*@dc — q(a*®ab + ab@ad 4 ba®ch + b*®cd)
= a*®(ba—qab) + b*®(dc—q cd) + (ba—qab)®da + qab®(da—ad + (¢~ q)bc) + ab®(cb—bc).

2. That the element det,, is central in M,(2,F) follows from the relations in M, (2, F):

a-det, = a- (ad — ¢ 'bc) = a®d — ¢ 'abc = ada + (¢~" — q)abc — ¢ 'abe

= ada — qabc = ada — bac = ada — ¢ 'bea = (ad — ¢~ bc)a = det, - a,
b-det, =b- (ad — ¢ 'bc) = bad — ¢ 'b*c = qabd — ¢ 'bcb = (ad — ¢ 'be)b = det, - b,
c-det, = c- (ad — ¢ 'be) = cad — q ' cbe = qacd — ¢~ 'bc* = (ad — ¢ 'be)c = det, - ¢,
d-det, = d- (ad — ¢ 'bc) = dad — ¢ ~*dbc = ad®* + (¢ — ¢~ )bed — g dbe

= ad® + (¢ — ¢ ")bed — bdc = ad® + (¢ — ¢ — q)bed = (ad — ¢~ 'be)d = det,, - d.

For the coproduct and the counit of the g-determinant, we compute

e(det,) = e(a)e(d) — g 'e(b)e(c) = 1

A(dety) = Afa) - A(d) — ¢ A(b)A(c)

= (a®a + bRc) - (@b + d@d) — ¢ (a®b + bd) - (c®a + d®c)

= ac®ab + ad®ad + be@ch + bd®cd — ¢~ (ac®ba + ad®be + be@da + bd®dc)

= ad®(ad — ¢~ *be) + be®be — ¢ 'be@da = ad®(ad — ¢ 'be) — ¢~ 'be®@(ad — ¢ be)

= det,®det,.
3. As we have A(det, —1) = det, ® det, —1®1 = det, ®(det, —1)+(det, —1)®1, e(det, —1) = 0,
the two-sided ideal (det, —1) in M,(2,F) is a coideal in M,(2,F). This implies that the quotient
M,(2,F)/(det, —1) inherits a bialgebra structure from M,(2,F). To show that this bialgebra is
a Hopf algebra, we compute with the expressions for S in SL,(2,F)

m o (S®id) o A(a) = S(a) - a+ S(b) - ¢ = da — gbc = ad — ¢~ 'bc = det, = 1 = €(a)
mo (id®S) o Ala) =a-S(a) +b-S(c) = ad — ¢ 'bc = det, = 1 = €(a)

mo (S®id) o A(b) = S(a)-b+ S(b) -d = db— qbd = 0 = €(b)

mo (id®S) o A(b) =a-S(b)+b-5(d) = —qab+ ba = 0 = €(b)

mo (S®id) o A(c) = S(c)-a+ S(d) - ¢ = —q 'ca+ac=0=¢(c)

mo (id®S) o A(e) = c- S(a) +d- S(c) = cd — g 'de = 0 = €(c)

m o (S®id) o A(d) = S(c) - b+ S(d) -d = —q 'cb+ ad = det, = 1 = €(d)

mo (id®S) o A(d) = c- S(b) + d- S(d) = —qcb + da = ad — ¢ 'be = det, = 1 = €(d).

This shows that S is an antipode for the bialgebra SL,(2,F) and SL,(2,F) is a Hopf algebra. O

To understand the names M,(2,F) and SL ( [F) for these algebras, we note that for ¢ = 1 the
relations of the matrix algebra M (2,F) in (7)) imply that M;(2,F) is a commutative algebra
with four generators and the coalgebra structure given by . If we interpret the generators
a, b, c,d as linear maps a, b, c,d € Mat(2 x 2, F)* given by

a b a b a v a b
a: (c’ d') —a', b: (c’ d’) Y E (c’ d’) =, d: (c’ d’> — d’
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then M;(2,F) is isomorphic to the algebra of functions f : Mat(2 x 2,F) — F that are polyno-
mials in the entries o/, V', ¢, d’, with the pointwise addition, scalar multiplication and multipli-
cation. Moreover, the coalgebra structure defined by coincides with the one from Example
2.1.3] 5. Hence, we extended the coalgebra structure on Mat(2 x 2,F) to the commutative al-
gebra M;(2,[F) and obtained a bialgebra structure on M;(2,[F). We can therefore interpret ¢
as a deformation parameter that changes the algebra structure of the commutative bialgebra
M;(2,F) to a non-commutative one given by (7). This justifies the name M, (2, F).

Note also that for ¢ = 1, we have det; = ad — bc and hence can interpret det; € M;(2,F)
as the determinant det : Mat(2 x 2,F) — F. The algebra SL;(2,F) = M;(2,F)/(det; —1) is
obtained from M;(2,F) by identifying those polynomial functions that agree on the subset
SL(2,F) = {M € Mat(2 x 2,F)| det(M) = 1}. Hence, we can interpret SL;(2,F) as the
bialgebra of functions f : SL(2,F) — F that are polynomials in the matrix entries, with the
pointwise addition, scalar multiplication and multiplication. The antipode of SL;(2,TF) is given
by S(a) =d, S(c) = —b, S(b) = —c and S(d) = a, and we can interpret it as a map that sends
the matrix elements of a matrix in SL(2,F) to the matrix elements of the inverse matrix. The
algebra SL,(2,F) for general ¢ can then be viewed a deformation of this algebra, in which the
multiplication becomes non-commutative, and the matrix elements of the inverse matrix are
replaced by their image under the antipode.

Our last important example of a g-deformation are the so-called g-deformed universal enveloping
algebras. The simplest non-trivial one is the g-deformed universal enveloping algebra U, (sl(2)),
which is related to the Lie algebra s[(2) of traceless (2 x 2)-matrices with the Lie bracket given
by the matrix commutator. We first give its bialgebra structure in the simplest presentation and
then discuss its relation to the Lie algebra sl(2) and its universal enveloping algebra U(sl(2)).

Example 2.3.9: Let F be a field and ¢ € F\ {0,1,—1}.
The ¢-deformed universal enveloping algebra U, (sl;) is the algebra over F with generators
E,F K,K~ ! and relations

K— K1
K*'K™ =1, KEK'=¢E, KFK'=q°F, [EF]=—-+. (9)
qa—q

A Hopf algebra structure on U, (sly) is given by

A(K*) = KF'oK*, A(FE) = 1QF + EQK, A(F) = Fel + K 'oF

(K =1, e(F) =0, e(F)=0

S(K*') = K# S(E)=-EK™! S(F)=—-KF. (10)
Proof:
The proof of the claims in Example is analogous to the one for the previous two examples
and is left as an exercise. O

Remark 2.3.10: One can show that the set B = {E'FV/K*|i,j € Nyg,k € N} is a basis of
U,(sly) and that the Hopf algebra SL,(2, F) from Example [2.3.8]is the finite dual of U, (sl2) and
vice versa. The duality is given by the unique bilinear map (, ) : SL,(2)®U,(sly) — F with

<CL, Kil) - q:Fl <dv Kil) = qil <b, E> =1 <C, F> =1

and (x,U) = 0 for all other combinations of x € {a,b,c,d} and U € {K*', E, F}. The proofs
of these statements, which are are lengthy and technical, are given in [Kal.
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We will now relate the bialgebra U,(sl2) to the universal enveloping algebra of the Lie algebra
sly of traceless (2 x 2)-matrices. However, the presentation of U,(sly) in Example [2.3.9|is not
suitable for this task since it is ill-defined for ¢ = 1. It turns out that this is not a problem with
its Hopf algebra structure but with its presentation in terms of generators and relations. We
show that there is a bialgebra U(sly) defined for all ¢ € F\ {0} which is isomorphic to Uy(sl»)
for ¢ # +1 and closely related to the universal enveloping algebra U(sly) for ¢ = 1. The price
one has to pay is a higher number of generators and relations.

Proposition 2.3.11: Let ¢ € F\ {0}.

For q # +1 the algebra Uy(sly) is isomorphic to the algebra U/(sly) over F with generators
e, f, k, k1,1 and relations

kk™' =k =1, kek™ = ¢%e, kfk™' = q¢7%f, le, f1=1,
(=g N=k-k7", [Le=qlek+kTre), [Lfl=—q ' (fk+E"f) (11)

For ¢ = 1, the element £ is central in U (sly) with k* = 1 and U{(sly)/(k — 1) is isomorphic to
U(sly) as a bialgebra.

Proof:

1. Let V be the free vector space generated by E,F, K*! and V' be the free vector space
generated by e, f,k*1 1. Let I C T(V) and I' C T(V') be the two-sided ideals generated by
the relations (9) and (L1), respectively. To show that Ug(sly) and U](sly) are isomorphic, we
consider for ¢ # 41 the linear maps

¢:V =TV with H(E) =e, p(F) = f, o(K*") = k™!
vV = T(V) with Y(e) = E, Y(f) = F, ¢(k*') = K=, (1) = [E, F).

By the universal property of the tensor algebra, there are unique algebra homomorphisms
¢ TV)—>TV")and ¢/ : T(V') — T(V) with ¢ oy = ¢ and ¥’ o 1ty» = 1. To prove that
the latter descend to algebra homomorphisms between U,(sly) and U (sly), we have to show
that ¢'(r) € I' and ¢'(1’) € I for each relation r of U,(sly) and 7’ of U/(sly). For the first four
relations of Uy(slz) and the first five relations of U, (sly), this is obvious. For the 5th relation of
U,(sly) and the 6th relation of U/ (sly), we have

G(EFl—(q—q¢ ) (K-K")=[e,fl—(¢g—¢ ) ' (k=k")=1—-1=0mod I’
V(g—q) MN—k+k)=(q—q¢"E,F]—K+K'=0mod/,
and for the last two relations in I’, we obtain
([l e] — qlek + Kk~ e)) =[[E,F],E] — ¢(EK + K 'E)

= (q—q¢ ' K-K ' E]—qEK+K'E)mod I
= (P -1)(qg—q¢ )V (EK+K'E)—q(EK + K 'F) mod I =0 mod I
[

G 1+ q (fh+ kT 1f)) = [[B,F],Fl+q¢ "(FK+ K~'F)
=(q—¢ Y 'K -K Y F]+q¢(FK+K'F)mod I
=2 -1)(qg-¢g Y WFK+K'F)+ ¢ (FK+ K 'F)mod I =0 mod I,

where we use the shorthand notation ¢ = bmod I for a — b € I. This shows that ¢’ and ¢’
induce algebra homomorphisms ¢ : U,(sly) — U/(sly) and ¢ : U (sl(2)) — U,(sly). That the
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latter are isomorphisms follows with the universal properties of the tensor algebra and the
quotient algebra from the identities

Yo¢(E) =E, Yo g(F)=F, bog(K+) = K+,
poi(e) =e, Ppo(f) =1, ¢ op(k*) = KF, poyp(l) =le, fl =1L
In particular, we find that the Hopf algebra structure of Uy (sly) is given by
AR = K@k, Ale) = 1@e +e@k, A(f) = fol+k7'0f, A(l) =0k +k'®l

e(k*h) =1, e(e) =0, e(f)=0, e(l) =0,
S = k7, S(e) = —ek, S(f) = —kf, S() = L.

2. The algebra U (sly) is defined for ¢ = 1. In this case its relations given in reduce to
k=1, [k,e] =0, [k, f] =0, e, f]=1, [, e] = 2ek, [, f] = —2fF,
and its Hopf algebra structure is given by e(k) =1, e(e) = €(f) = €(I) = 0, and
A(k) = k®k, Ale) = 1®e + e®k, A(f) = fRL+ Ekxf, A(l) = Ik + k1
S(k) = k®k, S(e) = —e, S(f)=—f, S(l) =—L.

As k is central in U] (sl(2)) with £ = 1 and A(k) = k®k, the quotient Uj(s[(2))/(k—1) inherits
a bialgebra structure from U] (sly). Its algebra structure is given by

e, fI=1, [le] =2e, [l f]=-2f, (12)
and its Hopf algebra structure by
€X)=0, AX)=X1+1X, SX)=-X VX € e, f,1}. (13)

If we choose as a basis of sly = {M € Mat(2 x 2,F) | tr(M) = 0} the matrices

1 0 01 0 0
=l h) ) =0 w
then the Lie bracket of sly is given by , and the bialgebra structure of the universal

enveloping algebra U (sly) from Example by and ([13). This shows that the Hopf
algebras U] (sly)/(k — 1) and U(sly) are isomorphic. O

Proposition[2.3. 11| motivates the name ¢g-deformed universal enveloping algebra and the notation
U,(sly), since it relates U, (sly) for ¢ = 1 to the universal enveloping algebra of the Lie algebra sl,
of traceless 2 x 2-matrices. Besides ¢ = 1, there are other values of ¢, for which the g-deformed
universal enveloping algebra U, (sly) has a particularly interesting structure, namely the case
where ¢ is a root of unity. In this case, one can take a quotient of Uy,(sly) by a two-sided ideal
to obtain a finite-dimensional Hopf algebra. This finite-dimensional Hopf algebra is often called
the g-deformed universal enveloping algebra U,(sl;) at a root of unity, but the name
is slightly misleading since it is a quotient of U,(sly). The proof of the following proposition is
left as an exercise.

37



Proposition 2.3.12: Let F be a field, ¢ € F\ {1,—1} a primitive dth root of unity and
r:=dif d is odd and r := d/2 if d is even.

1. The elements K=", E", F" are central in U, (sly).
2. Ul (sly) = Uy(sly)/(F", E", K" — 1) inherits a Hopf algebra structure from U,(sly).
3. U;(sly) is finite-dimensional and spanned by {E'F/K*|i,j,k =0,1,...,r — 1}.

Clearly, the g-deformed universal enveloping algebra Ug(sly), its counterpart Uy (sly) and its
quotient Uy (sly) at a root of unity have a complicated mathematical structure, and it is not
obvious at all how to generalise this construction to other Lie algebras in a systematic way.
Nevertheless, they are part of a general construction that is possible for all complex, simple Lie
algebras and can be generalised to affine Kac-Moody algebras. These are the so-called Drinfeld-
Jimbo deformations of of universal enveloping algebras. For complex simple Lie-algebras of type
A, D, E, they take a particularly simple form.

Remark 2.3.13: (Drinfeld-Jimbo deformations)

Let g be a complex, simple Lie algebra and B = {H;, E;, F;|i = 1,...,r}, the Chevalley basis
of g, in which the Lie bracket takes the form
[H;, Hy] =0, [Hi, Bj] = ai; By, [Hi, Fj| = —ai;Fy,  [E;, By = 0 H;,
(adp,)' " E; =0, (adp)' ™" Fj =0,

where ady is the linear map adx : g = g, Y — [X,Y] and A = (a;;) € Mat(r x r,Z) the
Cartan matrix of g.

If g is a complex simple Lie algebra of type A, D or E, its Cartan matrix is positive definite and
symmetric with a;; = 2 fori € {1, ...,r} and a;; € {0, —1} for ¢ # j. In this case, the g-deformed
universal enveloping algebra U,(g) is has generators { K, E;, F; |i = 1, ...,r} and relations
KK =1, [K,K;]=0,
[Ei, Fj] = 0i5(q —q ) (K = K[ KB K = ¢ Ej, K F K = q "9 F},
[Ei, E;j] =0 [F;, F;] =0 ifa;; =0,
E?E; — (q+q¢ WEE;E;+ E;E? =0 F'F;—(q+q )YFEF + F;F} =0 if a; = —1.
Its Hopf algebra structure is given by
AKF) = KFlo K A(E;) = 1®F; + E;®K; A(F) = F®1 + K, '®F,
(K =1 e(E;) =0 e(F;)) =0
S(KF') = K S(E;) = -EK;! S(F;) = —K;F;.

There is also a presentation of U,(g) similar to the one in Proposition that is well-defined
at ¢ = 1 and relates the Hopf algebra U,(g) to the universal enveloping algebra U(g). If ¢ is a
root of unity, then there is a finite-dimensional quotient U] (g), which inherits a Hopf algebra
structure from U,(g) and generalises the Hopf algebra U;(sl) from Proposition [2.3.12]

2.4 Grouplike and primitive elements

In this section, we investigate elements of Hopf algebras that behave in a similar way to the
elements g € G in the group algebra F[G] and the elements v € V in the tensor algebra
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T(V) or the elements x € g in the universal enveloping algebra U(g). Such elements play an
important role in the classification of Hopf algebras, especially in the cocommutative and finite-
dimensional case. Although these classification results are rather involved and cannot be proven
here, the investigation of these elements is helpful to develop an intuition for Hopf algebras.

Definition 2.4.1: Let H be a Hopf algebra.

1. An element g € H\ {0} is called grouplike if A(g) = g®g. The set of grouplike elements
of H is denoted Gr(H).

2. An element h € H is called primitive if A(h) = 1®h + h®1. The set of primitive
elements of H is denoted Pr(H).

Example 2.4.2:

1. The elements g € G are grouplike elements of the group algebra F[G]. The element y in
Taft’s example and the elements K*! in U, (sl,) are grouplike.

2. The elements v € V are primitive elements of the tensor algebra T'(V') and the elements
x € g are primitive elements of the universal enveloping algebra U(g).

3. Let H* be the (finite) dual of a Hopf algebra H. An element o« € H* \ {0} is grouplike
if and only if for all h,k € H a(h - k) = A(a)(h®k) = (a®a)(h®k) = a(h)a(k). As this
implies a(1) = €(a) = 1, the grouplike elements of H* are the algebra homomorphisms
«a : H — F. An algebra homomorphism « : H — F is also called a character of H.
An element g € H* is primitive if and only if for all h, k € H it satisfies the condition
B(h - k) = A(B) (hok) = (195 + B1)(hak) = e(W)B(K) + e(k)B(h).

The reason for the name grouplike element is not only that grouplike elements mimic the
behaviour of elements ¢ € G in the group algebra F[G], but one can show that they form
indeed a group. Similarly, primitive elements of a Hopt algebra could in principle be called Lie
algebra-like since they form a Lie algebra with the commutator. Moreover, one can show that
both, grouplike and primitive elements generate Hopf subalgebras of H.

Proposition 2.4.3: Let H be a Hopf algebra.

1. Every grouplike element g € H satisfies €(g) = 1 and S(g) = g~

2. The set Gr(H) C H is a group and spanyGr(H) C H is a Hopf subalgebra.
3. Every primitive element h € H satisfies e(h) = 0 and S(h) = —h.
4.

The set Pr(H) C H is a Lie subalgebra of the Lie algebra H with the commutator, and
the subalgebra of H generated by Pr(H) is a Hopf subalgebra.

5. If g € H is grouplike and h € H primitive, then ghg~" is primitive.

Proof:
If g € H is grouplike, then A(g) = g®¢g and g # 0. The counitality condition implies

l®g = (e®id) o A(g) = (e®id)(g®g) = €(9)®g = 1®e(g)g.
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As g # 0 it follows that €(g) = 1. Similarly, the condition on the antipode implies
noe(g) =1=mo (S®id) o A(g) = S(g) - g =mo (idS) o A(g) =g - S(g).

This shows that S(g) is an inverse of g. As A is an algebra homomorphism, we have A(1) = 1®1
and 1 € Gr(H). If g,h € Gr(h), then we have A(gh) = A(g) - A(h) = (g®g)(h®h) = gh®gh
and hence gh € Gr(H). Similarly, A(S(g)) = (S®S)oA%(g) = S(g)®S(g). As S(g) =g+ #0,
we have g~ € Gr(H) for all g € Gr(H). This shows that Gr(H) is a group. By definition of a
grouplike element, one has A(g) = g®g and hence spanyGr(H) C H is a Hopf subalgebra.

If h € H is primitive, then the counitality condition implies
1®h = (e®id) o A(h) = (e®id) o (1®h + h®1) = €(1)@h + e(h)®1 = 1Qh + €(h)®1,
and it follows that e(h) = 0. Similarly, the antipode condition implies
mo (S®id) o A(h) = (mo S)(1®h + h®1l) =S(1)-h+ S(h)-1=h+S(h) =noe(h)=0

and hence S(h) = —h. It also follows from the linearity of the comultiplication that Pr(H) C H
is a linear subspace. If h, k € Pr(H), then their commutator [h,k] = h - k — k - h satisfies

A([h,k]) = [A(h), A(k)] = (1®@h + h®1) - (1Qk + k®1) — (1Qk + k®1) - (19~ + h®1)
= 1®hk + k®h + h@k + hk®1 — (19kh + h®k + k®@h + kh®1) = 1®[h, k| + [h, k]®1.

This shows that [h, k] € Pr(H) and hence Pr(H) C H is a Lie subalgebra of the Lie algebra H
with the commutator. As A(h) = 1®h+h®1 and S(h) = —h for every primitive element h € H
and the maps A : H - H®H and S : H — H are algebra homomorphisms, it follows that
the subalgebra of H generated by the primitive elements is a Hopf subalgebra of H. Finally, if
g € H is grouplike and h € H primitive, then

A(ghg™") = A(g)A(R)A(g™") = (9®9)(1®h + he1) (g '®g™") = 1®ghg™" + ghg~'®1

-1

and hence ghg™" is primitive. O

Proposition [2.4.3| suggests that every Hopf algebra H contains a Hopf subalgebra K that is a
semidirect product K = F[Gr(H)] x A of the group algebra of Gr(H) and the Hopf subalgebra
A C H generated by the primitive elements, i. e. K = F[G]®A as a vector space with the
multiplication law (a®g) - (b®h) = a(gbg~')®@gh. for all a,b € A and g,h € Gr(H). To show
that this is indeed the case, we need to prove that different grouplike elements of H are linearly
independent, i. e. that spanyGr(H) = F|Gr(H)] and that Gr(H)NA = {1g}, i. e. that the only
grouplike element in the Hopf subalgebra generated by primitive elements is the unit of H.

Proposition 2.4.4: Let H be a Hopf algebra over F.

1. The set Gr(H) of grouplike elements is linearly independent.
2. If H is generated as an algebra by primitive elements, then Gr(H) = {1}.

Proof:
1. We show by induction over n that ¥ ;\;g; = 0 with \; € F and ¢g; € Gr(H) pairwise distinct
implies A\ = ... = A\, = 0. For n = 1, this follows from the fact that g # 0 for all g € Gr(H).
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Suppose the claim holds for all linear combinations with at most n nontrivial coefficients, and
let X' \;g; = 0 with pairwise distinct g; € Gr(H).

Let ¢ : H— H**, h — h' be the canonical injection defined by h'(«) = «(h) for all « € H*. Then
the elements g, € H** are characters of the algebra H*, i. e. they satisfy ¢i(a- ) = gi(«) - gi(5)
for all o, € H* and ¢i(1) = 1p. AS got1 ¢ {91,...,9n} there is an element a € H* with
Gnii(a) = a(gny1) = 1 and gj(a) = a(g;) # 1 for all i € {1,...,n}. This implies for all 5 € H*

)
0= Nigi(8) — S Nigi (e - B) = SN (1 — gi(a))gi(B) = BEL (1 — algi))gi)
(

and hence X7 \;(1 — a(g;))g; = 0. With the induction hypothesis and «a(g;) # 1 one obtains
A1 =...= )\, =0, and this implies \,,.; = 0 since g, 11 # 0.

2. Let Hy =TF1g, X C H a set of primitive generators and H,, the linear subspace of H spanned
by all elements of the form :U?fl e :UZ:‘“ with z;; € X and my + ... + mp < n. Then we have
H=Ux,H,, H, C H,, for all m > n, and H,, - H,, C H,1,,. Moreover, it follows by induction
that for any primitive element h € H, one has

A(h™) = Xn: (’;) W @Rk, (15)

This implies k=0
mi my
my s l l -1 my—l
m1 mEY ML CYME — 1oLl ek
A a™) = A(zyy) Az, )™ = g E (l > (l >$Z~1 T @] ;!
1 k
Lh=0  1,=0

and hence A(H,) C X}_Hy®H, . If g € H is grouplike with m = min{n € Ny|g € H,} > 1,
then there is an o € H* with a(g) = 1 and «(1y) = {0}, and this implies

lr@g = (a®id)(9@g) = (a®id) 0 A(g) € (a®id) (Sl Hk@Hp 1) C 1lg®@Hym

where we used in the last step that a(Hy) = a(Fly) = {0}. As g # 0, it follows that g € H,,_1,
which contradicts the minimality of m. Hence Gr(H) C Hy, and the only grouplike element in
HO is 1H O

Corollary 2.4.5: Let G be a group and F a field. Then Pr(F[G]) = {0} and Gr(F[G]) = G.

Proof:

If 2 = ¥ ee)gg is primitive, then A(x) = Ejea, 909 = YgecAy(1®g + g®1). As the set
{g®h|g,h € G} is a basis of F[G]®F[G], this implies A\, = 0 for all g € G and = = 0. Clearly,
every element g € G is grouplike. If there was a grouplike element y € F[G] \ G, then the set
G U {y} 2 G would be linearly independent by Proposition , a contradiction to the fact
that G C F[G] is a basis of F[G]. O

This corollary confirms the expectation that the only grouplike elements in a group algebra
F[G] are the group elements g € G and that the group algebra contains no non-trivial primitive
elements. Similarly, Proposition [2.4.4] implies that the only grouplike element in the tensor
algebra T'(V') and in a universal enveloping algebra U(g) is the unit element, since both Hopf
algebras are generated by primitive elements. In analogy to the statement about the grouplike
elements in a group algebra F[G], one would expect that the primitive elements in a universal
enveloping algebra U(g) are precisely the elements of the Lie algebra g C U(g). However, the
following proposition shows that this is only true for Lie algebras over fields of characteristic
zZero.
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Proposition 2.4.6: Let g be a finite-dimensional Lie algebra over F and U(g) its universal
enveloping algebra.

1. If char(F) = 0 then Pr(U(g)) = g.
2. If char(F) = p then Pr(U(g)) = spanp{a? |z € g,1 € Ny}

Proof:

Every element z € g C U(g) is primitive, and hence g C Pr(U(g)). If B = (z1,...,x,) is an
ordered basis of g, then the Poincaré-Birkhoff-Witt basis B = {z{" --- 2" |m4, ..., m,, € No}
is a basis of U(g), and hence every element = € U(g) can be expressed as a linear combination

K K
— E E mi m
xr = “ .. Aml---mnxl xn"
m1=0 mp=0

with A\, ., € F for some K € N. Equation from the proof of Proposition implies

K K m Mn
Ax) = ZO. .. Z Zl o Z ) <7le> . (C’;:) .’E’fl .. mﬁn@)x;nrkl .. .x?n—kn‘
mi=

mp=0k1=0 kn=0

As the set {2 - 2k | ky, . K, € {0,..., K}} is linearly independent by the Poincaré-Birkhoff-
Witt Theorem, this shows that = cannot be primitive, unless it is of the form x = X! |z
for some p; € F. In this case, one has

n mg

NCE SN (”;) g

i=1 k=0

If char(F) = 0, all binomial coefficients in this formula are non-zero, and this shows that z
can only be primitive if m; € {0,1} for all i € {1,...,n} with u; # 0, which implies = € g.
If char(F) = p, then all binomial coefficients for i € {1,...,n} with g; # 0 and k = 1 < m;
must vanish in order for z to be primitive. This is the case is and only if m; = p% for some
li € Nand all i € {1,....,n} with u; # 0. Conversely, if m; = pli with [; € Ny, then all binomial
coefficients for k ¢ {0,m;} vanish, since they are divisible by p, and this shows that x is a
linear combination of elements ypl with y € g and [ € Nj. O

As the restrictions of the comultiplication of a Hopf algebra H to the Hopf subalgebras
spanyGr(H) and to the Hopf subalgebra generated by the set Pr(H) are cocommutative, one
cannot hope in general that every Hopf algebra can be decomposed into Hopf subalgebras
spanned by grouplike or generated by primitive elements, since this would imply that H is co-
commutative. However, one can show that this is indeed possible for every cocommutative Hopf
algebra over an algebraically closed field of characteristic zero. This is known as the Cartier-
Kostant-Milnor-Moore Theorem. Parts of the proof are given in [Mol Chapter 5].

Theorem 2.4.7: (Cartier-Kostant-Milnor-Moore Theorem)

If H is a cocommutative Hopf algebra over an algebraically closed field F with char(FF) = 0, then
H is isomorphic as an algebra to the semidirect product H = F[G| x U(g), where G = Gr(H)
and g = Pr(H).
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2.5 *Construction of g-deformed universal enveloping algebras

In this section, we show how ¢-deformed universal enveloping algebras can be constructed in a
systematic way from Lie algebras with additional structure, the so-called Lie bialgebras. This
construction requires formal power series with coefficients in an algebra and tensor products of
formal power series. The idea is then to construct the multiplication and comultiplication of the
g-deformed universal enveloping algebra inductively, order for order, from the corresponding
structures of the Lie bialgebra, which characterise the lowest terms in these formal power series.
We start by introducing the required notions of formal power series and their tensor products.

Let V be a vector space over F. We consider the Ny-fold product II,,cn,V of the vector space
V' with itself, i. e. the vector space of sequences with values in V' with the pointwise addition
and scalar multiplication. For a sequence with values in V', we write v = X2° jh"v,, instead of
v = (Un)neng- Then one has ¥9° (A0, = 3°° h"w, if and only if v, = w, for all n € Ny, and

the vector addition and scalar multiplication take the form
(Xnzoh"vn) + (E0Loh " wy) = B0 R (vn + wy) A (EpLoh ,) = X0 0h" (Avy,).

In analogy to the algebra F[[Ah]] of formal power series from Example|1.1.5] 6, we can interpret
the product space II,,en,V as the vector space of formal power series with coefficients in V.

Definition 2.5.1: Let V be a vector space over F.

1. The vector space of formal power series with values in V' is the product vector space
V[[A]] = yen, V. The injective F-linear maps ¢, : V' — V/[[h]], v — A"v are called the
canonical inclusions.

2. The linear subspace V,[[A]] = t,(V) = A"V is called the subspace of order A" . We
write © = y + O(R") if x — y € U, Vie[[A]].

The goal is now to define Hopf algebra structures on vector spaces of formal power series in
analogy to Hopf algebras over a field. As the multiplication and comultiplication of a Hopf
algebra H over F are F-linear maps m : HQH — H and A : H — H®H, this requires an
appropriate concept of linear maps and of tensor products for vector spaces of formal power
series. This notion of linearity must be stronger than simple F-linearity, because it must take
into account the formal power series structure, i. e. the different powers of A. Similarly, the
appropriate notion of a tensor product must take into account both, the tensor product of
vector spaces over F and the multiplication of formal power series in F[[A]] and combine them
in a non-trivial and coherent way. The sensible way to proceed is to define a suitable notion of
linearity and bilinearity and then to require that the tensor product is characterised by via a
universal property that generalises the one for the tensor product of vector spaces over F.

Definition 2.5.2: Let U, V, W be vector spaces over F

1. A map ¢ : V[[h]] — W][A]] is called h-linear, if it is F-linear and satisfies
A2 gh"v,) = X2 R o (v,)  for all X2 R, € V[[A]]
2. A map «: U[[h]] x V[[A]] — W][A]] is called h-bilinear if it is F-bilinear and
a (EpZoh un, 552 gh"vn ) = X502 0h™ X3 _gor(u, Un—r)-

for all v = X2 (h"u,, € U[[h]] and v = X2 k"0, € V[[A]].
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It follows directly from the definition that i-linear maps ¢ : V/[[h]] — W/[[A]] are in bijection with
F-linear maps ¢’ : V' — W/|[h]]. More precisely, an F-linear map ¢’ = 32 k", : V. — W][A]]
corresponds to a family (¢, )nen, of F-linear maps ¢, : V. — W. The associated h-linear
map ¢ : V[[h]] — W][A]] is the unique F-linear map with p?¥ o ¢ = 1), o p! induced by the
universal property of products of vector spaces, where pY : V[[A]] =V, XenAi™Vm — v, and
pV  WA]] = W, Enen,Ai™w,, — w, are the canonical projections.

Similarly, A-bilinear maps « : U|[h]] x V[[h]] — W][A]] are in bijection with F-bilinear maps
o U xV — W][h]], and an F-bilinear map o/ = X° A", : U x V' — W][A]] can be viewed
as a family (o, )nen, of F-bilinear maps oy, : U x V. — W.

By the universal property of the tensor product of vector spaces, F-bilinear maps «,, : U XV —
W are in bijection with F-linear maps &,, : U®V — W. By the universal property of products
of vector spaces, every family (ay,)nen, of F-bilinear maps o, : U x V' — W induces a unique
F-linear map & : (U®V)[[A]] — W|[[A]] with pY¥ o& = @, 0 pV®Y. This suggests an interpretation
of the vector space (U®V)[[A]] as a tensor product of U[[A]] and V[[A]], whose universal property
relates A-bilinear maps « : U[[A]] x V[[A]] — W][A]] to A-linear maps & : (URV)[[A]] — W][A]].
We have proven the following proposition.

Proposition 2.5.3: Let U,V,W be vector spaces over F. Define the A-tensor product as
Ul[h]]@nV[[A]] ;== (U®V)[[A]] and consider the canonical surjection

muey  Ul[R]] x V{[A] = (UV)[[A]], (55l un, B5Zoh"on) = 352 0" Xji_gup@vn .
Then the pair (U[[A]]@iV[[h]], Tuey) has the following universal property:

The map mygy is A-bilinear, and for every A-bilinear map ¢ : U[[A]] x V[[h]] — W/[[h]] there is
a unique A-linear map & : U[[h]|®,V[[h]] — W][R]] with & o Tyey = a.

Remark 2.5.4: It follows directly from the definition that the A-tensor product has proper-
ties analogous to the usual tensor product of vector spaces or, more generally, modules over
commutative rings. In particular, there are canonical h-linear isomorphisms

o (Ul[A]] @n V[[Al]) @n W([AI] = U] @n (V{[A]]W[[A]])
o Ul[nlloxF([n)] = U[[A]] = F{[A]] @5 U]
e Ulnl] [R]enV{[p] @ Ul[allesW([A]

For every pair of A-linear maps ¢ : U[[h]] — V[[h]] and ¢ : W][h]] — X[[A]] there is a unique
h-linear map ¢®v : U[[h]|@:W([h]] — V[[A]|@sX][[R]] with (¢®@) o Tyey = Tyew o (¢ X V).
This is called the A-tensor product of the maps ¢ and .

Remark 2.5.5: For any vector space V over F, the vector space V[[A]] is a module over the
algebra F[[A]] of formal power series from Example [1.1.5, 6. with

> < FI[A) x VIR = VIA]L (S50 ) & (S50 0n) = Z5 i Sy At
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However, the notion of an F[[A]]-linear map, i. e. a module homomorphism with respect to these
module structures, is weaker than the one of an A-linear map ¢ : V[[h]] = W[[A]]. Any h-linear
map ¢ : V[[h]] = W][[R]] is F[[h]]-linear, but there are F[[A]]-linear maps from V[[A]] to W][A]]
that are not h-linear. Similarly, the tensor product U[[h]|@,V[[A]] = (URV)[[R]] does in general
not coincide with the tensor product U[[A]|@g(n V[[1]] over the algebra F[[A]] from Proposition

One can view the h-tensor product U|[[h]]®5V [[h]] as the closure of U[[h]] @V [[R]] with respect
to a certain topology, the so-called h-~adic topology. However, it is also well-motivated from
a purely algebraic perspective since it is the simplest way of combining the formal power series
structure of U[[A]] and V[[h]] and the tensor product of the vector spaces U and V.

With the tensor product over h, we can now define algebra, coalgebra, bialgebra and Hopf
algebra structures on the vector spaces V/[[1]] in direct analogy with Definition [1.1.3] Definition
2.1.7] Definition[2.1.§land Definition [2.2.1} The only difference is that F-linear maps are replaced
by h-linear maps and tensor products over [ are replaced by h-tensor products.

Definition 2.5.6: Let F be a field.

1. An algebra over F[[i]] is a triple of a vector space A[[A]] and hA-linear maps
m : (A®A)[[h]] — A[[h]] and n : F[[h]] — A[[h]] that satisfy the associativity and unit
axioms in Definition [L1.3]

2. A coalgebra over [F[[h]] is a triple of a vector space C][h]] and Fh-linear maps
A : C[a]] — (CoC)|[h]], € : C[[h]] — F[[A]] that satisfy the coassociativity and counit
axioms in Definition 2.1.1]

3. A bialgebra over F[[A]] is a pentuple of a vector space B][h]] and h-linear maps
m : (B@B)[[h]] — B[[A]], n : F[[A]] — B[[A], A : B[[h]] — (BoB)[[A]], € : B[[A]] — F[[A]]
that satisfy the conditions in Definition [2.1.8|

4. A bialgebra B][h]] over F[[h]] is called a Hopf algebra over F[[A]] if there is an A-linear
map S : B[[h]] — B[R] that satisfies the conditions in Definition [2.2.1]

A bialgebra or a Hopf algebra over F[[h]] is sometimes called a topological bialgebra or
topological Hopf algebra.

By the universal properties of tensor products and products of vector spaces, any algebra,
coalgebra, bialgebra or Hopf algebra structure on a vector space V over F induces an algebra,
coalgebra, bialgebra or Hopf algebra structure on V[[A]], but not all algebra, coalgebra, bialgebra
or Hopf algebra structures on V[[}]] arise in this way.

To construct more general Hopf algebra structures over F[[h]] one presents their algebra struc-
tures in terms of generators and relations. As in the case of algebras over [, any algebra over
F[[h]] can be presented in terms of generators and relations, i. e. as a quotient of the ten-
sor algebra T'(V[[h]]) = T(V)[[R]] by a two-sided ideal in T'(V))[[R]]. The goal is to start with
a finite-dimensional Lie algebra (g, [, |;) over F and to construct a Hopf algebra over F|[[A]]
that is presented as a quotient of the algebra T'(g)[[h]] with elements of an ordered basis of
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g as generators and with a set R C T'(g)[[A]] of relations. To obtain a bialgebra structure on
T(g)[[h]]/(R), we then have have to find linear maps

A=Y h"A, g — T(g)[[A]T(g)[[R] €=l h"en o g — F[[A]]

that are given by families of F-linear maps A, : g — T(g)®7T(g) and €, : g — F and that
satisfy the coassociativity and counitality conditions on each generator. This defines a bialgebra
structure on T'(g)[[h]], and if the two-sided ideal (R) C T'(g)[[%]] is a coideal for (T'(g)[[h]], A, €),
this bialgebra structure induces a bialgebra structure on 7'(g)[[h]]/(R). The resting bialgebra
is a Hopf algebra if and only if there is an F-linear map S = X A"S,, : g — T(g)[[h]] with
S(r) € (R) for each relation r € R that satisfies the antipode condition on each generator.
Hence, to obtain a Hopf algebra as a quotient of T'(g)[[h]], one needs to:

e Specify relations r = X2 A"r, € T(g)[[h]] with r,, € T(g).

e Specify linear maps A = X A"A,, : g — T(g)[[R]]QRT (9)[[1]], € = X5 k"€, : g — F[[A]]
such that ¢(r) = 0 and A(r) € (R)®T(g)[[A]] + T(g)[[h]]®(R) for every relation r € R

and the coassociativity and counitality condition are satisfied for each generator.

e Show that there is a linear map S = X° (h"S,, : g — T'(g)[[A]] such that S(r) € (R) for
each relation r and the antipode condition is satisfied on each generator.

If this Hopf algebra is to be interpreted as a deformation of the universal enveloping algebra
U(g) with a deformation parameter £, then its structures, the relations and the comultiplication,
should take the same form as for U(g) in lowest order in . Moreover, one imposes a homogeneity
condition on A that relates the number of generators occurring in A, (x) to power of A. Hence,
we require that the following additional conditions are satisfied:

o Ay(z) = 1@z + z®]1 for all x € g,

e there are exactly 3 dim g(dim g — 1) relations, which are of the form
Tij = Xylj — T304 — [.QTZ', xj]g + O(h) € T(g)[[h“ for 1 S 1< ] S dlm(g),
o A,(z) € df) gh@gnti=F for all z € g.

The structure that characterises the comultiplication A data in lowest order of A is then a linear
map 0 : g — g®g defined by

Az) = A%(z) = h(Ai(2) — AP (2)) + O(R?) = hé(x) + O(R*)  Va € g,

which relates the linear map A; to its opposite AJ” and describes the deviation of A from the
cocommutative map 4, in lowest order in A.

The idea is to classify and construct deformations of the universal enveloping algebra U(g) by
requirements on d that arise from the condition that the comultiplication A is a coassociative
algebra homomorphism. In order 7°, these conditions take the form Ag([z,y]s) = [Ao(2), Do(y)]
and (Ap®id) o Ag = (Id®Ag) o Ag. These conditions are satisfied because A coincides with
the comultiplication of U(g). To see that the coassociativity condition is also satisfied in order
h, we express the linear map A; : g — g®g in terms of a basis B = {z1,..., Taimg} if g as
Ay(z) = BF,_,Cx@z; with constants Cf/ € F. As the condition A(1) = Ay(1) = 1®1
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implies A, (1) = 0 for all n € N, this yields for all [ € {1, ...,dim g}

(A@ld) o} A({L’l) — (1d®A) e} A(ml)

= h ((A1®ld) o Ao([El) -+ (A0®ld) o A1($l) — <ld®A1> o Ao(l'l) — (ld@Ao) O Al (xl)) + O(h2>
= hF,_ CF (2,02;0] — 102:01; + 101,07, + 1,0101; — 1,010z, — 1,01;01) + O(h?)
= O(h?).

Hence, the first condition on § from the coassociativity on A arises in order h%. To obtain a
condition that involves only ¢ and not A; or A, we take the sum over the cyclic permutations

of factors in tensor products gRg®g and combine the coassociativity conditions for A and A°.
This yields

= Yeye(A®id) 0 A — (Id®A) 0 A + (A?®id) 0 AP — (Id®A?) o A

= Yeye(A®id) 0 A — Ty3; 0 (IdRAP) 0 A% — Tp3; 0 (IdRA) 0 A + (AP®id) 0 A%
= Yeye(A®Id) 0 A — (A?®id) 0 A — (A®id) 0 A% + (AP®id) o A%

= Veye((A — Aop)®1d) (A — A%) = B*Y,.(6®id) 0 § + O(R?),

where 7,5, € S5 is the permutation with 7,;,(¢) = 1, 7;,(j) = 2 and 7, (k) = 3. This equation
is satisfied in order h? if and only if § satisfies the coJacobz identity Yey(6®id) o d(x) = 0 for all
x € g. To determine the conditions on § that arise from the requirement that A is an algebra
homomorphism, we note that the relations imply z -y — y -z = [z,y], + O(h?) for all z,y € g.
The condition that A is an algebra homomorphism and the definition of 4 then imply

A(lz, y]) = A%([z,y]) = [A(z), A(y)] — [AP(z), A% (y)]

= A(z)Ay) — Ay)A(z) — A%(2)A%(y) + A% (y) A% (z)

= [A(z), A(y) — A%(y)] — [A(y), Alz) — A% (z)]

= h(id®ad, + ad,®id)é(y) — A(id®ad, + ad,®id)d(z) + O(h?)
= ho([x, y]) + O(R*) = hd([z,y]y) + O(R?),

where [, | stands for the commutator in 7'(g)[[A]], the expression [, |; for the Lie bracket in g
and ad, : g — g, y — [r,y], for the adjoint action of = € g on g. This equation is satisfied in
order h if and only if § satisfies (id®ad, + ad,®id)d(y) — h(id®ad, + ad,®id)d(z) = 6([z, y],)-
By combining this condition with the coJacobi identity, we obtain the following definition.

Definition 2.5.7: A Lie bialgebra over F is a Lie algebra (g, [, ]) over F together with an
antisymmetric F-linear map 0 : g — g®g, the cocommutator, that satisfies for all z,y € g

1. the co-Jacobi identity: X..(6®id) o d(z) =0,
2. the cocycle condition: §([z,y]) = (ad,®id + id®ad,)d(y) — (ad,®id + id®ad,)d(z),

where ad, is the adjoint action ad, : g — g, y — [z, y] for all x € g.

We can view a Lie bialgebra as the infinitesimal concept associated with a bialgebra. The Lie
bracket characterises the multiplication and relates it to the opposite multiplication in lowest
order in h, and the Jacobi identity is the infinitesimal version of the associativity condition
for the multiplication. The cocommutator characterises the comultiplication and relates it to
the opposite comultiplication in lowest order of A, and the coJacobi identity is the infinitesimal
version of coassociativity. The cocycle condition is a compatibility condition between Lie bracket
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and cocommutator that can be viewed as the infinitesimal version of the condition that the
comultiplication is an algebra homomorphism. The duality between a bialgebra H and its
(finite) dual H* also has an infinitesimal counterpart that associates to each Lie bialgebra
(g,[, ],0) a dual Lie bialgebra (g*,d*, [, |*).

Lemma 2.5.8: If (g,[, |,d) is a finite-dimensional Lie bialgebra over F, then (g*,d*, [, |*) is
a Lie bialgebra over F. It is called the dual Lie bialgebra of (g, [, |,9).

Proof:
As g is finite-dimensional, we have (g®g)* = g*®g*. The F-linear map ¢* : g*®g* — g* is
antisymmetric, and the coJacobi identity for ¢ implies that 6* satisfies the Jacobi identity

0 = (Beyed™ 0 (6"®id)) (a®B@7) = 67(0"(a®f),7) + 07(8" (v®a), B) + (6" (F7), @)

for all o, 8,7 € g*. Hence (g*,0%) is a Lie algebra. The dual of the Lie bracket on g is an
antisymmetric F-linear map [, |* : g* — g*®g* that satisfies the coJacobi identity since [, |
satisfies the Jacobi identity. Moreover, we have for all z,y,2 € g and «, 3,7 € g*

([, ] 0 6%) (a®B)(z®y) = ((d o [, )" (a®P)) (z®@y) = (a®B)(0([z,y]))
= (a®p)((ad,®id + id®ad,)d(y) — (ad,®id + id®ad, ) (z))
= ((0*(a®—)®id + id®@d* (a®—)) o [, [*(8) — (6*(Be—)®id + id®d*(Bo—)) o [, |"(a)) (z®y),

where §*(a®—) : g* — g%, 8 — §"(a®p) is the adjoint action of g* on itself. This shows that
[, ]* satisfies the cocycle condition. 0

Example 2.5.9:

1. Any finite-dimensional Lie algebra (g, [, |) becomes a Lie bialgebra when equipped with
the trivial cocommutator § = 0. In this case, the dual Lie bialgebra has a trivial Lie
bracket and the cocommutator is given by [, |*.

2. Let B ={FE, F,G} the basis of the Lie algebra sly, in which the Lie bracket is given by
[H,E| =2F [H,F] = —2F [E,F|] = H.
Then a Lie bialgebra structure on sl is given by
§(E)=FE®H — HRE I(F)=F®H - HQF (H) =0,
and another Lie bialgebra structure is given by
d(F) =0, 0(H)= HRFE — EQH, I(F)=FQFE — EQF.

3. If g is a complex simple Lie algebra and B = {E;, F;, H;|1 = 1,...,r} is the Chevalley
basis of g from Remark [2.3.13] then a Lie bialgebra structure on g is given by

This is called the standard Lie bialgebra structure on g and coincides with the first
cocommutator for g = sls.
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The advantage of working with Lie bialgebra structures is that the nonlinear relations and the
nonlinear expressions for the coproduct in a bialgebra are replaced by linear structures from
the context of Lie algebras. In particular, the dependence of the structures on the choice of
generators becomes more transparent, since this corresponds to the choice of a basis of g. It
is also much simpler to classify Lie bialgebra structures. As every Lie bialgebra consists of a
Lie algebra and a dual Lie algebra that satisfy the cocycle condition, the classification of Lie
bialgebras of a given dimension d can be achieved by classifying all d-dimensional Lie algebras
and investigating which pairs of d-dimensional Lie algebras satisfy the cocycle condition.

Due to these simplifications, it is natural to attempt to construct g-deformed universal en-
veloping algebras from Lie bialgebra structures and to require that the latter determine the
g-deformed universal enveloping algebra in lowest order in A. From a physics viewpoint, this
can be interpreted as a quantisation, which motivates the following definition.

Definition 2.5.10: Let (g,[, |5, d) be a Lie bialgebra over F. A quantisation of g is a Hopf
algebra over F[[A]] that is generated by a basis of g with relations of the form

r-y—y-x=[z,yly+0M) Vr,yeg,
and whose comultiplication satisfies the conditions

A(z) = 1@z + 2®1 4+ O(h) A(x) — A?(z) = hé(z) + O(R?) Vz € g.

It has been shown by Drinfeld that every finite-dimensional Lie bialgebra (g, [, |,d) has a quan-
tisation that is unique up to bialgebra isomorphisms. In principle, it is possible to construct the
multiplication relations and the coproduct of this quantisation order for order in A by imposing
coassociativity and the condition that A is an algebra homomorphism. As the comultiplication
is given by A(z) = X2 h"A,(z) with A, (x) € g®" for all € g, one obtains

n n

(ARid) o A=) "I (Ap@id) o Ay ([d®A) 0 A= "h"D (id®A) 0 Ay

n=0 k=0 n=0 k=0

and the coassociativity condition leads to a recursion relation

n

Y (Ax@id) 0 A,y — ([d®AL) 0 Ayy)(@) =0 Va € g,

Similarly, as the relations are given by [z, y] = 32 h"r,(x®y), one obtains for all z,y € g

n

Alr,y)) =Y 0" Y Apor(z®y)  [Ax), Ay)] = Sp2eh™ Y [Ak(x), Anx(y)]-

k=0

The condition that A is an algebra homomorphism leads to the recursion relations

Z Agor,_p(z®y) — [Ap(z), Ap—k(y)] =0 Vr,y €g

k=0

which characterise the relation 7, in terms of the coproduct and the relations r; with k < n.
Although it is possible in principle, to construct the quantisation of the Lie bialgebra in this
way, this is too cumbersome and complicated in practice. Instead of determining the coalgebra

structure and the relations order for order in A, one uses the following shortcuts or rules of
thumb:
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o If 5(z) = 0 for some x € g, one sets A(x) = 1®z + 2®1.

o If 6(z) =0 and d(y) = y®z — z®y for x,y € g then one sets A(y) = f1(z)Ry + y® f1(x)
with formal power series f;(z) = ¥ h"a!xz", where a!, € F.

o If §(x) =0 and [z,y]; = ay for z,y € g and a € F, one sets [z, y] = ay.

Example 2.5.11:  We construct a quantisation for the Lie algebra sls over [F with the standard
Lie bialgebra structure. In this case, there is a basis B = {E, F\, H} of g in which the Lie bracket
and the cocommutator are given by

[H,Ely, = 2E [H,Fly, = —2F [E,Fly, = H
J(E) = EoH — HRE §(F) = FoH — HOF §(H) = 0.

Step 1:
Due to the form of the cocommutator, it is reasonable to assume that H is primitive and to set

A(H)=He1+10H  A(E)=E®ei(H) +ex(H)QE  A(F)=F&fi(H)+ fo(H)®F
with formal power series ey, €9, f1, fo satisfying e;(H) = 1+ hH +O(h?), f;(H) = 1+ hH +O(h?).

Step 2:
We determine the conditions on e; and f; that arise from the coassociativity condition on A.
For this, we compute

(A®id) o A(E) = A(E)®ei(H) — Alea(H))QFE

= E®e(H)®ei1(H) — ea(H)@E®e 1 (H) — Ales(H))QFE
(id®A) 0 A(E) = BE@A(er(H)) — es(H)DA(E)

= EQA(e1(H)) — ex( H)QE®e  (H) — es(H)Qeo(H)QE,

and a similar computation for F' shows that the coassociativity of A implies that e;(H) and
fi(H) must be grouplike. As H is primitive, its coproduct is given by

A(H™) = 2:: (Z) H*QH™ ",

It follows that an element X = ¥ jh"a, H" with a,, € [F is grouplike if and only if

Zhnz ()H’f QH"* Zh"Zakan WHEQH™ = XX,

which is the case if and only if its coefficients satisfy

n

an (Z) = apa,_; Vk,n € Ny & (n = — for some A € IF.
n!

This shows that the only grouplike elements that are homogeneous power series in H are of the
form e®™ with o € F. Hence we set e;(H) = e | f,(H) = e#" with p;, \; € F\ {0} and

A(E) — E@eﬁ)qH _i_eﬁ)\zH@E A(F) — F®€ﬁu1H +€EM2H®F.
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As H is primitive, the coassociaitvity condition is satisfied for H, and we obtain a coalgebra
structure with the counit given by €(E) = €(F) = ¢(H) = 0. The condition A?—A = hd+O(h?)
leads to restrictions on the parameters \; and p; since we have

A(E) - Aop(E) — E®eh)\1H + ehA2H®E o E®eh)\2H o eh)\1H®E
(M — A) EQH — h(A\ — \) HRE + O(h?)
§(E)+O(h*) = NE®H — HRE) + O(h?)

h
h

A

—~

F) — A%(F) = Fe" ! + M2l gF — Feehel — mflgp
(11 — p2) FOH — h(py — p2) HOF + O(h?)
§(F)+O(h?) = W(FeH — HRF) + O(h?),

h
h

which implies \; — Ay = 1 and p; — po = 1. By a rescaling £ — e "™ E and F — Fe mH
we can then achieve that Ay = 3 =0, Ay = —pus = 1, and the comultiplication takes the form

AH)=10H+Hl  A(E)=10E+ E@"™  A(F)=Fel+e¢ "MaF, (16)
From the formulas above, we find that this comultiplication map is coassociative and counital

in all orders of i with counit e(H) = ¢(F) = ¢(E) = 0.

Step 3:
It remains to determine the algebra structure, i. e. the relations, in all orders of A. These are
obtained by the requirement that A is an algebra homomorphism. A direct computation yields

A([H, E]) = [A(H), A(E)]

= (IQH + H®1) - (E®e" + 10F) — (E®e + 10F) - (10H + H®1)

= [H, E)®e™ +12[H, E)

A([H, F]) = [A(H), A(F)]

= (19H + H®1) - (Fol + e "MoF) — (Fol + e "oF) - (10H + H®1)

= [H, Flol + e " [H, F

A(lE, F]) = [A(E), A(F)]

= [B, Fl@e™ + e "B, F]+ Ee " @™ F — e "M EoFe,
Together with the condition that in lowest order, the commutator must agree with the Lie
bracket, the first two equations suggests to set [H, E] = 2FE and [H,F] = —2F. From the

formulas for A(F) and A(F) it is then apparent that the ideal generated by these relations is
a coideal. To evaluate the last expression further, we prove by induction the identity

[H* E] = i (’;) 2EH S,

s=1

If it holds for k, then one obtains for k£ + 1

[H*' E] = H{H*, E| + [H,E|H" = [H*, E)H + [H,[H*, E)| + EH* = [H*  E|(H + 2) + EH*

k
k k k
o k s k—s k+1—s\ __ s k+1—s
— FH +2 (5)2 E(2H**+ H )_E+2 ((3—1) + (S)>2 EH
k+1
_ Z (k t: 1) 25EH]€+1—S
s=1
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where we used the addition formula for the binomial coefficients. This implies

"By =) SHSE =Y 5 (S) PEH ZZZWQ EH
k=1 k=1 s=1 k=1 s=1
© s l
=> ) I g = (¢ — 1)EeM
=0 s=1 8! l'

An analogous computation yields [¢"# F] = (e72" — 1) Fe™ and these commutation relations
are equivalent to the relations

GEH p _ M p E2H ERH p _ F2h o 2hH (17)
Inserting this into the expression for A([E, F]), we obtain
A([E, F)) = [E, Flee™ + e MR, F).

As we must have [E, F| = H 4+ O(h) it is reasonable to assume that [F, F] is of the form
[E,F]=> a,h" 'H"
n=0

with a,, € F, a; = 1 and ag = 0. This yields

o0 n '
A(EF) =Y w2 phg ok
(B, F) =) Zk!(n_k>! ®
n=0 k=0
(B, Floe =3 prt Y 2 St eH
n=0 k=0 (n_ )
—hH - n—1 . (_1)kan—k k n—k
e M@[E, Fl=>h ZTH ®H
n=0 k=0 )

A(E, F))~[E, Floe" —e M e(E, Fl=Y 'y (an”! - akk!(; <_—kl)>!kc§n-k(n —k)!

k=0

The last expression vanishes if and only if the coefficients a,, satisfy the recursion relation
ann! = apk! + (=1)*an_p(n — k)! Vn € Ng, k € {0,1,...,n}.

With the conditions on ag and ay, this is equivalent to as, = 0 and as,+1 = 1/(2n + 1)! for all
n € Ny. Hence, we obtain the multiplication and comultiplication relations

ohH _ o—hH

(B, F] = - [H,E] =2FE, [H, F] = 2F, (18)
A(H) =1®H + H®1, A(E) = 1®F + Ee' A(F) = Fel+e¢ ™F
A direct computation shows that this defines a Hopf algebra structure with counit and antipode

e(H)=e¢(E)=¢(F)=0, S(H)=-H, S(E)=-Ee™ S(F)=-e"F

Step 4:
By rescaling E or F' with a formal power series in A, we can achieve that the commutator of F

and F'is given by

hH _ —hH
e — ¢
B, F] = oh _egh
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while all other relations and the expressions for the comultiplication, the counit and antipode
remain unchanged. If we replace the last two multiplication relations by and the expression
for the coproduct, counit and antipode of H by the expression for the coproduct, counit and

antipode of e*"#  we then obtain the Hopf algebra structure
hH _ —hH
[E,F| = € : e : ohH po—hH _ 2h E, o rp=h — G_ZEHF,
et —e "t
A(eﬂ:ﬁH) :eiﬁH®e:|:ﬁH’ A(E) — 1®E+E®€EH7 A(F) _ F®1+6_EHF
S<€ihH> — eﬂiH’ S(E) — _Eeth’ S(F) _ —ehHF.

If we set ¢ = e" and K*!' = e*"#  this coincides with the Hopf algebra structure from Example
2.3.91 This shows that the Hopf algebra U, (sly) can be realised as a Hopf-subalgebra of the Hopf
algebra over F[[h]] with generators F, F, H and with relations and coalgebra structure ([L§)).

Exercise 1: Let F be a field.

(a) Show that a formal power series x = X° A"z, € F[[z]] has a multiplicative inverse in
F[[R]] if and only if zo # 0.

(b) Show that the quotient field of the ring F[[A]] can be identified with the set of power series
Yoo Rz, for k € Z and with the product given by

n=k+I

Exercise 2: Consider the Lie algebra b, with basis {z,y} and Lie bracket [z, y] = .

(a) Construct its g-deformed universal enveloping algebra U, (b..).

(b) Construct the associated g-deformed universal enveloping algebra U”(b,) at a primitive
rth root of unity q.

(¢) Compare the result with Taft’s example.

93



3 Modules over Hopf algebras

3.1 (Co)module (co)algebras

In this section we consider (co)module (co)algebras over bialgebras and Hopf algebras and their
(co)invariants. These structures can be viewed as a generalisation of the algebra of functions
on a space with a group action and are motivated among others by their applications in non-
commutative geometry. The basic idea is to describe a space X with an action of a symmetry
group G in terms of the algebra Fun(X,F) of functions f : X — T into a field F with the
pointwise addition, multiplication and scalar multiplication. This algebra of functions includes
coordinate functions on X, but also functions that are invariant under the group action and
describe its orbits.

More precisely, if G is a group, X aset and > : G x X — X a group action of G on X, i. e. a
map that satisfies (gh) >z =g> (h>x) and 1 > =z for all g,h € G and x € X, then the
orbit of an element x € X is the set G>x = {g > x|g € G}, and the orbit space the set
O ={G > z|r € X} of orbits. The algebra Fun(X,F) becomes a right module over the group
algebra [F|G] with the induced right action

< Fun(X,F)®F|G] — Fun(X,F), fw— f<g where (f<g)(z)=f(g>z)VerelX.

Functions f : O — F are in bijection with functions f : X — F that are invariant under the
action of G, i. e. satisfy f <g = f for all g € G. Every function f : O — F gives rise to an

invariant function f : X — F defined by f(x) = f(G > ) and vice versa
Fun(O,F) 2 Fun(X,F)® = {f: X = F| f(g>2) = f(2)Vg € G,z € X}.

The set Fun(X,F)“ is a subalgebra of Fun(X,F) since it is a linear subspace, the constant
function 1y : X — FF, z + 1 is contained in Fun(X,F) and for all f, fo € Fun(X,F)% one has

(fr-f)lg>a) = filg> ) falg>2) = filz) - fo(z) = (f1 - f2)(z) for all 2 € X and hence
fi-fo € Fun(X, ). We can view this subalgebra as the algebra of functions on the orbit space.

For instance, if we consider the space X = R", the group G = O(n,R) and the group action
>: O(n,R) x R* — R™ (M, ) + M -z, then the orbits are the set S§' = {0} and spheres
Sr=l = {z € R"| X%, 2? = r?} for r > 0. The invariant functions are functions whose value at a
point x € R™ depends only on the euclidean distance of x to the origin. If we choose X = G for
some group G and the conjugation action > : G x G — G, (g, h) — ghg™*', then the orbits are
conjugacy classes in G and the invariant functions are class functions, functions f : G — F

with f(ghg™t) = f(h) for all g,h € G.

In non-commutative geometry these structures are generalised by replacing the group G by a
Hopf algebra H and the algebra of functions Fun(X, F) by a (usually non-commutative) algebra
A that is a module over the Hopf algebra H. One also obtains a generalised notion of invariant
elements, and the requirement that these invariant elements form a subalgebra of A leads to a
compatibility condition between the algebra structure and the H-module structure of A. This
is encoded in notion of a module algebra over a Hopf algebra. As both, the Hopf algebra H
and the algebra A can be dualised, one also obtains three dual concepts, namely a module
coalgebra, a comodule algebra and a comodule coalgebra. These concepts can also be defined in
more generality for bialgebras.
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Definition 3.1.1: Let B be a bialgebra over F. A (left) module algebra over B is an
algebra (A,m4,na) together with a B-left module structure > : B®A — A such that the
following diagrams commute

id®@m 4 id®na

BoARA BoA—F2 A B"" BeF 2 BgA  (19)
A®id®idL ]mA el /
B®BRARA —= BRARBRA—= A®A F— > A

>®r nA
In formulas: for all b € B and a,d’ € A, one has
be> (a-a') =X (bay > a) - (be) > d) br>14 =¢€(b) 14.

A right module algebra over B is a left module algebra over B°?, and a bimodule algebra
over B is a left module algebra over B BP.

Example 3.1.2:

1. If G is a group and > : G x X — X a group action of G on a set X, then the algebra
of functions Fun(X,F) is a right module algebra over the group algebra F[G]| with

< Fun(X,F)®F[G] — Fun(X,F), feg — f < g with (f <g)(z) = f(g> z).

2. Let B be a bialgebra over F. Every algebra A over F becomes a B-module algebra when
equipped with the trivial B-module structure > : BRA — A, b>a = €(b) a.

3. If A is a module algebra over a Hopf algebra H with > : H®A — A, then A is a module
algebra over HPP with ' : HQA — A, hi>'a = S(h) > a.

4. Every Hopf algebra H is a module algebra over itself with the adjoint action
Do HOH — H, h®k — h >,k with h>ggk= E(h) h(l) k- S(h(g)).

If H =T|G] is a group algebra, this corresponds to the conjugation action of G on itself
g >aqh = ghg™! for all g,h € G. (Exercise)

5. For every bialgebra (B, m,n, A, €), the dual algebra (B*, A* €*) is a module algebra over
B with the right dual action

>% : BRB* — B*, b@a — b>ha with 0> o = Xg)ae) (D)®aq).
and a module algebra over B°? with the left dual action

>7 : BPRB* — B, b@a — b>7 a with b>7 a = Xoq)(b) ap
This gives B* the structure of a bimodule algebra over B. (Exercise).

6. If G is a group and FF[G] its group algebra, then the dual algebra is F[G]* = Fun(G, )
with the pointwise addition, multiplication and scalar multiplication. In this case the right
and left dual action correspond to the group actions

>4 : F[G] x Fun(G,F) — Fun(G,F), (g% f)(h) = f(h-g)
>7 : F[G]? x Fun(G,F) — Fun(G,F), (g7 f)(h) = f(g-h).
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A more interesting example that illustrates the interpretation of comodule algebras as deformed
or quantised algebras of functions is the quantum plane.

Example 3.1.3: Let IF be a field and ¢ € F \ {0,1, —1}. The quantum plane F,[z, y] over
[F is the algebra over F with generators z,y and the relation xy = qyx. The quantum plane is
a module algebra over U,(sly) with > : U,(sly)QF [z, y] = F,[z,y], U®w — U > w given by

E > (ymxn) — qlfn(n)querlxnfl F > (ymxn> — q17m<m>q2ymflxn+l (20)
K > (ymxn) — qm—nymxn K—l > (ymxn) — qn—mymxn‘

Proof:

Let V be the free vector space with basis E,F, K, K~!. Then defines a linear map
PV — Endp(F,[z,y]), X — p/(X) with p(X)w = X > w. By the universal property of the
tensor algebra T'(V'), this induces an algebra homomorphism p : (V) — Endg(F,[z,y]) with
poty = p. To obtain an algebra homomorphism p : U,(sly) — Endg(F,[z,y]), we need to
show that r € ker(p) for all relations 7 in (9). As the set {y™z™ |m,n € Ny} is a basis of
F,[z,y], it is sufficient to show that p(r)(y™z™) = 0 for all relations r in (9) and m,n € Ny.
This follows by a direct computation from (20)) and the relations in @ and shows that
p: T(V) = Endg(F,[z,y]) induces an algebra homomorphism p : U,(slz) — Endg(F,[z,y]).
Hence, F,[z,y] is a module over U,(sly). To show that F [z, y] is a module algebra over U,(sly),
we have to show that m o (A(X) > (y"z"®y"z%) = X > m(y™z"®y"z®) for all m,n,r,s € Ny
and X € {E, F, K*'}. This follows again by a direct but lengthy computation from the relation
xy = qyx and the expressions for the coproduct in . O

The geometrical meaning and the name quantum plane becomes more transparent if one consid-
ers the case ¢ = 1. For this, we consider instead of U,(sly) the ¢g-deformed universal enveloping

algebra U (sly) with generators e, f,1 from Example 2.3.11 and set

e (ymxn) — ql—n(n)qum—i-lxn—l f > (ymxn) — ql—m(m)qum—ll,n—&-l (21)
L (y"a") =le, fle (y"a") = (""" (m)gz — " "(n)g2) y" 2",
For ¢ = 1, we obtain the commutative quantum plane Fy[z,y] = F[z,y| with a left module

structure over the universal enveloping algebra U (sly) given by
e > (y™a™) = ny™ g fo> (y"a"™) = my™ "t > (y"z™) = (m —n)yma™. (22)

This can be interpreted as a representation p : sly — EndpF[z, y| of the Lie algebra sly on the
polynomial algebra FF|x,y| by formal differential operators

. 0 N — 0 0 0 g\ 0 0
p(e)—y% p(f) —xa—y p( )—y% ($8_y> —l’a—y (ya) —?Ja—y—x%-
On the other hand, if we interpret the elements x and y as linear maps z : F* — F, (2/,y/) — 2/
and y : F> — T, (¢/,9') — ¢/, we can consider the representation p : sl; — Endp(F[z,y]) that
is induced by the representation of the Lie algebra s[5’ with the opposite commutator in terms
of the matrices e, f,[ from . As we have

(6o () =)= (o) () ==(0)-
RSN (G ) )
(G ) =)= o) 6)) ()=
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this representation p : sl — Endy(F[z, y]) induces the representation in (22)). Hence we can view
the U,(sly)-module algebra structure on the quantum plane as a deformation or quantisation
of the sly-module structure on the algebra of polynomial functions on the plane that is induced
by the standard sl,-representation on F2.

By passing from from a finite-dimensional algebra A to the dual coalgebra A* or from a finite-
dimensional bialgebra B acting on A to its dual B*, we obtain concepts analogous to the module
algebra in Definition [3.1.1] They are obtained, respectively, by reversing the arrows labelled by
the multiplication and unit of A in (19)) and labelling them with a comultiplication and counit
instead or by reversing the arrows labelled by the comultiplication and counit of B and by the
action > in ([19) and labelling them with the multiplication and unit and a coaction ¢ instead.
This leads to the concepts of a module coalgebra, a comodule algebra and a comodule coalgebra
over a bialgebra.

Definition 3.1.4: Let B be a bialgebra over F.

1. A B-left module coalgebra is a coalgebra (C,A¢, €c) together with a B-left module
structure > : BQC' — C' such that the following two diagrams commute

A®id®idl lAC el /
BBRCRC — BRCRBEC —=CaC  F<r—C

In formulas: for all b € B and ¢ € C, one has

o) (0> )@ > ¢)2) = Ep), o) (ba) > c1))@(be) > ¢2)  €c(b>c) = €(b)ec(c).

2. A B-left comodule algebra is an algebra (A, ma,7n4) together with an B-left comodule
structure § : A — B®A, a — X(q)a(1)®a ) such that the following two diagrams commute

BoADA idem4 BaA 5 A Bhﬁhzl B&F id®na BoA
m®id®id] ]mA nT /
BRBRARA et BRARB®A <ai ARA F— A.

In formulas: for all b € B and a,d’ € A, one has

E(aary(ad’) (1y®(aa) o) = B(ay@)am@ 1)®a@a’ o)  Baylaay®@lae) = 15®1a

3. A B-left comodule coalgebra is a coalgebra (C, A¢, €¢) with an B-left comodule struc-
ture 0 : €' — B®RUC, ¢+ Xgc)®c() such that the following two diagrams commute

id®AC

BRC®C BRC " C B"&2" o ' B
m®id®id] LA HT /
In formulas: for all ¢ € C, one has
E(0)c)®co)1)®c0)2) = o) (1)c@m@cnm)@Cc@e)0)  D@ecm)ec(co) = eclc)lp.
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A right module coalgebra over B is a left module coalgebra over B°? and a module bi-
coalgebra over B is a left module coalgebra over B B?. A right comodule (co)algebra
over B is a left comodule (co)algebra over B and a comodule bi(co)algebra over B is a
left comodule (co)algebra over B&BP.

Remark 3.1.5:

1. If V is a comodule (co)algebra over a bialgebra B with § : V' — B®V, then V is a B*?
module (co)algebra with > : B*®@V — V', f>v = (f®id)od(v). If B is finite-dimensional,
this defines a bijection between B-comodule (co)algebra and B**P-module (co)algebra
structures on V.

2. If (A,m4,na) is a finite-dimensional module algebra over a finite-dimensional bialgebra
B, then (A*, m%,n%) is a comodule coalgebra over B* and vice versa. (Exercise)

3. In the infinite-dimensional case, the second statement in 1. and statement 2. do not hold.
There are modules over B*°P that do not arise from comodules over B, the dual of an
infinite-dimensional algebra A does not have a canonical coalgebra structure and that in
that case one may have B*®A* C (B®A)*. This is the reason for the introduction of the
dual concepts in Definition

Example 3.1.6:

1. If G is a finite group acting on a finite set X via > : G x X — X, then:
(a) The algebra Fun(X,F) is a comodule algebra over Fun(G, F) with

§: Fun(X,F) = Fun(G, F)®@Fun(X,F), f— Xeqd,(f < g).

(b) The free vector space (X)r generated by X is a module coalgebra over F[G| with
module structure > : F|G|®(X)r — (X)r, g®2 — g > x and coalgebra structure

(c) The free vector space (X)p is a comodule coalgebra over Fun(G,F) with comodule
structure § : (X)p — Fun(G, F)®@(X)r, v — Xseq 6,09 > = and coalgebra structure
A (X)p = (X)rR(X)F, © — 2@,

2. Every bialgebra B is a module coalgebra over itself with the left regular action
>;: BB —~ B, b>c=b-c
a module coalgebra over B with the right regular action
<dr: BP®B — B, c<1b=c-b,
and a comodule algebra over itself with its multiplication and comultiplication.

3. A comodule algebra over a group algebra F[G] is the same as a G-graded algebra,
i. e. an algebra A that is given as a direct sum A = ©4cc A, with linear subspaces A, C A
such that 14 € A, and A, - A, C Ay, (Exercise).
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Given a module algebra A over a bialgebra B, one can associate to this pair an algebra structure
on the vector space A® B, the so-called cross product or smash product. This generalises the con-
struction of a semidirect product of groups and plays an important role in many constructions
with Hopf algebras.

Proposition 3.1.7: Let B be a bialgebra and (A, >>) a module algebra over B. Then
(a®b) . (a'®b') = Z(b) a(b(l) > a')®b(2)b'

defines an algebra structure on AQH with unit 1,&®1y, such that 14 : A - AQH, a — a®1
and 1y : H - A®QH, h — 1®h are injective algebra homomorphisms. The vector space AQH

with these algebra structure is called the smash product or cross product of A and H and
denoted A#H.

Proof:
That ¢4 and ¢y are algebra homomorphisms is obvious. The remaining claims follow by a direct
computation. To check associativity, we compute

((a®h) - (bRE)) - (c®)
= E(h)(a(h(l) > b)®h(2)k‘) . (C®l) = E(h)(h<2>k)a(h(1) > b)((h@)]{?)(l) > C)®(h(2)k)(2)l
= Zmymalha) > b)((he)myka)) > )®he)@)ke)l = Enywmalha) > b)((he)ka)) > ¢)@hs)k@)!

(a®h) - ((b&k) - (c®1))
= Xy (a®h) - (b(kay > c)@k@)l) = Bnymalhay > (b(kay > ¢)))@h@ ko)l
= Zmymalhaya) > b)(haye) > (ka) > 0)@h@ kel = Zmywalha) > 0)((hka)) > ) @h@)k@)l,

and to show that 1,®1y is a unit, we compute for all a € A and h € H

(a®h) . (1A®1H) = E(h)a(h(l) > 1A>®h(2)1H = Z(h)e(h(l))a®h(2) = a®h
(1A®1H> . (a®h) = Z(lH)lA(lH(l) > a)®].H(2)h = 12aR15h = aQh.

Example 3.1.8:

1. Let G, H be groups and p : G — Aut(H) a group homomorphism. Then F[H] is a module
algebra over F[G] with > : F[G|®F[H] — F[H], g®h — p(g)h. The associated cross
product H#G is given by the multiplication law

(heg) - (W®g') = h(p(g)h)@gd

for all g,¢' € G and h,h’ € H. This coincides with the multiplication law of the
semidirect product H x G and hence one has F[H|#F[G] = F[H x G].

2. Let B be a bialgebra over F and consider the dual algebra A = B* with the right dual
action >} : B&B* — B*, b>} o = ¥(ay2) (D) o1y. Then the multiplication of the cross
product B*# B is given by

(Oé@b)(O/@b,) = Z(h)(a/)o/(z)(b(l)) OéOé,(l)®b(2)b,
This cross product is also called the Heisenberg double of B and denoted H(B).

99



3.2 (Co)invariants and (co)integrals

The concepts of (co)module (co)algebras over Hopf algebras from the last subsection allow one
to generalise group actions G on a set X and the associated algebra of functions Fun(X,F)
to Hopf algebra (co)actions on (co)algebras. In this section, we introduce the notions of
(co)invariants for (co)modules over Hopf algebras that allows us to generalise the notion of
a function that is invariant under a group action and the notion of functions on the orbit space.

Invariants can be defined for modules over a bialgebra by linearising the notion of an invariant
for a group representation. If > : G x V' — V is a representation of a group G on a vector space
V', then an element v € V is called invariant if the group G acts trivially on v, i. e. g>v =0
for all ¢ € G. When passing from a group G to a Hopf algebra, then the invariance condition
needs to be replaced by an appropriate condition that is linear in H. Given the available
structures, the natural choice is to set h>v = €(h) v for all h € H and v € V. The dual notion
of a coinvariant for a comodule over B is obtained by requiring that for a finite-dimensional
bialgebra B, coinvariants for a left comodule (V,0) over B coincide with the invariants of the
associated B*°P-module structure on V' that is given by 5> v = (f®id) o §(v).

Definition 3.2.1: Let B be a bialgebra over F.

1. Let (M,r>) be a module over B. An element m € M is called an invariant of M if
b>m = e(b)m for all b € B. The submodule of invariants of M is denoted M?P.

2. Let (M,0) be a comodule over H. An element m € M is called a coinvariant of M if
5(m) = 1p®@m. The subcomodule of invariants in M is denoted M«P.

Example 3.2.2:

1. Let G be a group acting on a set X by > : G x X — X. Let < : Fun(X,F)®F[G] —
Fun(X,F) be the associated right action of G on Fun(X,F) with (f < ¢)(z) = f(g > z)
for all g € G and x € X. Then this defines a F[G]|-module structure on Fun(X,F) with

Fun(X,F)f¢ = {f: X - F|f(g>z) = f(x)Vg € G}.

2. Let H be a Hopf algebra acting on itself via the adjoint action >,; : HQH — Hwith
h>agk =Xm) hay- k- S(h)). Then the submodule of invariants is the centre of H

HPe = Z(H)={k € H|h-k=k-hVh € H}.

This can be seen as follows. If k € Z(H), then h >o k = Enha) - k- S(hg) =
Xy (ha)yS(h))) - k = e(h) k for all h € H. Conversely, if k € H”2¢ then for all h € H

h-k = Emhwelhe)) -k =Zmhnk(S(he)h@e) = Em (hamkS(hae))he)
= S (h1) Bad )h@) = Swelh) khe) = k- (Smetho)he) =k - h.

In both examples, the module over the Hopf algebra H has the structure of a module algebra,
and the invariants of the module form a subalgebra. This is a general pattern that holds for
any module algebra over a bialgebra and allows us to view the invariants of a module algebra
A over a Hopf algebra H as a generalisation of functions on the orbit space of a group action.
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Proposition 3.2.3: Let B be a bialgebra over F

1. If A is a module algebra over B, then A C A is a subalgebra.
2. If A is a comodule algebra over B, then A°? C A is a subalgebra.

Proof:

Let A be a module algebra over B. Clearly, the submodule A? C A is a linear subspace of A.
Moreover, one has 14 € AP since b> 14 = €¢(h)1 for all b € B by definition of the module
algebra, and for all a,a’ € AP and b € B

br> (ad) = Xy (bay > a) - (b > a) = ) (e(by)a) - (e(b(g))a/) = Yw)e(bay)e(hwy) aa
= 6(2(1,)6(1)(1))5(2)) aa’ = E(b) CLCLI,

where we used the definition of a module algebra and of the invariants, then the linearity of
the multiplication in A and of € and finally the counitality of €. This shows that aa’ € AP and
that AP is a subalgebra of A. Similarly, if A is a comodule algebra over H, then A®P C A is
a linear subspace and 0(14) = 15®14 by definition of a comodule algebra. The definition of a
comodule algebra also implies for all a,a’ € A8

d(aa’) = d(a) - 6(a’) = (1p®a) - (1p&d") = 1p®aa’,

and hence AP C A is a subalgebra of A. O

Another nice example of invariants (although not in the context of module algebras) is given
by the following lemma, which shows that module homomorphisms between modules M, N over
a Hopf algebra can also be viewed as the invariants of a certain module, namely the module
Homgp(M, N) of linear maps f : M — N with H-module structure induced by the ones of M
and N. In this case, an antipode is necessary to ensure that the pre-and post composition with
the action of H can be combined into a module structure on Homg(M, N).

Lemma 3.2.4: Let H be a Hopf algebra and M, N modules over H. Then
> H®H0mF(M, N) — HomF(M, N), (h > f)(m) = Z(h) h(l) >N f(S(h(g)) >N m)
is a H-left module structure on Homp(M, N') whose invariants are the module maps f : M — N.

Proof:
With the formula for the module structure we compute (1> f)(m) = 1>y f(S(1)>pm) = f(m)
for all m € M, and for all h, k € H we obtain

(h> (k> f))(m) = Zwha) > (k> [)(S(he) >m))

=Xmmha) >~ (ka) > f)(S(ke) B (S(he) > m))

= Yy (hyky) >n F((S(k@)S(he)) Barm) = Bmw (hakw) >n f(S(heke) > m)
= Sy (k) (1) > F(S((hk) () Bar m) = ((hE) > f)(m).

This shows that Homp (M, N) is a module over H. For each module homomorphism f : M — N
we have for all m € M and h € H

(h> f)(m) = Zmha) >n f(S(he) >um) =Eam) (ha)S(he)) B f(m) = e(h) f(m)
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and hence f € Homg(M, N)¥. Conversely, if f € Homp(M, N)# then for allm € M and h € H

h>n f(m) = Ew (b)) ha) >N f(m) = E(h)h 1) >N [((S(h@)hE) > m)

= X (hay > f)(he) > m) = Smelhwy) flhe) Barh) = Se) f(Ewelho)he) >um)
= f(h > M m)?
and hence f is a module homomorphism from M to N. O

We now consider the invariants for the left and right regular action of a Hopf algebra H on
itself. These invariants play a special role and are called integrals. The reason for this is that
they are the bialgebra or Hopf algebra counterparts of left or right invariant integrals on a Lie
group. For the same reason, an integral in a bialgebra H that is both left and right invariant is
sometimes called a Haar integral in H. Just as Haar integrals over compact Lie groups can be
used to construct invariant functions on Lie groups, integrals in a bialgebra that satisfy certain
normalisation conditions define projectors on invariant submodules over H.

Definition 3.2.5: Let H be a Hopf algebra over F.

1. A left (right) integral in H is an invariant for the left (right) regular action of H
on itself, i. e. an element ¢ € H with h- ¢ = e(h){ (with £-h = €(h){) for all h € H.
The linear subspaces of left and right integrals in H are denoted I,(H) and Ig(H). If
I (H) = Ig(H), then the Hopf algebra H is called unimodular.

2. A left (right) cointegral for H is an element A € H* with (id®A)(A(h)) = 1g@A(h)
(with (A®id)(A(h)) = A(h)®1g) for all h € H. The linear subspaces of left and right
cointegrals for H are denoted Cr(H) and Cr(H).

3. A left or right integral ¢ € H is called normalised if ¢(¢) = 1. A (normalised) element
¢ e I (H)NIg(H) is sometimes called a (normalised) Haar integral.

Remark 3.2.6:

1. A right (co)integral for a Hopf algebra H can also be defined as a left (co)integral for
the Hopf algebra H°P°P and vice versa.

2. If H is finite-dimensional, then a left (right) cointegral for H is the same as a left (right)
integral for the dual Hopf algebra H*, since one has (id®A)(A(h)) = 1g®A(h) for all
h € H if and only if (a - A\)(h) = (a®N)(A(h)) = a(1)@A(h) = e(a)A(h) for all h € H
and o € H*, which is the case if and only if o - A = €(a) A for all & € H*.
Example 3.2.7:
1. If G is a finite group, then F[G] and Fun(G,F) are unimodular with
I (F[G]) = Ir(F[G]) = spang {Egec 9} CL(F[G]) = Cr(F[G]) = spang {c} .
The cointegral J. is normalised. The integral ¥ c¢g can be normalised iff char(IF) f|G|.
2. The Taft algebra from Example is not unimodular. One has
I (H) = spanF{E?;éij"_l} Ir(H) = span]F{Z?;&qjij”_l}.
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3. The g-deformed universal enveloping algebra U,(sly) from Example has no non-
trivial left or right integrals: I1,(U,(sly)) = Ir(U,(slz)) = {0}. The g-deformed universal
enveloping algebra U] (sly) at a root of unity from Proposition [2.3.12]is unimodular with

IL(UT(S[Q)) = IR(UT(BIQ)) = SpanF{Eg;éKjErle’"’l}

The importance and usefulness of integrals comes from the fact that given a normalised left
or right integral for a Hopf algebra H, we can construct a projector on the invariants of any
left or right module over H. This allows one to determine the invariants of any module over H
explicitly and systematically.

Lemma 3.2.8: Let H be a Hopf algebra and ¢ € H a normalised left integral. Then for any
H-module (M, 1>), the linear map P : M — M, m + £1>m is a projector on M*,

Proof:
This follows directly from the properties of the normalised left integral ¢ € H. One has

he>P(m)=hr ({>m) = (hl)>m = (e(h)l)>m =¢€(h) ({>m) = e(h) P(m)
(PoP)m)=(>U>m)=(*)>m=(c())>m=¢ell)l>m={>m= P(m)

for all m € M and h € H, and this shows that P is a projector with im(P) ¢ M*. Conversely,
it m € M¥ one has P(m) ={1>m = ¢({)m = m and hence m € P(M). O

Given the usefulness and importance of integrals, we will now determine under which conditions
a Hopf algebra H admits non-trivial or normalised left and right integrals and under which
conditions left and right integrals coincide. The essential concept that allows one to address
this question is the notion of a Hopf module.

We will see in the following that in the finite-dimensional case a Hopf module over H is nothing
but a right module over a cross product H*P# HP where HP acts on H*P via the right dual
action. However, as we wish to consider infinite-dimensional modules and Hopf algebras as well,
it is advantageous to dualise this notion and to transform the action of H*°P into a coaction
of H, as in Remark This leads to a formulation that is free of dual Hopf algebras and
hence avoids problems with duals of tensor products and the need to pass to finite duals. As we
wish to use Sweedler notation for comodules (see Definition , which is simpler and more
intuitive for right comodules, it is advantageous to work with right Hopf modules.

Definition 3.2.9: Let H be a Hopf algebra over F.

1. A right Hopf module over H is a vector space V over F with a right H-module structure
and a right H-comodule structure

<:VeH -V, hu—v<dh 0:V = VRH, v Eu)ve®ua),

such that d is a morphism of H-right modules with respect to the H-right module structure
on V and the right regular action of H on itself:

6(v<ah)=6(v) Qh=Zw)m (Vo) <hw)®(va) - )

A left Hopf module over H is a right Hopf module over HP“P.
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2. A homomorphism of right Hopf modules from (V, >y, dy) to (W, >y, dw) is a linear
map ¢ : V — W that is a homomorphism of right H-modules and right H-comodules:

¢v <y h) = ¢(v) Qw b (9Qidg)(0v (v)) = dw(d(v)) Vv eV,we W

Remark 3.2.10: Right and left Hopf modules are closely related to modules over cross prod-
ucts. One can show that every right Hopf module M over H is a right module over the cross
product H*P#HP from Proposition with the multiplication law

(a®@h) - (Bok) = S m P (he) Baya®@hak. (23)
The H*°P# HP right module structure on the right Hopf module M is given by
< MHPHHP) = M, m < (a®h) = Egya(may) mey < h

If H and M are finite-dimensional, this induces a bijection between H-right Hopf module
structures and H*°P# HP-right module structures on M.

Example 3.2.11:

1. Every Hopf algebra H is a right Hopf module over itself with the right regular action
dr: H®H — H, k<1h =k -h and the comultiplication 6 = A : H - HRH.

2. For every right module (M, <1) over H, the vector space M®H is a Hopf module with

< (MeH)®H — M®H, (m®k) < h =3 (m < ha)@(k - b))
§ = (Idy®A) : M®H — (M@H)®H, §(m®k) = Euymekq)QFks).

3. In particular, for every vector space V over F, the vector space V®H is a Hopf module
over H with the trivial Hopf module structure

d=idem: (VeH)®H — V®H, (v®k) < h = v®kh
§=(1d®A) : VeH — (VRH)®H, (V@) = Lyv@kq)®Kk().

The distinguishing property of Hopf modules is that they factorise into the submodule of
coinvariants and the underlying Hopf algebra H. Every Hopf module is isomorphic as a Hopf
module to the tensor product of its coinvariants with H. In the finite-dimensional case, this
will allow us later to determine the dimension of the linear subspace of coinvariants from the
dimension of M and the dimension of H.

Theorem 3.2.12: (Fundamental theorem of Hopf modules)
Let H be a Hopf algebra over F and (M, <, ) a Hopf module over H. Then

p=<:MHUQH - M, meh—m<h

is an isomorphism of Hopf modules if M“"?®H is equipped with the trivial Hopf module
structure from Example [3.2.11} 3.
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Proof:

1. We denote by <1 : M®H — M the H-right module structure and by 6 : M — M®H the
H-right comodule structure on A. Then we have in Sweedler notation 6(m) = X, me)@m1)
and the Hopf module conditions on ¢ read

(5®1d) o (5(m) = E(m)m(o)@)m(l)@m(g) = (1d®A) e} 5(m)
(5(m < h) = 5(?7’&) <h= E(m)(h)m(o) < h(1)®M(1)h(2).

The trivial Hopf module structure on M“?®H is given by
(m®k) < h = m®kh 5’(m®k) = E(k)m@)k(l)@k(g).

2. We show that the map ¢ : M°?®H — M is a homomorphism of Hopf modules. For all
m € M and h,k € H, we have

d(mRk) th = (m < k) <<h=m<(kh) = ¢(mRkh) = ¢((mRk) <" h)
(00@)(mRk) =56(m<k)=35m)<k=(mx1) k= Z(k)(m < k’(1))®k(g)
= (¢p©id) (Zmm®ka)®ke) = ((¢®id) o §')(m®k).

3. To show that ¢ is an isomorphism of Hopf modules, we consider the linear map
Y M —= M, m— <o (id®S) o d(m) = Xumymey < S(ma))

and prove that 1 is a projector on M that is invariant under the action of H on M. We first
show that 1) takes values in MH and is invariant under the action of H on M. For all m € M
and h € H we have

5((m)) = 6 (Smym) < S(mqy)) = Smyd (my ) < .5(m))
m) (Moy®m1)) < S(myz)) = Egnymo) < S( 2)) ()&M) S(M(2))2)
m)(0) S(m(2 )®m(1)5(m ) = Xmmym(o) < S(m))@ma)S(m))
e(m)) Xmymo) < S(m))®1 = E( )Moy < 5(m(1>)®1 = P(m)®1
P(m < h) :<lo(id®S)O(5(m<1h) = <o (id®S)(d(m) < h)
= <o (Id®S) (X (m)mym) < hay@mayh) )
= Xmyn) (M) < hay) <S(mmhe) = Zmym) (mo) < hay) < (S(he)S(ma))
= Sy (M) < (h)S(hez))) < 5(m<1>)) (h)2<m (m) <1) < S(m))
= e(h)p(m).

This shows that ¢¥(m) € M? and ¢(m < h) = e(h)y(m) for all m € M and h € H. For all
coinvariants n € MH we then obtain

2
2

Y(n) = <o (id®S)od(n) = <o (ldeS)(n®l) =n<S(1)=n<1=n.
This implies (¢ 0 ¥)(m) = ¥ (m) for all m € M and shows that 1 is a projector on M.
4. We prove that the linear map

= (@b@id)od M — MCOH®H, m — E(m)dz(m(o))@m(l) = E(m <IS( )®m( 2)
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is inverse to ¢. Using the fact that 1 is a projector on M that is invariant under the action
of H on M, we obtain for all m € M, n € M“H and h € H

¢ o x(m) = ¢(Eamymo) < S(m1))@mz)) = Zm)(mo) < S(my)) <myz
= Ymymy < (S(ma))m) = Zpmym) < (e(m))l) = 2(m)( e(my)m)) <1 =m
) =

1)
X 0 ¢(n®@h) = x(n < h) = (Yy®id)(0(n < h) (@D@ld)( (n) < h) = (Y@id)((n®1) < h)
= X (n < ha)®he) = Lwe(hq) v (n)@he) = P(n)(Emwe(ha))he) = n®h.

This proves that y = ¢! and that ¢ : M ®@H — M is an isomorphism of Hopf modules. O

Corollary 3.2.13: Let H be a finite-dimensional Hopf algebra over F and I C H a right
(left) ideal and right (left) coideal in H. Then I = H or I = {0}.

Proof:

If I C H is aright ideal and a right coideal in H, it is a Hopf submodule of the right Hopf module
H from Example[3.2.11] 2. with k<th = k-hand 0 = A : H - H®H. The fundamental theorem
of Hopf modules implies I = I°° @ H and hence dimp(H) > dimp(I) = dimp(1°) - dimg H.
Hence one has dimp(7°°#) = 1 and I = H or dimp(I®") = 0 and I = {0}. The claims for left
ideals and coideals follow by replacing H with H PP, O

We will now apply the fundamental theorem of Hopf modules to determine the dimension of the
linear subspaces of left and right integrals in a finite-dimensional Hopf algebra H. For this we
require a finite-dimensional right Hopf module whose coinvariants are the left or right integrals
of the Hopf algebra H or its dual H*. As all Hopf algebras involved are finite-dimensional, this is
equivalent to a module over the cross product H*P# HP from Remark whose invariants
with respect to H* are the left or right integrals of H*. Such a module over H*P#H“P is
provided by the following lemma.

Lemma 3.2.14: Let H be a finite-dimensional Hopf algebra. Then H* is a right module over
the cross product H*P#HP from Remark [3.2.10] with

< H'QH™HH) — HY, v < (a®h) = S (@272)(5(h) ag)ra):
This defines a Hopf module structure on H* with (H*)®° = I (H*).

Proof:

That (H*, <) is a module over the cross product H*P# HP from Remark [3.2.10| follows by a
direct but lengthy computation. To show that H* is a right module over H*?# H, we compute
for a, 8,v€ H* and h,k € H

¥ < (1g=®1y) = By (lu) v0) = Z(v)G(V 2)) V1) =Y

(v < (a®h)) < (BRK) = E)(a) (@) v2) (S(R)) (e)y)) < (BRk)
= Z)®)m (@@Y2)(S(h)) (Be (auw ))2)(S(k)) Bay(amr)
= X)) (@3)73)(S(h) (Beya@ 1) (S(k)) Bayaw v

where we used the definition of < in the 2nd line and to pass from the 2nd to the 3rd line and
then the coassociativity in H* and the fact that the comultiplication is an algebra homomor-
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phism to pass to the 4th line. Similarly, we compute

7 < ((a®h) - (BREK)) = Z(g)n) B2y (h2)) ¥ < (50)0@’1(1)%)

= B B (he) (Boy@ae @) (S(hak)) 5 ’m)

= Y()3) (k) B3) (h2) (Bya@ @) (S(k)S(ha))) 5(1 V)

= X)) m B (h2) (Bemae o vem) (S (k))(5<2><2>@ @@Y@@)5(hw)) By v
= Z)@) ) By (h@) (Beya@12)(S(k)(Be)ae)re)S(hay)) Bayaava)

= Y) B B (h)) By @) (S(E))Bey (S(hay) ) (ae)re)S(hay) @) Bayawra
= S @ B (he) By @) (S(k)Be) (S(haye)) (e re) (S(haw)) Boea
= X@mm 8o (S(hay@)he) (B @ @) (S(F) (@sre) (S(haym)) Baoaay o

= X(a)@)( ) €(B))e(h2)) (Beyae @) (S (k) (@) ve) (S(ha)) Boea )

= X)) BeyaeY@)(S(k)(as)ve) (S(h) Boeava) =7 < ((a®h) - (BRE)),

where we used the multiplication law of H*P#HP in the 1st line, the definition of <
to pass to the 2nd line, the coassociativity to pass from the 2nd to the 3rd, from the 4th to
the 5th and from the 9th to the 10th line, the fact that S : H — H is an anti-algebra and
anti-coalgebra homomorphism to pass from the 2nd to the 3rd and from the 6th to the 7th
line, the duality between the product in H and the coproduct in H* to pass form the 3rd to
the 4th, the 5th to the 6th and from the 7th to the 8th line, the antipode condition in H to
pass from the 8th to the 9th and the counitality conditions in H and H* to pass from the 9th
to the 10th line.

As H and H* are finite-dimensional, this defines a right H-Hopf module structure on H* by
Remark [3.2.10) with (id®a) 0 6(8) = (8 < (a®1y))®1r and < h = 8 < (1y+®h). An element
f € H* is a coinvariant for this Hopf module structure if and only if 6(8) = f®1y which is
equivalent to (8 < (a®1y))®1p = (Id®a) o §(5) = fRa(ly) = €(a)fR1F for all « € H*. As
we have § < (a®1y) = af3, this is equivalent to 8 € I (H*). O

By combining this Lemma with the fundamental theorem of Hopf modules, we can determine
the dimension of the space of left integrals for H* and and H = H** for any finite-dimensional
Hopf algebra H. As the module structure from Lemma involves the antipode of H, this
also allows us to draw conclusions about the dimension of the kernel of the antipode and to
conclude that for any finite-dimensional Hopf algebra H the antipode is invertible. Moreover,
we obtain an isomorphism of H-right modules between H and H*, the so-called Frobenius map.

Theorem 3.2.15: Let H be a finite-dimensional Hopf algebra. Then:

2. The antipode of H is bijective with S**(I(H)) = Ig(H) and ST (Ir(H)) = I (H).
3. For any A € I,(H*) \ {0}, the Frobenius map

ox: H = H*, h= S(h) >R A =S (S(h) A

is an isomorphism of right H-modules with respect to the right regular action of H on
itself and the right action < : H*®@H — H*, a®h — S(h) >} a.

Proof:
Equip H* with the H-Hopf module structure from Lemma [3.2.14} Then (H*)*" = [} (H*) and
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(H**H\@H = H* by the fundamental theorem of Hopf modules. As H is finite-dimensional,
this implies dimp(H) - dimp (I (H*)) = dimp(H*) = dimp(H ) and hence dimp (I, (H*)) = 1. By
exchanging H = H*™ and H*, we also obtain dimg(I;(H)) = 1. By the fundamental theorem
of Hopf modules the linear map

<: IL(H*)@)H — H*, A®h—= A<h= S(h) I>*R A= E()\))\(Q)(S(h)) )\(1)

is an isomorphism of Hopf modules. As dimp(/,(H*)) = 1, this implies that the Frobenius map
¢, is a linear isomorphism for all A € H* \ {0}. Moreover, one has

PAlk < h) = ga(kh) = ZnA@)(S(kR)) Aqy = By A (S(h)S(K)) A
= ZnA@ (S(R) A3 (S(k)Aq) = S(h) >R dA(Em A2 (S(k) Awy)) = oa(k) < h

and hence ¢, is an isomorphism of right H-modules. If h € ker(S), then ¢x(h) = S(h)>HA =0
and hence ker(S) C ker(¢,) = {0}. This shows that the antipode is injective. Because H is
finite-dimensional with dimy H = dimp H*, it follows that S is bijective. As S*! : H — HoPop
is an algebra and coalgebra homomorphism, one has for all ¢ € I (H), ¢’ € Izr(H) and h € H

SEO) - b= SEYSTU(R) - 0) = e(STH(R)SE (L) = e(W)SE () =  SE(0) € In(H)
h-SE() = SEU(C - SFU(h)) = e(STH(R)) ST (0) = e(h)SEN(P) =  SE(C) € IL(H).

This shows that STY(I;(H)) = Ir(H) and ST (Ig(H)) = I,(H). O

Theorem clarifies the existence and uniqueness of left and right integrals for finite-
dimensional Hopf algebras H. It shows that every finite-dimensional Hopf algebra H has non-
trivial left and right integrals and that the vector spaces of left and right integrals are one-
dimensional. One can show that the finite-dimensionality of H is not only a sufficient but also
a necessary condition for the existence of non-trivial left and right integrals: if a Hopf algebra
H has a left or right integral integral ¢ # 0, then it follows that H is finite-dimensional. We
will not prove this statement here. A proof is given in [R], Prop. 10.2.1].

In particular, Theorem implies that a finite-dimensional Hopf algebra H is unimodular
if and only if its antipode maps each left or right integral to a scalar multiple of itself. An
alternative criterion for the unimodularity of H is obtained by realising that the linear sub-
space space of left integrals is invariant under right multiplication with H. This implies that
multiplying a left integral ¢ on the right by an element h € H yields a scalar multiple ay, £ of
the left integral ¢. The linear map that assigns to each element h € H the scalar ay, € F has
interesting properties and gives a criterion for the unimodularity of H.

Proposition 3.2.16: Let H be a finite-dimensional Hopf algebra over F. Then:

1. There is a unique element o € H* with ¢-h = a(h)l for all h € H and ¢ € I,(H).
2. One has h-¢' = a~'(h) for all h € H and ¢’ € Ir(H).
3. The element o € H* is grouplike and is called the modular element of H.

4. The Hopf algebra H is unimodular if and only if o = e.

Proof:
As dimp I, (H) = 1 by Theorem [3.2.15] we have I;,(H) = spanp{¢} for all non-trivial left
integrals ¢ € I,(H) \ {0}. For every non-trivial left integral ¢ € I (H)\ {0} and h € H, one
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has th € I,(H) since k- (¢-h) = (k-{)-h=¢e(k){-hforall k € H. As dimp I,(H) =1 and the
multiplication is linear, this implies ¢h = «(h)¢ for some element o« € H*. We have

a(hk) € = thk = (th)k = (a(h)O)k = a(h) tk = a(h)a(k)l =01y == a(ly)L.

for all h,k € H, and this shows that a : H — [F is an algebra homomorphism and hence a
grouplike element of H* by Example 2.4.2] If ¢' € I;(h) is another left integral, then ¢/ = u/
for some p € F, and we have 'h = ptlh = pa(h)l = a(h)l' for all h € H. This shows
that the identity ¢-h = a(h) ¢ holds for all £ € I, (H). As we have Ir(H) = S*(I;(H)) and
I.(H) = S*(Ig(H)) by Theorem [3.2.15|and S(a) = a0 S = a~! for any o € Gr(H*), we obtain

Bt = ST S(R)) - STHS(0) = SHS(E) - S(h) = a(S(h) SH(S(6) = a” () ¢

for all right integrals ¢ € Igx(H). Finally, the Hopf algebra H is unimodular if and only if
I (H) = Ir(H). This is the case if and only if (h = a(h)l = e(h)l for all h € H and left
integrals ¢ € I1,(H), which is equivalent to o = € since dimg I,(H) = 1. O

3.3 Integrals and Frobenius algebras

Theorem not only allows us to draw conclusions about the left and right integrals of a
finite-dimensional Hopf algebra H and to obtain criteria for its unimodularity but also relates
finite-dimensional Hopf algebras H to another type of algebras, namely Frobenius algebras.
Frobenius algebras play an important role in modern mathematical physics, in particular in
conformal field theories and topological quantum field theories. A Frobenius algebra can be
viewed as an algebra A over F with a non-degenerate bilinear form x : A x A — F that satisfies
a compatibility condition with the algebra multiplication. Using tensor products over F, we can
also interpret x as a linear map k : AQA — F, and obtain the following definition.

Definition 3.3.1: A Frobenius algebra over F is an algebra A over F together with a linear
map K : ARA — F, a®b — k(a®b), the Frobenius form such that

L. k((h-k)®l) = k(ha(k-1)) for all h,k,l € H.
2. k is non-degenerate: x(a®b) = 0 for all a € A implies b = 0

Note that the condition on the Frobenius form implies x(a®b) = k(ab®1) = k(1®ab) for all
a,b € A, and hence the Frobenius form « is determined uniquely by its values on elements 1®a
or a®1. Hence, every Frobenius form x : AQA — [ arises from a linear form A : A — F with
Aa) = k(a®1) and k(a®b) = A(a-b) for all a,b € A. It also follows from the definition that the
change of the Frobenius form under a flip of its arguments is given by an automorphism of A,
the so-called Nakayama automorphism. Symmetric Frobenius algebras are then characterised
by the condition that the Nakayama automorphism is the identity map.

Proposition 3.3.2: Let (A, k) be a finite-dimensional Frobenius algebra over F. Then there
is a unique linear map p : A — A with k(a®b) = k(p(b)®a) for all a,b € A. The map p is an
algebra automorphism and is called the Nakayama automorphism. The Frobenius algebra
(A, k) is called symmetric if p = id 4.
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Proof:
The non-degeneracy of the Frobenius form implies that the linear map

Xe:A—= A ar kK, with £.(b) = k(b®a) Vb € B

is injective. As A is finite-dimensional and dimp A = dimp A* it follows that y,. : A — A* is a
linear isomorphism. The bijectivity of y, then implies that for each element a € A there is a
unique element p'(a) € A with x.(p'(a)) = .k : A — F, b — k(a®b). Hence, we obtain a unique
linear map p' : A — A, a — p(a) with k(a®b) = k(b®p'(a)) for all a,b € A. If b € ker(p’)
then k(a®b) = k(b®p' (a)) = k(p'(a)®p/ (b)) = 0 for all @ € A and the non-degeneracy of
the Frobenius form implies b = 0. This shows that p’ is a linear isomorphism. Its inverse
p=p"1: A— Asatisfies k(p(b)®a) = k(a®p (p(b))) = r(a®b) for all a,b € A. With the
condition on the Frobenius form, we then obtain for all a,b,c € A

r(p(1)@c) = K(c®1) = K(1®c)
k(p(ab)®c) = k(c®ab) = Kk(ca®b) = k(p(b)@ca) = k(p(b)c®a) = k(p(a)®p(b)c) = Kk(p(a)p(b)Rc).

Due to the non-degeneracy of k this implies p(1) = 1 and p(ab) = p(a) - p(b) for all a,b € A.
This shows that p is an algebra automorphism with k(p(b)®a) = k(a®b) for all a,b € A. O

Example 3.3.3:

1. Let A € Mat(n x n,F) a matrix of rank n. Then x : Mat(n x n,F) ® Mat(n x n,F) — F,
kK(M®N) = Tr(M - N - A) is a Frobenius form on Mat(n X n,F). The Nakayama
automorphism is given by p : Mat(n x n,F) — Mat(n x n,F), N — ANA™! and the
Frobenius algebra is symmetric if and only if A = A1,, for some \ € FF.

2. Let G be a finite group. Then x : F[G|®F[G] — F, k(g®h) = d.(g - h) is a Frobenius form
on F[G] and ' : Fun(G,F)®@Fun(G,F) — F, &'(f®h) = Yseaf(g9)h(g) is a Frobenius
form on Fun(G,F). Both Frobenius algebras are symmetric.

3. If (A, k) is a Frobenius algebra and a € A is invertible, then
Ke: ARA = F, bRc — k(bRca) K ARA = F, bRc — k(abXc)

are Frobenius forms on A as well. One says they are obtained by twisting with a.

4. The tensor product A®B of two Frobenius algebras (A4,k4) and (B, kp) over F has a
natural Frobenius algebra structure with the Frobenius form

k: (AB)®(A®B) —» F, (a®b)®(d'®) — ka(a®ad")kp(bRD').

5. If (A, k) is a commutative Frobenius algebra, then A is symmetric. However, the previous
examples show that not every symmetric Frobenius algebra is commutative.

We will now show that for every finite-dimensional Hopf algebra H non-trivial left and right
integrals A € H* define Frobenius forms on H. While every element A € H* gives rise to a linear
map ky : HOH — F, h@k — A(h - k) that satisfies the first condition in Definition [3.3.1] the
non-degeneracy condition is more subtle. It is equivalent to the condition that the linear map
Ve H— H*, h— kj, with k,,(k) = k(k®h) for all k € H from the proof of Proposition is
a linear isomorphism. From the definition of x we find that x, = h >7% A and by composing ¢,
with the antipode of H, we obtain the Frobenius map from Theorem |3.2.15] This shows that
the non-degeneracy condition is satisfied for all non-trivial integrals A € Ir,(H*).
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Theorem 3.3.4: Let H be a finite-dimensional Hopf algebra and 0 # A € I (H*) a left
integral. Then H is a Frobenius algebra with the linear map

k:H®H — F, rk(h®k)=Ah-k).

Proof:
The linearity of s follows directly from the linearity of the evaluation and the multiplication,
and the Frobenius condition follows from the associativity of the product in H

k((h-k)@D) = A(h-k) - 1) = A(h- (k- 1)) = k(h@(k - 1)) Vh, k1€ H.

That x is non-degenerate follows because by Theorem [3.2.15| the antipode S : H — H and the
Frobenius map ¢y : H — H*, h — ¢x(h) = X\ A2)(S(h)) Ay are linear isomorphisms and

k(h®k) = A(h - k) = By Aa) (h) A (k) = oA (ST () (h).
Hence k(h®k) = 0 for all h € H implies ¢,(S™*(k)) = 0, and this implies k = 0. O

It remains to determine the Nakayama automorphism for the Frobenius algebra in Theorem
[3.3.4] In particular, this will allow us to derive conditions under which the Frobenius algebra
defined by an integral in a finite-dimensional Hopf algebra is symmetric. This is not only relevant
in the context of Frobenius algebras but will also lead to conclusions about the properties of the
antipode. To determine the Nakayama automorphism, we use the concept of dual bases, which
is useful whenever one considers a finite-dimensional algebra A with a linear map A : A — F.

Lemma 3.3.5: Let A be an algebra of dimension n € N, A € A* and ry,...,7, € A and
l1,...,0, € A. Then the following two conditions are equivalent

(i) a =X A\({; - a)r; for all a € A.
(ii) a =X A(a-r)l; for all a € A.

If these conditions are satisfied, then {r,...,7,} and {l1,...,1,} are called dual bases for \.

Proof:

This follows by a direct computation using matrices. If ry,..,r, and [y, ..., [, satisfy condition
(i), then {rq,...,r,} is a basis for A, and we have for all j € {1,...,n}

Ty = E?:l)\(lz . Tj)?”i = )\(lz . Tj) = 61’]‘ VZ,j < {]., ,n} (24)
lj = Zlnzl)\(ll . lj)T’i = 6jk = )\(lj’/’k) = Eznzl)\(ll . lj))\(?”ﬂ“k) VJ, k c {1, ,n}

This implies that the matrix M € Mat(n x n,[F) with entries M;; = A(r; - r;) is invertible, and
its inverse has entries M;;' = A(l; - ;). With this result, we obtain (ii):

E?:lA((I . 7“1>ll g sz':l)\(lj . a) )\(Tj : Tl)ll EZj,kzlA(lj . G,) )\(Tj . TZ))\(lk : lZ)Tk

n - n n (1)
= Zi,j,k:l)‘(lj : a>Miijil = Ej7k'=1)\(lj ~a)djg Ty = Ej:l>‘(lj a)rj = a.

The proof of (ii)=(i) is analogous. O

We now consider a finite-dimensional Hopf algebra H, fix a non-trivial right cointegral A\ €
Cr(H) = Izr(H*) and show that every left integral ¢ € I (H) with A(¢) = 1 defines two pairs of
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dual bases for A. Note that such a left integral ¢ € I;,(H) exists if and only if A|;, () # {0} and
that this condition does not depend on the choice of A, since dimp Ig(H*) = 1. These pairs of
dual bases will allow us to determine the Nakayama automorphism for the associated Frobenius
algebra (H, k) with k(h®k) = A(h - k).

Proposition 3.3.6: Let H be a finite-dimensional Hopf algebra, o € Gr(H*) and a € Gr(H)
the modular elements for H and H* from Proposition [3.2.16{and A € Ir(H*) \ {0}. Then:

1. There is a left integral ¢ € I (H) with A(¢) = 1.
2. The element (id®.S)(A()) =X L1)®S ({(2)) defines dual bases for A:

h =% AMhla) S(z) = S AS(le)h) L) VheH. — (25)
3. The element (a7'®1) - (S7'®id) 0 A(f) = Xy a 'S (€(1))®(2) defines dual bases for A:
h=SAhle)a ' ST () = BpAa™ ST (la)h) by YheH.  (26)

4. The Nakayama automorphism for (H, k) with k(h®k) = A(h - k) is given by
p(h) = Sy alhay) S?(he) = a ' - (Bw) alhe) S72(ha)) - a. (27)

Proof:

1. Let A € Ir(H*)\{0} be aright integral and ¢ € I1,(H)\{0} a left integral. Then by Theorem
the Frobenius map ¢y : H — H*, ¢x(h) = X)) (S(h)) Aq) is a linear isomorphism
and one has ¢,(S71(¢)) # 0. Hence there is a k € H with

0 # oA(STHONk = Sy A (0) Ay (k) = Ak - £) = e(R)A(0),
and this implies A(¢) # 0. By multiplying ¢ with an element p € F \ {0}, we obtain A({) =

2. Let now ¢ € I,(H), A € Ir(H*) be left and right integrals with A(¢) = 1 and o € Gr(H")
the modular element for H from Proposition [3.2.16| Then we obtain for all h € H

S My@S (L) = X Lay®@S (L)) (28)
) Lyh®S(Uy) = Sy alha)) Lay@S? (hzy) S (L))

This follows by a direct computation using the fact that ¢ € I (H) is a left integral, which
implies ¢ - h = a(h) ¢ for all h € H, and the counitality and antipode condition:

© M1y@S(l2)) = Zeymhbala ®S( e(h@)l@2) = Zwym haylay@S(S™ (ha)h@le)

)
E ) Py Lay@S (hia)li2)) hz) = En) (1d®S) (A (R f)) (1®h )
= Yne(ha)(ideS)(A ())'(1®h ) = (1d@S)(A(L)) - (1®h) = X la)@S(L2)h
Ew 5(1)h®5( ) = Zomlanyhay@S({aelhe)) = Zom laha@SEzheS(hs))

om Layhmy@S* (ha )S(e(Q)h ) =X (10S%(hy)) - (1d@S)(A(Chyy))
= E(h)Oé(h(l))(1<§§>52(h(2))) - (id®S)(A(0)) = Seymalhay) ay@S? (h) S (L)

As \ € Ir(H*) is a right integral, we have (A®id)(A(h)) = X A(ha))®h) = A(h)®1 for all
h € H. Combining this with the condition A(¢) = 1 and the first identity in (28) we obtain

Sip Ahly) S(lz)) = X Allw) (S(le)h) = ML) S(1) - h = h.
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This proves the first identity in (25]). Moreover, if (10S)(A(()) = Xy {1)@S(L2)) = T, 7Q,
with 7;,l; € H, then {rq,...,r,} and {l, ..., [, } are dual bases for A\. The second identity in (25
then follows from Lemma

3. In analogy to 2. we derive the formulas

Sy STl h@le) = Ry STl hl) (29)
Sy a(h@)S 2 (ha) @) = Swym S~ (Lay)@Layh,

which follow again by a direct computation from the fact that ¢ € I,(H):

Sy ST ) @hlz) = Bom S~ (e(h)) L)) @heyle)

= S S~ (S(ha)hela)@h@/le) = EwmS™ (heyla) hay@he) e

= B (ST @id)(Ahg) - £) - (10ha)) = Zme(he) (ST @id)(A0)) - (hay®1)

= (S7'®Id)(A(0)) - (h®1) = S ST (L)) hl )

By ST ) @Layh = Bom S~ (Layelh)))@Lo)he)

= Sm 5™ (ke ST (h@))@Layhe) = Sem S (ha) ST Layhe)@o)he)

=X (S (hy)@1) - (ST @id)(A(L - h))

= Yy b)) (S72(ha)@1) - (ST'@Id)(A(0)) = Salhe) S (hay)S™ (€)@l
Let a € Gr(H) be the modular element for H*. As X is a right integral, we have 8-\ = 3(a" 1)\

for all 3 € H* by Proposition [3.2.16, This implies S(a"")A(h) = (8- A)(h) = (B&X)(A(h)) and
(1d®@A)(h) = Zp) hay@A(h(2)) = a~'®h for all h € H. Multiplying with a then yields

E(h) h(l)a®/\(h(2)) = (a*1®h) . (a®1) = 1®h.
By combining this formula with the first formula in (29) we obtain for all h € H
Z(g))\(hé(z))a_ls_l(ﬁ(l)) = Z(g)/\(ﬁ(g))S_l(é(l)a)h = (Z(g)/\(é(g))S_l(é(l)a)) -h = )\(6) S_l(l)h = h.

This proves the first identity in ([26) and shows that if X aS™!(€1))®0(2) = XI11;®r;, then
{r1,....,mn} and {ly,...,1,} are dual bases for A. The second identity in then follows from
Lemma [3.3.5l

4. To determine the Nakayama automorphism for the Frobenius form s with x(h®k) = A(h-k),
we compute with the formulas from 2. and 3.

AE-h) & >\( (S MS (L) €wy) - 1) = S A(S(é(Z))k) A(layh)
E Spm alhn) NS (hw)S(Ce)k) Atm) B Sy alho) MS(he)S(Ee) Mrw)
)

Swalhn) S2(he)) - (SoAk)S () E A(Swalha) S*(he)) - k)

B

((

A (@A™ 8™ (lay)k) ey ) - h) =X Ma™" S (Cay)k) Al)h)
= Ygm alhz) Ma™S7%(hw)S™ (Ln)k) A(l)

Seymalhz) Ma™S™2(ha))S™ () AkE(z)
Aa™ - (Bmalhe) S (hay) ) -a- ( OA\klz) a™'S™ ()
Ma™ - (Bmalhe) S~ (ha)) -a- k)

As the Nakayama automorphism is defined by x(k®h) = A(k - h) = Mp(h) - k) = k(p(h)®k),
this yields formula . O
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By making use of the two pairs of dual bases in Proposition |3.3.6, one can also derive an
explicit formula for the fourth power of the antipode in a finite-dimensional Hopf algebra H.
This formula is known as Radford’s formula and characterises the fourth power of the antipode
in terms of the modular elements of H and H*. It is obtained directly from the two formulas
for the Nakayama automorphism in Proposition [3.3.6] and the fact that the modular elements
are grouplike.

Theorem 3.3.7: (Radford’s formula)
Let H be a finite-dimensional Hopf algebra over IF and a € Gr(H) and o € Gr(H*) the modular
elements from Proposition [3.2.16, Then for all h € H one has

Sth)y=a"t (a>hh<)a ™) -a=a>h(a tha) <} o™t
RV R L

where « DE h = Z(h) Oé(h(g)) h(l) and h <]2 al = Z(h) Oéil(h(l)) h(g) denote the left and right
dual action of H* on H** = H.

Proof:
By Proposition the Nakayama automorphism is given by

,O(h) = E(h) Oz(h(l)) Sz(h(g)) —at. (E(h) a(h@)) S_Q(h(l))) - a. (30)

We now consider the element Xy o' (h(1))S?(p(h)). Inserting the first expression for the
Nakayama automorphism into this formula ylelds

Sy @ (h1))S*(p(h)) = Bwy a7 (hay)alhe) SH(he) = Zwy (a7 - a)(hay) S(h)

= Yy e(h@y)S (b))

and inserting the second expression for the Nakayama automorphism, we obtain

Sy @~ (h)S*(p(he)) = S _l(h(l)) (hs)) S ( _Q(h(z)) -a)
= S o (hy)alhz)a a=a - (Swa (hay)alhe)he)
=a - (aDRhQLa Y- a.

This proves the first equation in the theorem. The second follows by a direct computation

from the fact that o' € Gr(H*) are grouplike elements and hence algebra homomorphisms
a: H — F by Example This yields for all h € H

a>F (@ ha) <G o™ =S ala hga)a! na)a e

(a”

= N ala” ) (h(3))04(a) ( Na~ (h<1)) a”'(a)a " heya

:E() a(aa” hg))a ™ (aa™ hay) a T hgya = By alhe)a” (ha)) a” hg)a
)

=a (aphh<ia Ha.

An important conclusion that follows from Radford’s formula is that the antipode of every
finite-dimensional Hopf algebra has finite order, i. e. there is an n € N with S™ = idg. This is a
direct consequence of Radford’s formula and the fact that a finite-dimensional Hopf algebra can
only contain finitely many grouplike elements since grouplike elements are linearly independent.
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Corollary 3.3.8: Let H be a finite-dimensional Hopf algebra over . Then:

1. The order of the antipode is finite.

2. If H is unimodular, then S*(h) = a~*ha where a € Gr(H) is the modular element of H*
and S* =idy for some k € N with 1 < k < dimy H.

3. If H and H* are unimodular, then S* = idy.

Proof:

As H and H* are finite-dimensional, all grouplike elements g € Gr(H) and § € Gr(H*) must be
of finite order < dimy H. This follows because the sets of grouplike elements in H and in H* are
linearly independent by Proposition and all powers of grouplike elements are grouplike.
In particular, this holds for the modular elements a € Gr(H) and a € Gr(H*). If a" = 15 and
a™ = 1y« for some n,m € {1, ...,dimy H}, then by Radford’s formula

S(R) = a - (" g h < a ™) - a™ = h

If H is unimodular, then its modular element satisfies @« = € by Proposition and
Radford’s formula reduces to S*(h) = a~'ha. It follows that there is a k € {1, ...,dimp H}
with a* = 1y, and this implies S* = idy. If n = min{k € N|a* = 1y} = dimp H, then
H = TF[Gr(H)] and S? = idy. This shows that thereis a k € {1,...,dimp H — 1} with S%* = idy.
If both, H and H* are unimodular, then by Proposition we have a = 1y, o = 1y« and
Radford’s formula reduces to S*(h) = h. O

3.4 Integrals and semisimplicity

In this section, we will show that for a finite-dimensional Hopf algebra H, the behaviour of the
square S? of the antipode is related to the question if H is semisimple. This is a surprising
result that is again obtained from the Frobenius algebra structures of a finite-dimensional Hopf
algebras H. We start by recalling the basic results and definitions about semisimplicity. The
concept of semisimplicity is motivated by the wish to decompose every module over an algebra
A as a direct sum of basic building blocks, the so-called simple modules, which are characterised
by the condition that they do not contain any non-trivial submodules.

Definition 3.4.1: Let A be an algebra over F.

1. A module M over A is called simple if M # {0} and M has no non-trivial submodules,
i. e. the only submodules of M are M and {0}.

2. A module over A is called semisimple, if it is the direct sum M = @;c;M; of simple
submodules M;.

3. The algebra A is called simple or semisimple if it is simple or semisimple as a left
module over itself with the left multiplication.

Note that the trivial module {0} is not simple by definition, but it is semisimple, since it is
given by the direct sum over an empty index set. The following proposition gives an alternative
criterion for the semisimplicity of a module that is very useful in practice.
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Proposition 3.4.2: Let A be an algebra over F and M a module over A. Then the following
are equivalent:

(i) M is semisimple.
(ii) Every submodule U C M is a (not necessarily direct) sum of simple submodules.

(iii) Every submodule U C M has a complement, i. e. there is a submodule V' C M with
M=U®V.

Proof:
(i) = (ii) is obvious.

(ii) = (iii): Suppose U C M is a submodule and {N;};c; a maximal set of simple submodules
of M with UNX;erN; = {0}. We show that M = U @V with V' = 3,/ N;. Because M is a sum
of simple submodules, for every element m € M there are simple submodules Ly, ..., Ly of M
and elements [; € L; with m =1y + ... + lg. As Ly, ..., Ly are simple and (U® V)N L; C L; is
a submodule, we have (U@ V)N L, ={0}or (U V)NL;, = L;. If (U® V)N L; ={0}, then
UNL; ={0}, in contradiction to the maximality of {N;};c;. Hence (U @ V)N L; = L; for all
i€{l,....,k}. This implies L; CU @V for alli € {1,....,k} and m e U@ V for all m € M.

(iii) = (i): Let {U; }ier be a maximal set of simple submodules U; C M with ¥;c;U; = @;¢,U;.
Suppose @;c;U; # M. Then by (iii) there is a submodule {0} # V with M = @®;c,U; ® V.
If V' is simple, we have a contradiction to the maximality of {U,};c;. Otherwise, there is a
maximal submoduld] {0} € W C V and by (iii) a submodule X C M with M = W & X. Then
V=Wee(XnV)with XNV # {0}. If X NV is simple, then we have a contradiction to
the maximality of {U;};c;. Otherwise there is a submodule {0} C Y C X NV, which implies
W CWeaY CV, which contradicts the maximality of W. It follows that M @,c; U;. O

In particular, Proposition implies that semisimplicity is a property that is inherited by
submodules and quotients of modules with respect to submodules.

Corollary 3.4.3: Every submodule and every quotient of a semisimple module is semisimple.

Proof:

1. Let U € M be a submodule and 7 : M — M /U the canonical surjection. Then for every
submodule N C M and every submodule {0} € L C 7(N) the submodule 7='(L) C M
satisfies {0} € 7= %(L) € N. If N C M is simple, this implies 7(N) = {0} or 7(N) simple.
If M = @;erN; with simple modules N; C M, one obtains M /U = (M) = @®erm(V;) with
w(N;) = {0} or m(N;) simple and hence M/U is semisimple. This shows that quotients of
semisimple modules are simple. To show that submodules of semisimple modules are simple,
we note that Proposition [3.4.2] implies that every submodule U C M has a complement V- C M
with M = U & V. Then we have U = M/V and hence U is simple. O

The fact that every module over an algebra A can be described as a quotient of a free module
over A, that is, as a quotient of a direct sum @;c;A for some index set I, then allows one to
relate the semisimplicity of A to the semisimplicity of modules over A.

IThe existence of this maximal submodule follows with Zorn’s Lemma, in analogy to the proof of the existence
of maximal ideals in a ring R.
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Proposition 3.4.4: Let A be an algebra over F. Then the following are equivalent:

(i) A is semisimple.

(ii) Every module over A is semisimple.

Proof:

(ii) = (i) is obvious, since (i) is a special case of (ii). Let now A be semisimple and M a
module over A. Then we consider the free A-module (M)4 = ®emrA generated by M and
the module homomorphism ¢ : (M)4 — M defined by ¢(m) = m for all m € M. Then (M),
is semisimple as the direct sum of semisimple A-modules, ker(¢) C (M), is a submodule
and M = (M) 4/ ker(¢) is semisimple as a quotient of a semisimple module by Corollary[3.4.3| O

After assembling the basic facts about semisimplicity of algebras, we now focus on Hopf algebras.
While the definition of semisimplicity is the same - a Hopf algebra is called semisimple if it is
semisimple as an algebra - the additional structures of a Hopf algebra allow us to give alternative
characterisations of semisimplicity. They also imply that in many respects semisimple Hopf
algebras behave similarly to group algebras of finite groups. Alternatively, we can view certain
statements about representations of finite groups as a special case of more general statements
about Hopf algebras. The first example is Maschke’s Theorem for Hopf algebras, which relates
the semisimplicity of a finite-dimensional Hopf algebra H to the existence of normalised left
and right integrals. This result that generalises Maschke’s Theorem for finite groups.

Theorem 3.4.5: (Maschke’s Theorem for Hopf algebras)
Let H be a finite-dimensional Hopf algebra over F. The the following are equivalent:

(i) H is semisimple.
(ii) There is a left integral ¢ € H with () # 0.
(iii) There is a right integral ¢ € H with €(¢) # 0.

Proof:
We prove the claim for left integrals. The claim for right integrals then follows because

S(IL(H)) =1Ir(H) and €0 S =e.

(i)= (ii): The linear map ¢ : H — [ is a module homomorphism with respect to the left
regular action of H on itself and the trivial H-module structure on I, since we have e(h>p k) =
e(hk) = e(h)e(k) = h>e(k) for all h, k € H. Hence ker(e¢) C H is a submodule, i. e. a left ideal
in H, and by Proposition there is a left ideal I C H with H = ker(e) @ I. As we have
(h—¢€(h)1)-k € ker(e) and h-i € I for all h,k € H and i € I, we obtain

hi = (h— e(h) 1)i +e(h)i = e(h)i,
N ——, e
€l €ker(e) el el

and this implies I C I (H). As €(1) = 1 implies dimg(ker(€)) < dimg H and I N ker(e) = {0},
we have 1 < dimy I, and there is a left integral £ € I C I (H) with €(¢) # 0.

(ii) = (i): Suppose there is an integral ¢ € I,(H) with €(¢) # 0. Then by multiplying with an
element A € F, one can achieve ¢(¢) = 1. Let M be a module over H, U C M a submodule and

choose a linear map P : M — U with P|y = idy. If we equip the vector space Homp(M, U)
with the H-module structure from Lemma |3.2.4] then the linear map

T=L>P:M—=U m— ({>P)(m)=>3Lq>P(S{sz)>m)
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is an invariant of the module Homg (M, U) by Lemma and hence a module map by Lemma
3.2.4] Tt follows that ker(w) C M is a submodule of M. Moreover, one has for all u € U

m(u) = ((> P)(u) = X lay > P(S(l) > u) = Lay > (S(le) > u) = e(l) u=u.

This implies ker(r) N U = {0} and since every element m € M can be written as
m =m —m(m)+m(m) with m —m(m) € ker(r) and 7(m) € U it follows that M = U & ker ().
Hence, every submodule of M has a complement and H is semisimple. O

Corollary 3.4.6: (Maschke’s Theorem for finite groups)
Let G be a finite group. Then the group algebra F[G] is semisimple if and only if char(F) f|G].
Proof:

By Example we have I1(F[G]) = spang {Xscc g} As € (Zgec 9) = Thece(g) = |G|, it
follows that e(IL(F[G])) # {0} if and only if char(F) /| |G|, and by Theorem [3.4.5] this is
equivalent to the semisimplicity of F[G]. O

Corollary 3.4.7: Every finite-dimensional semisimple Hopf algebra is unimodular.

Proof:
As H is finite-dimensional semisimple, there is a left integral ¢ € I, (H) with ¢(¢) = 1 by
Theorem [3.4.5] Then the modular element o € Gr(H*) with ¢+ h = a(h){ for all h € H from
Proposition (3.2.16| satisfies

a(h)l = a(h)e(l)l = a(h) * = ((h)l = ((hl) = e(h) (* = e(h)e(£) L = e(h) ¢.

As ¢ # 0, this implies a(h) = €(h) for all h € H and by Proposition [3.2.16( H is unimodular. O

We will now show that the semisimplicity of a finite-dimensional Hopf algebra H is related
to the square of its antipode. The key result that links these two concepts are the results on
dual bases in Proposition |3.3.6] The fact that every element of H can be expressed in terms
of dual bases for a right integral A\ € Iz(H*) allows one to express the traces of a linear maps
¢ : H — H in terms of integrals and to relate the existence of normalised left or right integrals
to the square of the antipode of H.

Proposition 3.4.8: Let H be a finite-dimensional Hopf algebra over F, ¢ € I,(H) a left
integral and A € Ir(H*) a right integral with A(¢) = 1, as in Proposition [3.3.6] Then:

1. For all linear maps ¢ : H — H one has Tr(¢) = X A(S(€2))o(L(1)),
2. The square of the antipode satisfies Tr(S5?) = ¢(£) A\(1).
Proof:

We choose an ordered basis (21, ...,7,) of H and the dual basis (o', ...,a™) of H*. Then we
have Tr(¢) = I, a'(¢(x;)) for all ¢ € Endp(H). As ¢(z;) = Sy AMS(l2)d(x:)) Ly for all
i =1,...,n by formula in Proposition we obtain
Tr(¢) = Ty ' (B MS(le)o(@:)) L) = By Bna (Uy) A(S(Lz))d(w:)
=X MS(lz)) - $(Ei10" (Ly))zi) ) = B AM(S (U)o (L))

Inserting ¢ = S? into this equation and using the condition on the antipode yields

Te(S?) = Sy AS(Le) - S*(Lay)) = AME S(SUm)lz) ) = Me(0)S(1) = e(O)A(1). O
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Corollary 3.4.9: Let H be a finite-dimensional Hopf algebra over F.

1. H and H* are semisimple if and only if Tr(S5?) # 0.
2. If S? =idg and char(F) f dimp H, then H and H* are semisimple.

Proof:

1. By Proposition there are integrals ¢ € I (H) and A\ € Ix(H*) with A\(¢) = 1, and
by Proposition then have Tr(S5?%) = ¢(¢)\(1). Hence, we have Tr(S?) # 0 if and only
if €(0),A(1) # 0. As dimp I, (H) = dimp Ig(H*) = 1, this is equivalent to the existence of
a left integral ¢ € I (H) and a right integral A € Ir(H*) with ¢(¢) # 0 and A(1) # 0. By
Theorem the first condition is equivalent to the semisimplicity of H and the second to the
semisimplicity of H*.

2. If S? = idy, then by Proposition [3.4.8 Tr(S?) = Tr(idy) = dimg(H). If char(F) Jdimg(H),
this implies Tr(S5?) # 0, and with 1. it follows that H and H* are semisimple. O

Corollary relates the the semisimplicity of a finite-dimensional Hopf algebra H and its
dual to the square of the antipode. In fact, for fields of characteristic zero there is a stronger
result, theorem of Larson and Radford. A proof is given in the original article [LR]

Theorem 3.4.10: (Larson-Radford Theorem)
Let H be a finite-dimensional Hopf algebra over a field F of characteristic zero. Then the
following are equivalent:

(i) H is semisimple.
(ii) H* is semisimple.
(iif) S = id.

In particular, the theorem by Larson and Radford allows us to derive sufficient conditions under
which the Frobenius algebra from Proposition [3.3.4]is symmetric. By combining Theorem (3.4.10
with formula for the Nakayama automorphism, one finds that the semisimplicity of H is
sufficient in characteristic zero. This implies in particular that the coproduct of an integral in
a finite-dimensional semisimple Hopf algebra is always symmetric.

Corollary 3.4.11: Let H be a finite-dimensional semisimple Hopf algebra over a field F of
characteristic zero. Then:

1. The Frobenius algebra from Proposition is symmetric.
2. For all integrals ¢ € I,(H) = Ir(H) one has A(f) = A%({).

Proof:

1. Let H be a finite-dimensional semisimple Hopf algebra over F. The by Theorem [3.4.10] one
has S? = idy, the dual H* is semisimple as well and H and H* are unimodular by Corollary
. By Proposition this implies that the modular element o € Gr(H*) is given by
a = e. Formula for the Nakayama automorphism then yields for all h € H

p(h) = Xy a(hw) S*(hw) = Sw) €(hq)) hay = h,

and this shows that the Frobenius algebra from Proposition [3.3.4|is symmetric.
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2. Clearly, the identity holds if £ = 0. For every integral ¢ € I,(H) = Ir(H)\ {0}, the associated
Frobenius form x on H* is symmetric by 1. This implies for all o, 5 € H*

(@®B)(A(0) = (a- B)(f) = r(a®B) = K(ARa) = (F - a)(l) = (a@B)(A?(())
and hence A(f) = AP((). O

Example 3.4.12: Let [F be a field of characteristic zero.

1. The g-deformed universal enveloping algebra U (sly) at a primitive nth root of unity from
Proposition [2.3.12|is unimodular, but it is not semisimple. This follows because the square
of its antipode is given by

S'K)=K, S*E)=KEK'=¢E S*F)=-KFK'=q"F

Hence, the antipode of Uy (sly) has order 2r > 2 with r = n/2 for n even and r = n for n
odd and Uy (sly) cannot be semisimple by Theorem (3.4.10}

2. The Taft algebra From Example is not semisimple, since one has

S*(x) = S(—ay™) = =S(ay™) = =S(y)"'S(z) = ~y(~ay™) =yay ' =¢ v # x.

3.5 Application: Kitaev models

Kitaev models were first introduced in 2003 by A. Kitaev [Ki] to obtain a realistic model for a
quantum computer that would be protected against errors by topological effects and could in
principle be realised in the framework of solid state physics. While the original model was based
on group algebra C[Z/pZ], it was then generalised to models based on the group algebra C[G]
for a finite group G in [BMD] and to finite-dimensional semisimple Hopf algebras in [BMCA].
These models became very prominent and are a topic of current research in condensed matter
physics. They are also interesting from the mathematical perspective since they are related to
topological quantum field theories and define manifold invariants.

The ingredients of the Kitaev model are

e a finite-dimensional semisimple Hopf algebra H over field F of characteristic zero ,

e an oriented surface >, i. e. a connected, compact oriented topological manifold ¥ of
dimension two,

e a finite directed graph I" embedded into ¥ such that ¥ \ I' is a disjoint union of discs.

Recall that compact oriented surfaces are classified up to homeomorphisms by their genus,
i. e. the number of handles. The last condition ensures that the graph I' is sufficiently refined
to resolve the topology of the surface ¥, i. e. that we can realise a set of generators of the
fundamental group 7 (X) as paths in the embedded graph I
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surface with an admissible graph surface with a graph that is not admissible.

We denote by E and V', respectively, the sets of edges and vertices of I' and use the same letters
for their cardinalities. We also require the notion of a face. A face in I is represented by a closed
path in I' that starts and ends at a vertex v € V, turns maximally right at each vertex and
traverses each edge at most once in each direction. More precisely, a face of I' is an equivalence
class of such a path under cyclic permutations, i. e. up to the choice of the starting vertex of
the path. The set of faces of I" and its cardinality are denoted F'.

We assume for simplicity that I' is a graph without loops, i. e. the starting and target vertex
of each edge are different vertices, and that all paths representing faces traverse each edge of
I' at most once. By placing a marking at a vertex v € V between two incident edges at v, we
then obtain an ordering of the edges at v by counting them counterclockwise from the marking.
Similarly, if we place a marking at one of the vertices in a face, we obtain an ordering of the
edges in the face by counting them counterclockwise from the marking. A vertex together with
a marking is called a marked vertex and a face with a marking a marked face. In the
following, we assume that the markings are chosen in such a way that each face and each vertex
carries exactly one marking, as in Figure [l This defines a partition of the set V' x F into pairs
(v, f) that share a marking. Such a pair is called a site.

With these preliminary definitions, we can now introduce the Kitaev model associated with
the triple (X,T", H) of an oriented surface ¥, a marked directed graph I' embedded into ¥ that
satisfies the conditions above and a finite-dimensional semisimple Hopf algebra H over field
F with char(F) = 0. Throughout this section, we assume that the data (X,T', H) is fixed and
satisfies the conditions above.

Definition 3.5.1: The Kitaev model for (3,T", H) consists of the following data:
1. The extended Hilbert space: the vector space H®¥.

2. The edge operators:

The edge operators for a triple (e, h, ) of an edge e € F and elements h € H, « € H*
are the linear maps L T : H®¥ — H®F given by

Ll k.. = . .@(h> E)®... = ..@(hk*)®... (31)
Ty @k = @(a DR E)®... = . (Egea(kiy) ) ki) @...

LZ? =So LZJF 05 . .QkR®...— ..Q(k° Qg S(h))®... = ..@(k°S(h))®...

T3 =SoT oS . .Qk®... = .@(k° <7 S(a))®... = ..0(E@e)a(S(k(1)))k(z))®- .



Figure 1: Embedded graph I' with markings and the induced ordering of edges at the vertices
and faces of T'.

3. The vertex and face operators:
e The vertex operator for a pair (v,h) of a vertex v € V and h € H is the linear map
h _ ha) h2) hny . oE ®F
Ay =X Leye, © Leyiey ©...0 Lieye, : H®" — H
where ey, ..., e, are the incident edges at v, numbered counterclockwise from the marking
at v, ¢, = + if ¢; is incoming at v and and ¢; = — if e; is outgoing from v.

e The face operator for a pair (f,«) of a face f € F and o € H* is the linear map

Qg Qo [e7e% E E
B]"c‘ = Y(a) Tel(,e)1 o TQQEQQ 0..0 Te,f,el c H®F — H®%,

where eq, ..., e, are the edges in f, numbered counterclockwise from the marking, ¢, = +
if e; is traversed in its orientation and ¢; = — if ¢; is traversed against its orientation.

4. The protected space or ground state:

The protected space of a Kitaev model is the linear subspace

HYY ={x e H*F | Alz = e(h)z, Bf(z) =e(a)x Vhe Hae H' weV,feF}
These Definitions can be generalised to graphs I with loops or with faces that traverse certain
edges more than once. In this case, one simply replaces the word edge in the definition by edge
ends. However, to keep notation simple, we will not consider this in the following.

The main reason why Kitaev models are interesting from the mathematics perspective is that
their protected space HiZ does not depend on the choice of the graph I or its embedding into
>: but only on the homeomorphism class of the surface 3. It is a topological invariant of 3,
which was shown to be related to certain topological quantum field theories [BK].

Theorem 3.5.2 ([BMCA]): The protected space of a Kitaev model is a topological in-
variant: Its dimension depends only on the homeomorphism class of the surface ¥ an not on
the embedded graph I'.
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Figure 2: Contracting the edges of a maximal tree in a graph: (b)—(c), (¢)—(d) and removing
loops: (d)—(e).

Sketch of Proof: The proof is performed by selecting a maximal tree T C I' as in Figure
(b). This is a subgraph 7" C I' with no non-trivial closed paths or, equivalently, with trivial fun-
damental group that contains each vertex of I'. One then contracts all edges in the tree towards
a chosen vertex as in Figure 2| (b),(c),(d). One can show that these edge contractions induce
isomorphisms between the protected spaces of the associated Kitaev models. By contracting all
edges in the tree T one obtains a graph I as in Figure |2 (d) whose ground state is isomorphic
to the one of I' and which contains only a single vertex. By removing loops of I that can be
removed without violating the condition that ¥ \ I" is a disjoint union of discs as in Figure
(d),(e) one obtains another graph I'” whose protected space is isomorphic to the one of T,
with a single vertex, a single face and 2g edges, where g is the genus of ¥. After performing
some further graph transformations which again induce isomorphisms between the protected
spaces of the associated Kitaev models, one obtains a standard graph I which depends only
on the genus of the surface ¥ and such that the protected space of the associated Kitaev model
is isomorphic to the one for I'. This shows that the protected space of the Kitaev model for
(3, T, H) depends only on H and the genus of 3. O

We will now investigate the mathematical structure of the Kitaev model and and show that
it is an application of the concepts introduced in this chapter. We first show that the edge
operators span an algebra that is related to cross product H#H* from Proposition with
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the multiplication law

(h®a) - (k&B) = S aq (k) bka)®ae)s

This allows us to identify the algebra generated by the edge operators L, and T2 for edges
e € F with an E-fold tensor product of the cross product H#H™* with itself and to show that
it is isomorphic to Endy(H®F).

Proposition 3.5.3 ([BMCA]): For all edges e € E the linear map
pe : H#H* — Endp(H®?), h®@a — L' o T2

defines a representation of H#H* on H®¥. This induces an algebra isomorphism
p: (H#H"®F — Endp(H®F).

Proof:
That the maps p. define a representation of H#H* on H®F follows by a direct computation.
By definition of the edge operators, we have p.(1gp®1pg+) = L} TS, = idyer and

(h®oz)pe(k;®ﬁ)(...®le®...) = LM T LF TP (L.®1®...) = L) B(1°2)) LT (... 0kl (1) ®...)
= Sy B @) (k1)) @) - (Kl (1)) (1)®-.. = Byao) B(1°3)) k) 2)) - @Mkl (1) ®
_ z(k)(le( awy (k@) (2@ B)(I°@) - @hkn)l* 1) ®... = Sgymam (ke) IO TEO (L elfe...)
= S (ka) plhkay@amB)(..01...) = p((hoa) - (k&f))(...Q1...)

forall h, k,1° € H and «, € H*. This shows that p. is an algebra homomorphism. To show that
this induces an algebra isomorphism p : (H#H*)®E — Endg(H®F), we consider the algebra
homomorphism p’ : H#H* — Endg(H) with p'(h®@a)k = Xy a(k(2)) hkq), which is related to
pe by the condition

pe(a®h) (. @I°®...) = L2 T (. 0I°®...) = Sgey a(lfyy) ..@hlG)®... = ...0p (a®h) (1)@

As the edge operators for different edges commute by definition, this induces an algebra ho-
momorphism p = Recpp : (H#H*)®E — Endp(H®F). To show that p is an algebra iso-
morphism, it is sufficient to show that the algebra homomorphism p’ is surjective. As H is
finite-dimensional, this implies that p’ is an isomorphism and it follows that p = Qccgp’ :
(H#H*)®E — Endp(H®*) is an isomorphism as well.

As H is finite-dimensional semisimple, by Theorem the dual Hopf algebra H* is finite-
dimensional semisimple as well, and by Theorem and Corollary there are normalised
Haar integrals ¢ € I (H) = Igr(H) and A\ € I ,(H*) = Ir(H*). We consider an ordered basis
(21,...,1,) of H and the dual basis (!, ..., a") of H*. With this, we compute for 4, j, k € {1,..,n}

p’((ﬂ?@A) - (t®a)zi = Sy An (L) A od @zil)) T

= S0 @A (le) M) (@e ) zil i) = Do) @A) (@) A (Tr@)o? (Tre) 2l T
=X (xk))\(&g)xk 2))0 (213)) 2l = B Alap) o (zre))zi = A(0) o (z1,)2; = MO8 2,
where we used the multiplication law of H#H* in the first line, the definition of p’ to pass to

the second line, the duality between the multiplication in H* and the comultiplication in H in
the second line and to pass to the third line, then the identity (A®id) o A(k) = 1®A(k) for
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all k € H and then the fact that £ € H is an integral. As A(¢) # 0 by Proposition and
the linear maps ¢;; € Endp(H) with ¢;;(x)) = d;z; form a basis of Endr(H), the claim follows. O

We have shown that the algebra generated by the edge operators in the Kitaev model is just
the E-fold tensor product of the cross product H#H* with itself. Proposition [3.5.3|also implies
that every linear map ¢ : H®* — H®E can be realised as a a linear combination of finite
composites of edge operators L™ and T . Hence, the edge operators in the Kitaev model can
be viewed as a particularly nice generating set of the algebra Endp(H®¥) that is adapted to
the embedded graph I'.

We now consider the vertex and face operators in the Kitaev model. From the definition of the
model it is apparent that they play the role of a symmetry algebra that acts on the extended
Hilbert space and defines the protected space by the condition that their action on an element

of HPF is trivial, i. e. given by the counits of H and H*. As vertices and faces of I are grouped

into pairs (v, f) that share a common marking, it is natural to combine the vertex and face
operators A" and B§ for such a pair. It is then natural to expect that each such pair defines a
Hopf algebra structure on H*®@H, that the extended Hilbert space H®¥ is a module over this
Hopf algebra and that the protected space is its submodule of invariants. However, it turns out
that the relevant Hopf algebra is not simply the tensor product of H* and H but another Hopf
algebra structure on the vector space H*®H, the so-called Drinfeld double D(H).

Lemma 3.5.4: Let H be a finite-dimensional Hopf algebra over F and H* its dual. Then the
following defines a Hopf algebra structure on H*®H

(a®h) - (BOKk) = S, B (hw) By (S™ (b)) aBey@hepk  1=15-®ly
A(a@h) = Z(hMOé) a(2)®h(1)®a(1)®h(2) E(Oé@h) = €+ (O{)EH(h)
S(a®h) = (105(h)) - (S(@)@1) = Sy (he)ae) (S~ (ha)) S(ae) @S (he))-

It is called the Drinfeld double or quantum double of H and denoted D(H).

Proof:

The coassociativity and counitality follow directly from the coassociativity and counitality for
H and H*. That A and € are algebra homomorphisms follows, because this holds in H and H*
and from the identity a®h = (a®1) - (1®h) for all h € H and o € H*. The same holds for the
antipode condition, since we have

Yy (10S5(ha))) - (S(a@)@1) - (@®1) - (1®h@)) = (18S(hq))) - (S(a))a@®1) - (1@hq))
= e(a)X 1®S(h Dhey = e(a)e(h) 1g-®1y

and similarly for the other equation in the antipode condition. It follows directly from the
formulas that 15+®1g is a unit for the multiplication

= h) E(h(l)) (S (h( ))) a6®h(2) = a®h

(
(
(Li-@1n) - (B®k) = Ss) B (L) By (S~ (Lur)) L By @ik
= Y5) €(B3))€e(Br)) Bro) @k = Rk
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It remains to prove the associativity of the multiplication, which follows by a direct computation:

((a®h) - (Bk)) - (v&l) = Sy, By (hy) By (S~ h)) (af@@h@k) - (v&I)
= S, (6,80, B3 (hry) By (ST (rsy))ves) (i k) ay) vy (S~ ((hm)k) ) @By V@)@ (h@)k) @)l
= X (h),k),(8),(7) 5(3><h<1>)ﬁ(n(s_l(h(s)))7(3>(h(2>k‘<1) W (ST (hwke)) aBayre @he ko)l

(k) v (S~ (k) (a®h) - (By)@ka)l)
= Z(k),(0).(8), )(By@) @) (I )(57<2>)(1)(5 (h(3>)) a(B72)@®heke)!
= X, (0,8, V) (k) )(B¢ 74))( 1) (Byv@) (S~ (hs)) @By @h@ kel
= ), m.8).(n B3 (h() 1) (R k) v (5 k) Bay (S~ 1(h<5>)) afe v @h@kel. O

(a®h) - ((BREK) - (y&l)) = E(k»(v) V3

We will later derive Lemma [3.5.4] in a more conceptual way and gain more insight into the
meaning of the Drinfeld double. We will now show that the Hopf algebra symmetry associated
with a pair (v, f) of a vertex v and a face f that share a marking is a representation of the
Drinfeld double. By combining these symmetries for all such pairs, we find that H®F is a
module algebra over the V-fold product of the Drinfeld double D(H) and that its submodule
of invariants is the protected space.

Proposition 3.5.5 ([BMCA]):

1. If a vertex v and face f share a marking, then the associated vertex and face operator
define a representation of D(H) on H®F

p.p) s D(H) — Ends(H®), a®h — Bf o Al

2. This induces a representation p : D(H)®Y — Endp(H®¥), whose submodule of invariants
is the protected space: (H®F)PH)®Y — g&E

muv

3. Let A € H* and ¢ € H be normalised Haar integrals. Then the vertex and face operators
A’ and B}‘ do not depend on the choice of markings at v and f. All vertex and face
operators A and BJ’} commute, and a projector on Hﬁf is given by

P =p((\20)®") =[] BA,: H®® — H®"
(v.f)
Proof:
1. Suppose that ey, ..., e, are the edges at v, numbered counterclockwise from the marking as
in Figure [T, and that all edges e, ..., e, are incoming. Then the vertex operator for v is
Al = S LM 0 I 00 1) = 10 o X(hiy) o L)
with a linear map X : H — Endg(H®"), h — X (h) such that X (h) commutes with L¥ | and
L’gn 4 for all h,k € H. As the face f shares a marking with v and turns maximally rlght at
each vertex, the edge e, is the first edge in f and traversed with its orientation, and the edge
e1 is the last edge in f and traversed against its orientation, as shown in Figure [I} Hence, the
associated face operator is of the form

e1—

B} = Yo To, oY (o) 0 T5,”

with a linear map Y : H* — Endp(H®*), a — Y (a). For all o, 8 € H* and h € H, the element

Y () commutes with Tfl , Ti 4 th + and Le 4, since every edge is traversed at most once by
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f and the edge operators for different edges commute. If f does not traverse any edges incident
at v except ey, e, then this also implies that Y («) commutes with X (h) for all h € H.

If f traverses any edge e; with i € {2,..,n — 1} in the direction of its orientation, it also
traverses the edge e;,; against its orientation and ¢ < n — 1, since f turns maximally right at
each vertex and traverses each edge only once. Conversely, if f traverses the edge e;,; against
its orientation, then it also traverses e; with its orientation. This is pictured in Figure [1} The
contribution for the edges e; and €41 to the face operator is then of the form ¥, T: (+11)— oT eo:(j)
with i € {2,...,n—2}. This commutes with L} , for all k ¢ {i,i+1}. To show that it commutes
with X (h) for all h € H, we use the definition of the edge operators and the identity S? = idy,

which follows with the semisimplicity of H from Theorem [3.4.10] This yields for all e € E

o h fo' o h fo'
Tg, o L = Siaym aqy(h) Lt o T T o L = Saym a@(S(hwy)) Ll o T,
o fo% h o h fo'
LY, o Tgy = Yaym o) (S(h)) Tof? o L) L2, o T = Saym ) (hy) Lt Te.
It follows that the contributions of the edges e; 11 and e; to the vertex and face operator commute
(St TEO-TED) (S L Le )

€if1—" €+ €i+1+

h h (e a
= Saym @0 (hmy@)ame (S(hen)) Ley ™ Le 3 T VTP

h h o o
= Yy @) (h2) @) (S(Ms)) Ley Leypys Tep-Te,

eit1+7eip1—" et

= Sy @ (She)he) LeY L To0 T

€if1t+" eip1—" et

= Z(a)(h) 6(0&(2))6(h(2)) LZ(E Lh(3) Ta(l) T

(3)
€it1t" €ip1—" €+

— (S LV Lr® ) (S TEW_TE,

€41+ €it1—" €+

o

and this implies that the elements Y («) and X (h) commute for all h € H and o € H*. With
these results, we compute

P, ) (@R)p, ) (BRK)
a g - h hes) -3 Bia) ko k
- E(@EZ)) T3 Y (@) T2 L) X (hiy) L T Y (B)) T Ly X (k) L)
= E(h;gg)) By (S(ha)@))Be)@ (haya))
o B Ié] h k h k
ToR T Y (a@)Y (B)Ta® T Loy L X (he) X (k) Lo, 3 Le,

o) a3 hioyk heak
= E((h;ég)) By (S(hes))Bs(hay) To, " Y (o) Ba) ) Ty & LoV X (hgykia)) Lol
= Ye)n) By (S(h)))Bs(h1y) peo.g) (B2 @h2)k)

= p.p)(Zym) By (S(he)) B3 (hay)abey@h@k)

As S? = idy, this coincides with the formula for the multiplication of D(H) in Lemma m
As we also have p(1g-®1py) = B;H*A})H = idyee, this proves that p(, sy is a representation of
D(H). The proof for the case where some of the edges at v are outgoing is analogous.

2. To prove that the representations p(,, ry induce a representation p : D(H)®Y — Endg(H%F),
it is sufficient to show that the vertex operators A" and A* commute for v # w, the face
operators B} and Bng commute for f # g and that a vertex operator A" commutes with a face
operator BY if v and f do not share a marking.

If v # w are vertices of I' such that there is no edge that is incident at both vertices, then the
vertex operators A" and A¥ commute. If e € F is an edge that is incident at both v and w,
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then it is incoming at one vertex and outgoing at the other. This implies that one of the vertex
operators contains an edge operator LZ, and the other the edge operator LY_ for some z,y € H.
It follows directly from the expression for these edge operators in Definition that these
edge operators commute and hence A" and A¥ commute. Similarly, if ¢ € F is an edge that is
traversed by both faces f, g then it is traversed with its orientation by one of the two faces and
against its orientation by the other. Hence, one of the face operators contains the edge operator
T7. and the other an edge operator T?_ for some 7,d € H*. Again it follows directly from the
expressions for these edge operators in Definition that these edge operators commute and
hence the two face operators commute as well.

If v and f do not share a marking, then f cannot start or end at v or traverse the marking
at v, since each face contains exactly one marking. By the same reasoning as in 1. one finds
that if e, ..., e, are the edges incoming at v, ordered counterclockwise from the cilium, then
f either traverses none of the edges ey, ..., e, or it traverses two consecutive edges e; and e;,1.
The same reasoning as in 1. then shows that Al and B¢ ,{; commute for all h € H and o € H*.
This proves that p = ®,evp,p) : D(H)®Y — EndF H®") is a representation. By definition of

p, its submodule of invariants is the ground state Hﬁif

3. As H is finite-dimensional semisimple, by Theorem [3.4.10] the dual Hopf algebra H* is finite-
dimensional semisimple as well, and by Theorem and Corollary there are normalised
Haar integrals ¢ € I, (H) = Ig(H) and X\ € I (H*) = Ir(H*). By Corollary [3.4.11] one has
AP(f) = A(f) and AP()\) = A(N). This implies that AT~V (¢) = (A®id®" ?)o...o(A®id)oA({)
and A=Y ()\) are invariant under cyclic permutations of the n factors in the tensor products
for all n € N (see Exercise [{1]). From the multiplication law of the Drinfeld double D(H) in
Lemma it then follows that A®¢ is a normalised Haar integral for D(H) since

(a®h) - (ARL) = Eny, ) Ay (hay) A1) (S(ha))) al@y@h)l

= T, €(h@) A (ha) Aa) (S ( <3))) aA@ @t = Xm0 Aw) () A (S(h(e)) are@L
= 2,00 A SAm)) () e @ = Xm0 (A1)S(A@))(h) e @€ = Em),0) €(AayJe(h) ad@ @f
=¢(h) a)\®€ = e(h)e(a) A/

where we used the identity S? = idy, then the fact that ¢ € H is a Haar integral to pass to the
second line, then the duality between multiplication in H* and comultiplication in H to pass
to the third line, then the cyclic invariance of A (f), the antipode condition for H* and the
fact that A is a Haar integral for H*. This shows that A®/ is a left integral for D(H), and by a
similar computation, it follows that it is a right integral. As we have e(A®{) = eg«(N)e(l) = 1,
it is normalised, and hence (A@¢)®" is a normalised Haar integral for D(H)®". Lemma

then implies that P is a projector on HZE.

As the different choices of the markings at a vertex v correspond to a cyclic permutation of
the edge numbering at v and hence to a cyclic permutation of the tensor factors of A=) (¢)
in A’, it follows from the cyclic invariance of A1) (¢) that A’ does not depend on the choice
of the marking at v. Similarly, different choices of a marking of a face f correspond to cyclic
permutations of the numbering of edges traversed by f and hence to cyclic permutations of the
tensor factors of A=V ()\) in Bj. Tt then follows from the cyclic invariance of A= ()) that
BJ’} does not depend on the choice of the marking at f.

It remains to show that the vertex and face operators A’ and B} commute if the face f and the
vertex ¢ share a marking. This follows by a direct computation from the fact that they define
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a representation of the Drinfeld double:

Ay 0 B} = po,p(100) © po,py (A1) = po.p) (Enyn A (Cay) Ay (S (€s)) A2y ®Li2) )
= p.n(E@m A0 (E@) A@) (SE))A@@LE)) = pe.n (B n) A (le)SEa))) A @Ls) )
= Pw.n (S €A)e(lm) A2 @) ) = pu.pn(ARE) = p.pH(AR1) 0 pu.p(10f) = B} o Aj,

where we used first the fact that p, s is an algebra homomorphism and the multiplication
law of D(H), then the cyclic invariance of A® (¢) and A®()) to pass to the second line, then
the duality between multiplication in H and comultiplication in H*, the antipode condition
to pass to the third line, the counit condition and again the fact that p(, s is an algebra
homomorphism and the multiplication law of D(H). O

We will now investigate how the Hopf algebra D(H)®Y formed by the vertex and face operators
acts on the edge operators, or, equivalently, on linear maps ¢ : H®¥ — H®F,

Proposition 3.5.6:

1. If a vertex v and a face f share a marking, then (H#H*)®¥ =~ Endg(H®¥) is a right
module algebra over D(H) with

Lo, : Ende(H®")®D(H) — Endg (H®")
Y gy (@h) = Sy As @ 0 B oY 0 B o AL,

2. This induces a D(H)®V-right module structure <1 : Endg(H®*¥)@ D(H)®V — Endp(H®F)
on Endp(H®F) that gives Endp(H®F) the structure of a D(H)®V-right module algebra.

3. The protected space H2 is a module over the subalgebra of invariants Endg(H®F)PH)*"

Proof:

The first claim follows because the linear map p, ) : D(H) — Endp(H®F) from Proposition
3.5.5] is an algebra homomorphism. One can show that for any finite-dimensional semisimple
Hopf algebra K, any algebra A and any algebra homomorphism p : K — A the linear map

< AQK — A, k®a — E(k) p(S(/{(Q))) - Q- /{(1)

defines a K-right module algebra structure on A (Exercise). As the vertex and face operators for
vertices and faces that do not share a marking commute, this defines a D(H)®Y-module algebra
structure on Endp(H®F). To prove the last claim, it is sufficient to show that Y (HZE) ¢ HYE

muv muv

for Y € Endg(H®E)PH®”  The Endg(H®F)PH*  _module structure on HEF is then given by
restricting the Endp(H®F) module structure on H®E from Definition [3.5.1] For this, we show
first that Y o B} o A = B} o AL oY for all Y € Endz(H®F)PUD™" vertices v and faces f that

share a marking. This follows by a direct computation
Y o Bj; o Aﬁ — E(e),(,\)(B;(l)Ai“’)Af(é(”)Bf(’\(Z))YB;(?’)Aﬁm)
A1) oL A1) 4f
= 2(5)7(/\)(3]@(1)14@(2)()/ <]v,f (/\(2)®€(1)» = 2(5)70\)6(/\(2))6(6(1)) Bf(l)Av(2)Y = BJ)C\ o Af) o Y,

where we used that £ € H, A\ € H* are Haar integrals, the antipode condition, that A% and B}
commute and the definition of an invariant. By Proposition this implies Y o P = PoY
for all Y € Endp(H®E)PE®Y and hence Y (z) € HZE for all 2 € HEF O

muv mu °

Hence, we have clarified the mathematical stucture of Kitaev models and shown that they form
a simple application of the concepts introduced in this section:
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e The edge operators associated with an edge e € F form an algebra that is isomorphic to
the cross product H#H* and to the algebra Endp(H) .

e The vertex and face operator for a given marking define a representation of the Hopf
algebra D(H) on the extended Hilbert space H®¥, and by combining the operators for
all markings, one obtains a representation of D(H)®V.

e The submodule of invariants of this D(H)®Y-module is the protected space. The
normalised Haar integrals for H and H* define a projector on the protected space.

e Similarly, the vertex and face operator for a given marking define a D(H )-module algebra
structure on the algebra of edge operators for the different edges e € E. By combining
the vertex and face operators for different markings, one obtains a D(H)®Y module
algebra structure on the algebra of edge operators.

e The subalgebra of invariants of this D(H )-module algebra structure acts on the protected
space. The normalised Haar integrals of H and H* define a projector on the subalgebra
of invariants.

3.6 Representations of U, (sly)

In this section, we consider the representations of an infinite-dimensional Hopf algebra, namely
the g-deformed universal enveloping algebra U, (sly) for the case where ¢ € C is not a root of
unity. This is one of the most important examples which gives rise to many applications in knot
theory. As we will see in the following, in the case where ¢ is not a root of unity, the finite-
dimensional simple complex representations of U,(sly) can be classified in a very similar manner
to the finite-dimensional representations of the Lie algebra s[(2, C) and its universal enveloping
algebra U(sly). In both cases, the key concepts are the so-called highest weight vectors and
highest weight modules.

Definition 3.6.1: Let ¢ € C and (V,>) be a module over U,(sly).

1. A weight of V' is an eigenvalue of the linear map ¢ : V — V, v — K > v. The
associated eigenspace is denoted V* = ker(¢x — Aidy) = {v € V| K > v = \v}.

2. An eigenvector v € V*\ {0} is called a highest weight vector of weight \ if £ >v = 0.

3. The module V is called a highest weight module of highest weight A if it is generated
by a highest weight vector v of weight .

As a highest weight vector v € V* is annihilated by the generator E € U,(sly) and mapped
to a multiple of itself by the generators K*! € U,(sly), the only way of obtaining a basis of a
highest weight module V' from v is to act on it with the generators F'. The relations of U,(sl)
in @D ensure that this yields eigenvectors of ¢ for other eigenvalues and hence a set of linearly
independent vectors in V. By normalising these vectors with the ¢-binomials and ¢-factorials
from Definition[2.3.3]and their evaluations from Definition [2.3.5 we obtain the following lemma.
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Lemma 3.6.2: Suppose that ¢ € C is not a root of unity and (V,>) a module over U,(sl,).

1. Then one has E> V* C V¥ and F > V* € V7 for all weights .

2. For an eigenvector v € V* \ {0} we define vy := v and v, := ¢?®=Y/2/(p)l 2 FP 1> v for all
p € N. Then one has for all p € Ny

¢ PN =g\t

Kp>uv,= g~ v, B>, = =

Vp, FDu,=qP(p+1)2 vpt1.

Proof:
From the relations of Uy(sls) in (9), we obtain for every v € V*

K> (Epv)=(KE)bv=(EK)>v=¢E>(K>v)=¢@\NE>v
K> (Fpov)=(KF)pv=(qFK)>bv=q?F> (K>v)=q¢?\FD>o.
This shows that E > V> € V¢ and F > V* € V7 °*. To prove 2. note that vy, is well-defined

for all p € Ny since ¢ € C is not a root of unity and hence (p)!,2 # 0. The first and the last
identity in 2. then follow directly from the relations of U,(sly) and the definition of v,

p(p—1)/2 o gpet1)/2 " B
Fp>o,= WFD (FP>wv) = (p+1),q mep >wvy=(P+1)p2q¢ vy
gPP—1/2 ) o gPP—1)/2 , o gPP—1)/2 . o
KDUPZW(KF)DUO:Q O (FPK) > vy = \q BE FP > vy = Mg~ v,
The remaining identity follows by induction over p. If it holds for p, then one has
q° q° K- K1
EDUp+1:mED(FI>Up>Im (FD(EDUP)—FFDUP
q q
P 1—p>\ _ p—l)\—l by —2p )\—1 2p
_ g (q TN gy, \ Up)
(p+1)g q-q q—q
(@A) ) + A - A
(p+ 1) q—q! P
B qp (ql—p>\ _ qp—l)\—l)ql—p(qu _ 1) + ()\q—Zp o )x‘qup)(qQ o 1) .
C(p+ g (G—q )¢ —1) ’
_ " ME-TH T ) A - = ¢ g
C(p+ D) (a—a M ~1) !
_p M) AT =7 AP A
(¢ —q 1)@ 1) R e B 0

The expressions in Lemma for the action of the generators K™, E, F' on an eigenvector
v € V* and the associated vectors v, closely resemble the expressions that one would obtain if for
the Lie algebra sly or, equivalently, the universal enveloping algebra U (sly). The only difference
is that binomials and factorials are replaced by g-binomials and g-factorials. In particular, it
follows that every finite-dimensional complex representation of U,(sl;) must have a highest
weight vector. This is a direct consequence of the fact that there can be only finitely many
linearly independent eigenvectors of ¢g.

Corollary 3.6.3: Suppose that ¢ € C is not a root of unity. Then every finite-dimensional
complex module over U,(sly) has a highest weight vector, and every simple finite-dimensional
complex module over U,(sl) is a highest weight module.
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Proof:

If V is a finite-dimensional U, (sly)-module over C, then the linear map ¢x : V — V, v — K>wv
has at least one eigenvalue i € C and because g1 : V — V, v = K~' > v is inverse to ¢x
one has p # 0. If v € V#\ {0} is an associated eigenvector, then by Lemma [3.6.2] one has
Enr>v e VI for all n € Ny and hence E™ > v is either an eigenvector for ¢ for the eigenvalue
¢*"por E">v = 0. As ¢ is not a root of unity and p # 0, all values pug®® are different and their
eigenvectors are linearly independent. As V' is finite-dimensional, the number of linearly inde-
pendent eigenvectors must be finite, and it follows that there is an eigenvector v’ of of ¢ with
E>v" = 0. This is a highest weight vector. If V' is simple, then the submodule of V' generated by
v" must be V, since it contains the vector v € V'\{0}, and hence V' is a highest weight module. O

With Lemma one can show that the structure of a finite-dimensional highest weight
module is determined uniquely by its weight, and that the weight is determined, up to a sign,
by the dimension of the module. It also follows that a highest weight vector is unique up to
multiplication by a scalar and that every finite-dimensional highest weight module is simple.
This is again a direct analogue of the situation for finite-dimensional modules over the Lie
algebra sl(2, C), and the proof proceeds along the same lines as the proof for (2, C). The only
difference is that the eigenvalues of the map ¢x : V — V, v +— K > v and the eigenvectors are
modified by powers, factorials and binomials of ¢.

Theorem 3.6.4: Suppose that ¢ € C is not a root of unity and (V,>) an (n+ 1)-dimensional
highest weight module over U,(sly) that is generated by a highest weight vector v of weight A.

1. With v, € V asin Lemma|3.6.2/one has v, = 0 for p > n, and {vo, vy, ..., v, } is a basis of V.
2. The weight A is given by A = e¢™ with ¢ € {+1} and ¢ : V — V, v — K > v is
diagonalisable with eigenvalues €q", €q" 2, ...,eq "2, eq™™.

3. Every highest weight vector of V' is of weight A and a scalar multiple of v.

4. The module V is simple.
Proof:
1. If v € V is a highest weight vector of weight A and V' a highest weight module, then the
relations from Lemma imply V' = spang{v, | p € Ng}. As K > v, = A\g~ v, for all p € N
by Lemma|3.6.2] one has either v, = 0 or v, is an eigenvector of K for the eigenvalue g-*\. As ¢
is not a root of unity and X # 0, all eigenvalues ¢~??\ are different. As eigenvectors for different
eigenvalues are linearly independent and V' is finite-dimensional, there must be a n € Ny with

v, # 0 and v,41 = 0. As v = 0 implies v, = 0 for all p > k, it follows that v, = 0 for all
p>n+1and v, # 0 for all 0 < p < n. This shows that {vo, ..., v,,} is a basis of V.

2. By Lemma |3.6.2| one has

g — A" va0

g—qt " M =¢" = MN=e¢"withee {+1}.

OZEDOZEDUn+1:

This implies that ¢x : V — V, v — K > v is diagonalisable with n 4+ 1 distinct eigenvalues
)\ = eq", )\q—Q — 6(]"‘2,..., )\q—2n+2 — eq—n—i-l7 )\q—Qn — eq—n.

3. If w € V is another highest weight vector of weight )\, then w is an eigenvector of ¢y . As
¢k is diagonalisable with n + 1 pairwise distinct eigenvalues and dimg(V') = n 4+ 1, this implies
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w = pv; with p € F\ {0} and ¢ € {0,...,n}. By Lemma the condition F > w = 0 then
implies + = 0 and w = pw.

4. Suppose that {0} C U C V is a submodule. Then U has a highest weight vector v € U \ {0}
by Corollary and u is also a highest weight vector for V. By 4. this implies u = pyv with
peF\{0}and U =V. 0

By combining this Theorem with Corollary [3.6.3, we obtain a complete classification of all
finite-dimensional complex simple U, (sl;)-modules. As every finite-dimensional complex simple
U,(sly)-module is a highest weight module by Corollary , it only remains to show that
highest weight modules of the same weight are isomorphic as U, (slz)-modules. This is a direct
consequence of the fact that any highest weight module is spanned by its highest weight vector
v € V* and the vectors F? > v for p € N.

Corollary 3.6.5: Suppose that ¢ € C is not a root of unity. Then:

1. Finite-dimensional complex highest weight modules over U,(sly) of the same weight are
isomorphic as U, (slz)-modules.

2. Every n-dimensional simple complex U, (sly)-module is a highest weight module of weight
A= £qg" L.

Proof:

By Corollary every finite-dimensional simple module V over U,(sly) has a highest weight
vector v € V of weight A\. As V' is simple and v # 0, the submodule generated by v must be
V and hence V' is a highest weight module. If V' and W are finite-dimensional highest weight
modules of weight A\, then there are highest weight vectors v € V and w € W of weight \. By
Theorem one has V' = spang{vy, ..., v,} and W = spang{wy, ..., w, } with A = e¢*"* and v,
and w, defines as in Lemma m By Lemma , the linear map ¢ : V. — W with ¢ (v,) = w,
for all p € {0,1,...,n} is a linear isomorphism, and by Lemma it is an isomorphism of
representations. By Corollary [3.6.3] every simple complex n-dimensional U,(sly)-module is a
highest weight module, and by Theorem [3.6.4) is weight is given by A = £¢" . O

To conclude our discussion of finite-dimensional complex simple U, (sly) modules, we note that
there is a universal module V'(\) from which every finite-dimensional complex U, (sl;)-module
of weight A can be obtained by taking the quotient with respect to a suitable submodule. As
there are simple complex U, (sly)-modules of any dimension, it is clear that any such universal
module must be infinite-dimensional. Moreover, by the same considerations as in the proof of
Lemma we find that it must be generated by a highest weight vector v of weight A, from
which all other vectors in a basis of V(\) can be obtained by acting on it with the generators
F? € U,(sly). This leads to the concept of a Verma module.

Theorem 3.6.6: Suppose that ¢ € C is not a root of unity and A\ # 0.

1. Let V' be the complex vector space with basis {v, }pen,. Then
ql—p)\ - qp—l)\—l
q—q!
with v_; := 0 defines a U,(sly)-module structure on V. This module is denoted V() and

called the Verma module of highest weight \.

+1 +1 2
K= p>u,=X"q¢""v, Ep>uy =

Up—1, Fr Up = qu<p + 1)q2 Up+1
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2. The vector vy € V generates V() and is a highest weight vector of weight A.

3. The Verma module V() has the following universal property: Any highest weight
U,(sly)-module of highest weight A is a quotient module of V().

Proof:
To show that this defines a U, (sly)-module structure on V' it is sufficient to verify the multipli-
cation relations of Uy (sls) from (9)

(KK > v, = K > (K* pouy) = A TP KT > v, = NP AT ¢ Py, =0, = 1> v,

1—p>\ _ p—l)\—l 1—p>\ _ p—l)\—l
q q —o2p4d q
(KE)>v,=K> (E>wv,) = o K>uv, 1 =A>"% = Up—1
l—p)\ _ p—l)\—l
= QQ)\Q_qu = Z_l v, = ¢ E > (A *v,) = (*EK) > v,
(KF)>v,=K> (F>v,)=qg (p+ 1)z K>v1 =AM P20 (p+1)2 vp
=q ’F > (A %v,) =q¢ *Fi> (K>, = (¢ *FK) >,
([E,F)puv,=Ep> (F>uv,)—F>(E>uv,)
1fp)\_ p71>\71
= qu(p + 1>q2E > Upp1 — 1 q— Z_l Fr> Up—1
_ (@ =D = A7) — ¢ (g — D(¢TPA gAY
(= Dle—q") '
MNP —a? -+ + A (1 —¢* —1+¢%) Ag — P\
= v, = v
(= 1Dlg—q™) VR B

=g NEK-K ">y,

for all p € Ny. This shows that V() is a U,(sly)-module. As we have E>vy = 0 and K>vy = Avg
by definition of V()), the vector vy is a highest weight vector of weight A. As we also have
by definition V' = spang{v,|p € Ny} and the relation F' > v, = ¢ P(p + 1),2vp+1 implies
v, = pp FP > v for some g, # 0, the vector vy generates V(). To verify the universal property
of the Verma module V' (\), suppose that W is a highest weight module of highest weight A and
w € W a highest weight vector. Then the linear map

p(p—1)/2

(p)!qz

V(A =W, Up > FPp>w
is a surjective homomorphism of representations. This implies W = V(\)/ker(¢) as a
U,(sly)-module. 0

Finally, we note that every finite-dimensional U,(sl) module is semisimple and hence can be
decomposed as a direct sum of the highest weight modules from Theorem The proof
proceeds by constructing a complement of a submodule U C V of a finite-dimensional U, (sls)-
module V', where the cases dimp V —dimp U = 1 and dimyp V —dimp U > 1 are treated separately
and one performs an induction over the dimension of U. As it is lengthy and technical and mainly
based on techniques from linear algebra, we omit this proof and refer to [Ka, Theorem VII.2.2].

Theorem 3.6.7: Suppose that ¢ € C is not a root of unity. Then every finite-dimensional
U,(slz)-module is semisimple.
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Although the classification of finite-dimensional complex simple U,(sl;)-modules is achieved
by the same methods and structurally very similar to the classification of finite-dimensional
complex simple modules over sly and U(sly), there is an important difference between mod-
ules over U,(sly) and over U(sly): representations of U,(sly) and U(sly) on tensor products of
U,(slz)-modules and U(sly)-modules are constructed with the comultiplication of U,(sly) and
Ul(sly). While the comultiplication of U(sly) is cocommutative, this is not the case for U,(sls).
Consequently, if V' and W are modules over U(sly), then the flip map 7 : VW — WV,
v@w — w®u is a module isomorphism between the U(sly)-modules VW and W®V, while
this does not hold in general for modules over U,(sly). The U,(sly)-module structure of the
tensor product of U, (sly)-modules depends on the order of the factors in the tensor product.

To conclude the discussion of the finite-dimensional U, (sly)-modules, we comment on the case
where ¢ € C is a root of unity. In this case, the relevant Hopf algebra is the finite-dimensional
Hopf algebra U] (sly) from Proposition which is obtained as a quotient of U,(sl;). It was
shown in Example that this Hopf algebra is not semisimple. Hence, it exhibits finite-
dimensional representations that are not simple and cannot be decomposed as a direct sum of
simple representations.

It is nevertheless instructive to consider its finite-dimensional simple representations. One find
that in addition to a finite set of highest weight modules from Theorem for certain values
of A, there is another set of finite-dimensional simple modules VY, given as vector spaces by
V3, = span{vp, ..., v,_1} and with the U,(sly)-module structure

ql—p>\ _ qp—l)\—l
q—qt

K [> Up == )\q_2p’ljp E l> Up = ql_p(p)q2 ( ) ’Up_l F [> ’Up = ’Up+1

where we set v_; = v, = 0. The classification of finite-dimensional simple complex Uy (sly)-
modules is then given as follows.

Remark 3.6.8: Suppose that ¢ € C is a primitive nth root of unity and set r = n if n is odd
and r = n/2 if p is even. Then every finite-dimensional nonzero simple module over the Hopf
algebra Uy (sly) from Proposition [2.3.12is of the form

e r =n odd: A highest weight module from Theorem [3.6.4| with A = ¢™ and 0 < m < r—1
or the module ‘/q,*l,r'

e n even, r = n/2 even: A highest weight module from Theorem with A = £¢™

with 0 <m < r — 1 even.

e n even, r = n/2 odd: A highest weight module from Theorem with A = ¢ and
0<m<r—1even, or with A =—¢™ and 0 < m < r — 1 odd, or the module Viq

,177,.
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4 Monoidal categories and monoidal functors

4.1 Monoidal categories

Bialgebras were introduced as algebras with additional structure that ensured that their rep-
resentation theory behaves like the one of a group. More precisely, we required a trivial rep-
resentation on the underlying field F and a canonical representation on the tensor product of
two representation spaces. In addition to these requirements, we imposed that the canonical
linear isomorphisms apyw : (UQV)QW — U(VeW), Iy : FV — V and ry : VQF — V
are isomorphisms of representations.

In this section, we take a more abstract viewpoint and formulate the concept of a tensor product
for general categories. This requires a formulation that relies only on objects, morphisms, func-
tors and natural transformations. For this, recall that the tensor product of vector spaces induces
tensor products of linear maps. For each pair (f, g) of linear maps f : V — V' and g : W — W’
there is a linear map f®g = (idy®g) o (fRidw ) = (fRidw-)o (idy®g) : VW — V'QW’. This
states that the tensor product is a functor ® : Vecty x Vectyg — Vectp, since the composition of
morphisms in the category Vecty X Vecty is given by the composition in Vecty and the relation

f X g = (f X 1dW/) ¢} (ldv X g) = (idvl X g) ¢} (f X ldw>

The associativity isomorphisms apyw : (UQV)@W — U®(V®W) relate the value of the
functors @(® X idvecty) and & (idyeety X ®) on the triple (U, V, W) of objects in Vecty. Similarly,
if F X idyeet, : Vectyg — Vecty X Vecty denotes the functor that assigns to a vector space V
the pair (F, V') and to a linear map f : V' — W the pair (idg, f), then the left and right unit
isomorphisms ly : FQV — V and ry : V®F — V relate the values of the functors ®@(F X idvect; )
and ®(idyect; X F) on an object V' to the values of the functor idyect,. Moreover, the associativity
and unit isomorphisms are compatible with linear maps in the sense that

ayryr w0 ((feg)®h) = (f@(g®h)) o avyvw, v o (ide®f) = foly, 1y o (f®idp) = fory

for all linear maps f : U — U', g : V. — V' and h : W — W’. We can therefore interpret
them as component morphisms of natural isomorphisms a : ®(® X idveety) — @(idvecty X ®),
[ Q(F X idveety) = 1dvecty and 7 @ @(idvecty X F) — idvect.. If we also take into account the
compatibility conditions between multiple composites of the associativity isomorphisms and
between associativity and unit morphisms, we obtain the following definition that generalises
the tensor product of vector spaces to tensor products in a general category.

Definition 4.1.1:

A monoidal category or tensor category is a sextuple (C,®, e, a,l,r) consisting of

a category C,

a functor ® : C x C — C, the tensor product,

an object e in C, the tensor unit,

a natural isomorphism a : ®(® X id¢) — ®(ide X ®), the associator,

natural isomorphisms r : ®(ide xe) — ide and [ : ®(exid¢) — idc, the unit constraints,

subject to the following two conditions:
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1. pentagon axiom: for all objects U, V, W, X of C the following diagram commutes

AURV,W,X ayu,vV,wWeXx

(UV) W)X —=" (UV)e(WeX) — U(Ve(WeX))

U®av,w,x

(Uo(VeW))oX U(VeW)aX).

—_—
ay,vew,Xx

2. triangle axiom: for all objects V, W of C the following diagram commutes

(Voe)W e Ve (e@W)
rm Av
Vew.

A monoidal category is called strict if the natural isomorphisms a, » and [ are the identity
natural transformations.

Remark 4.1.2:

1. The tensor unit and the unit constraints are determined by ® uniquely up to unique
isomorphism: If €’ is an object in C with natural isomorphisms 7’ : id¢ X ¢/ — id¢ and
' : € xide — ide, then there is a unique isomorphism ¢ : e — ¢’ with 7y o (1x X ¢) = rx
and 'y o (¢ x 1x) = lx. (Exercise).

. One can show that if C,D are objects of a monoidal category (C,®,e,a,l,r) and
f,9: C — D morphisms in C that are obtained by composing identity morphisms, com-
ponent morphisms of the associator a and component morphisms of the left and right unit
constraints [, r with the composition of morphisms and the tensor product, then f and
g are equal. This is MacLane’s famous coherence theorem. A proof of this statement
can be found in [McLl Chapter VI.2] and [Kal, Chapter XI.5].

Examples of Mac Lane’s coherence theorem are the following lemma and corollary about the
properties of the tensor unit and the associated left and right unit constraints. They motivate
the name monoidal category.

Lemma 4.1.3: Let (C,®,¢e,a,l,7) be a monoidal category. Then the diagrams

e, V,W av,we

(e@V)RW @(VOW)  (VeW)xe Ve(Wee)

VoW VoW

commute for all objects V, W, and one has l.gy = 1.Qly, rvg. = ry®1, and [, = re.
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Proof:
1. We consider for objects U, V, W of C the diagram

(U®e)aV)® il (U(exV))@W
WW IW
AU e, V,W U®V QW ay,e@V,W
laU V,W
Ue)a(VeaW) "2 yeowew) <22 re (eaV)o W)
U(ex(VRW)).

The outer pentagon in this diagram commutes by the pentagon axiom, the upper triangle and
the lower left triangle commute by the triangle axiom and the two quadrilaterals by the natu-
rality of a : ®(® xid¢) = ®(ide x ®). As all arrows in this diagram are isomorphisms, it follows
that the lower right triangle commutes as well. To show that this implies the commutativity of
the first triangle in the lemma, we choose U = e and use the naturality of I : ®(e x id¢) — ide,
which implies f = ¢ for all morphisms f,¢g: X — Y with 1.Qf = 1.®g:

f

18]
X X @Y Dy

—
W

g
This shows that the first triangle commutes, and the proof for the second triangle is similar.

2. To prove the last three identities in the lemma, we consider the commutative diagrams

le
e@(e®V) 2> eV (e®e)®e
o | i yl \@:
1®le lege
e®V — Vv eRe ~—e®(e®e) — eRe
v
1e®e

The first diagram commutes by the naturality of [ : ®(e x id¢) — ide. Because ly : e@V — V
is an isomorphism, it follows that l.gy = 1.®ly. The proof of the identity ryg. = ry®1, is
analogous. In the second diagram, the lower triangle is the identity l.ge = 1.®[., which follows
from the first diagram with V' = e, the left triangle commutes by the triangle axiom and the
right triangle commutes by 1. Hence, the outer triangle commutes as well and [, ®1, = r.®1..
By the same argument as in 1. this implies r. = [.. O

Corollary 4.1.4: The endomorphisms of the tensor unit in a monoidal category form a
commutative monoid.
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Proof:
In any category C and for any object C' the set Home(C, C') is a monoid with the composition
of morphisms. To show that Home(e, €) is commutative, we consider the diagram

g
e e
Te Te
le ® le

e®e L e®e
f®1ej lf@le !
eRe ——eRe

1le®
le g le
Te Te
g

(& (&

~

where we used the identity [, = r. from Lemma The inner rectangle commutes because
® : C x C — C is a functor. The inner quadrilaterals commute by the naturality of » and [, and
hence the outer square commutes as well. O

Many categories from algebra or topology have a monoidal structure. This includes in particular
any category with finite products or coproducts. Note that a given category can have several
non-equivalent monoidal structures. Specifying the functor ® : C x C — C and the associativity
constraint a amount to a choice of structure, while the tensor unit and unit constraints are
essentially determined by the functor ®.

Example 4.1.5:
1. The category Vecty of vector spaces over F is a monoidal category with:

e the functor ® : Vecty x Vecty — Vecty that assigns to a pair (V, W) of vector spaces
over F the vector space V®W and to a pair (f,g) of linear maps f : V — V’,
g : W — W’ the linear map f®g: VW — VW' v@w — f(v)®g(w),

e the tensor unit e = F,

e the associator with component isomorphisms
apyw : (UV)QW = U(VeW), (u@v)@w — u®(vew)

e the unit constraints with component morphisms
v VRF SV, 0@\ = v and Iy : FoV 5V, A®u — .

2. More generally, for any commutative ring R, the category R-Mod of modules over R is a
monoidal category with:

e the functor ®x : R-Mod x R-Mod — R-Mod that assigns to a pair (M, N) of R-
modules the module M®gzN and to a pair (f,g) of R-linear maps f : M — M/,
g: N — N’ the R-linear map f®rg: M@rN — M'QrN', m®@n — f(m)®g(n),

e the tensor unit e = R,

e the associator with component morphisms
aynp: (MRIrN)RrP = MRp(NQgP), (m®@n)@p — m@(n®p)

e the unit constraints with component morphisms
rv s MRrR = M, m@r — ri>m and [y : ROpM = M, r@m — 7 > m.
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3. For any small category C, the category End(C) of endofunctors F' : C — C and natural
transformations between them is a strict monoidal category with:

e the functor ® : End(C) x End(C) — End(C) that assigns to a pair (F, G) of functors
F,G : C — C the functor F'G : C — C and to a pair (p,n) of natural transformations
i F— F' n:G — G the natural transformation un : FG — F'G’ with component
morphisms (un)c = parc) © F(ne) = F'(ne) o paeey : FG(C) — F'G'(C),

e the identity functor as the tensor unit: e = ide.

4. The categories Set and Top are monoidal categories with:

e the functor ® : Set x Set — Set that assigns to a pair of sets (X,Y) their cartesian
product X x Y and to a pair (f,g) of maps f: X — X', g :y — Y’ the product
[xg: XxY = X'xY' (z,y) = (f(z), g9(y)) and the functor ® : Top x Top — Top
that assigns to a pair (X,Y) of topological spaces the product space X x Y and to
a pair of continuous maps f: X — X', g : Y — Y’ the product map f x g,

e the one-point set {p} and the one-point space {p} as the tensor unit,

e the associators with component morphisms
axyz: (X xY)xZ—=Xx (Y xZ),(x,y),2) — (x,(y,2)),

e the unit constraints with component morphisms
rx : X x{p} = X, (z,p)— zand lx : {p} x X = X, (p,x) — =.

5. More generally, any category C with finite (co)products is a tensor category with:

e the functor ® : C x C — C that assigns to a pair of objects their (co)product and
to a pair of morphisms the corresponding morphism between (co)products that is
induced by their universal property,

e the empty (co)product, i. e. the initial or final object in C as the tensor unit,

e the associators induced by the universal properties of the (co)products,

e the unit constraints induced by the universal properties of the (co)products.

This includes:

e the category Set with the disjoint union of sets and the empty set,

e the category Top with the sum of topological spaces and the empty space,

e the category Mfld,, of topological or smooth n-dimensional manifolds with the dis-
joint union and the empty manifold,

e the category R-Mod for any ring R with direct sums and the null module,

e the category Top' of pointed topological spaces with wedge sums and the one-point
space or with products of pointed spaces and the one-point space,

e the category Grp with the direct product of groups and the trivial group or with
the free product of groups and the trivial group.

6. For any commutative ring R, the category Chpg.\oq 0f chain complexes in R-Mod is a
strict monoidal category with the tensor product of chain complexes given by

(Ce®Dy) = Oy Cr@prDp_p, d°®P(c@d) = d°(c)®d + (1)) cxdP (d)

and the induced tensor product of chain maps.
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Example 4.1.6: The simplex category A has as objects ordinal numbers [0] = () and
[n] = {0,1,...,n — 1} for n € N and as morphisms f : [n] — [m]| monotone maps, i. e. maps
f:40,..,n—1} = {0,...,m — 1} with f(:) < f(j) for all 0 < i < j < n. It is a strict tensor
category with:

e the functor ® : A x A — A that assigns to a pair ([m],[n]) of ordinals the ordinal
[m + n] and to a pair (f,g) of monotone maps f : [m] — [m/] and ¢ : [n] — [1]
the map f®g : [m +n] — [m' + n'] with (f®g)(i) = f(i) for 0 < i < m — 1 and
(feg)(i)=m'+g(i —m) form <i<n+m—1,

e the ordinal [0] = () as the tensor unit.

Our algebraic main example of a monoidal category is the representation category of a bialgebra.
The condition that the representations of a bialgebra should form a tensor category was our
original motivation for the bialgebra axioms. We can now formulate this result in the language
of monoidal categories.

Theorem 4.1.7: Let (A,m,n) be an algebra over F, A : A - A®A, ¢ : A — F algebra
homomorphisms and (V, >v), (W, >w) modules over A.

1. Then F and V®W become A-modules with

D AQF — F,  a®\ — €(a)A
Dvew : A®(V®W) — VoW, a®(v®w) — E(a)(a(l) >y v)®(a(2) > w).

2. The induced functor ® : A-Mod x A-Mod — A-Mod equips A-Mod with the structure of
a monoidal category if and only if (A, m,n, A, €) is a bialgebra.

Proof:

It was shown in Section [2.1]that any algebra homomorphism A : A — A®A defines an A-module
structure on V@W. It also follows directly that for any pair (f, g) of A-module homomorphisms
f:V >V and g : W — W’ the linear map f®q : VW — V'®W’ is a module isomor-
phism if VW and V'®QW' are equipped with this A-module structure. Hence, for any algebra
homomorphism A : A — A®A, we obtain a functor ® : A-Mod x A-Mod — A-Mod.

It was also shown in Section that any algebra homomorphism € : A — F defines an A-
module structure on F and that the linear isomorphisms ayyw : (UQV)@W — U(VRW),
(U)W = uR(VRW), ly : FRV — V, A®@v — Av and ry : VRQF — V, v®\ — Av are module
isomorphisms if (A,m,n, A, €) is a bialgebra. As they are natural and satisfy the pentagon
and the triangle axioms, this shows that for any bialgebra (A, m,n, A, €) the category A-Mod
becomes a monoidal category when equipped with these structures.

Conversely, if A-Mod is a monoidal category when equipped with this tensor functor and
the trivial module structure on F, then the linear maps as a4 @ (ARA)®A — AR(ARA),
la : F®RA — A and r4 : A®QF — A are isomorphisms of representations when A is equipped
with its canonical A-module structure by left multiplication. This implies

<A®id) ¢} A(CL) =al ((1A®1A)®1A) =al> (1A®<1A®1A>> = (1d®A) o A(a)
lao(e®id) o Ala) =la(a> (1p®@l4)) =a>1a=a
rao (id®e)oAla) =rala> (14a®1p)) =a> 1y =a

(
for all @ € A, and hence (A, m,n, A, €) is a bialgebra. O
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Two important examples of monoidal categories with a geometrical interpretation arise from a
construction involving groups. For this, note that a group can be viewed as a category with a
single object, with the group elements as morphisms and the composition of morphisms given
by the group multiplication. Given a family (G,,)nen, of groups, one can construct a category
whose objects are number n € Ny, with Hom(n,n) = G,, and all other morphism sets empty. If
there is a family of group homomorphisms relating the groups G,, and G,, to the group G+,
and subject to some consistency conditions, then this category becomes monoidal.

Example 4.1.8: Suppose (G, )nen, is a family of groups with Gy = {e} and (pmn)mnen, 2
family of group homomorphisms p,, , : Gy, X Gy, = Gy such that pg,,, and py, o are given by
pom e} X Gy = G, (€,9) = g and puo 0 Go X {e} = G, (g,€) = g and

Pm+n.p o (pm,n X ide) = Pmn+p e} (idGM X pmp) Vm, n,p e No. (32)

Then one obtains a strict tensor category C as follows:

e The objects of C are nonnegative integers n € N.
e The set of morphisms Home(n,m) is given by

0 n#m

G, n=m,

Home(m,n) = {

e The tensor product ® : C x C — C given by m®&n = m + n for all n,m € Ny and
f®g = pmn(f,g) for all morphisms f € G,,, g € G, and the tensor unit e = 0.

In particular, the construction from Example |4.1.8] can be applied to the braid groups and
permutation groups, which both form families of groups with the required families of group
homomorphisms.

Definition 4.1.9: For n € N the braid group B, on n strands is the group presented by
generators oy, ..,0,_1 and relations
0;0;4+10; = 044+10;0;+1 Vi € {1, = 2}

0,05 = 0j0; Vi,j € {1,....,n—1} with |i — j| > 1.

The braid group B, is closely related to the permutation group .S5,. This is easy to see if
one presents the latter in terms of generators and relations. The permutation group 5, is
presented with generators my, ..., m,_1 and relations

TG4 T = T4 70T Vi € {1, e — 2}
T = T Vi,je{l,..,n—1} with |i — j| > 1
=1 Vie{l,..,n—1},

where 7; is the elementary transposition with m;(i) =i+ 1, m(i + 1) = ¢ and m;(j) = j for
j ¢ {i,i+1}. As the permutation group S, is presented by the same relations as the braid group
B,, and the additional relations 72 = 1, there is a unique group homomorphism I, : B,, — S,
with I, (0;) = m;.

To apply the construction from Example to the families (B, )nen, and (Sp)nen,, note that
the relations of the braid and permutation groups imply that the maps
Pmn : Bm X By, = Boim, (04,05) ¥ 0,0 0y p;nm 2 S X Sp = Signs (T4, T5) ¥ T 0 T

are group homomorphisms that satisfy the condition .
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Definition 4.1.10:

1. The braid category B is the strict monoidal category from Example [4.1.8 asso-
ciated with the family (B,)nen, of braid groups and the group homomorphisms
Pmn @ Bm X By, = B4, above.

2. The permutation category S is the strict monoidal category from Example [4.1.8| as-

sociated with the family (S,,)nen, of permutation groups and the group homomorphisms
Prm = Sm X Sp —> Spym above.

The name braid group stems from the fact that elements ¢ € B, can be visualised by braid
diagrams, which involve two parallel horizontal lines with n marked points, labelled from the
left to the right by 1,...,n. The diagram for an element ¢ € B, is obtained by drawing n
smooth curves that are nowhere horizontal and connect the point ¢ on the upper line to the
point I1,,(¢)(i) on the lower line. The intersection points of these curves are then changed to
overcrossings and undercrossings, in such a way that at each intersection point exactly one
curve crosses over another. The diagrams for the generators o; and their inverses o; ' are

1 i—=1 4 1+124+2 n 1 i—1 4 1+1e4+2 n

ol BN
g A

1 1—1 4 14+1i4+2 n 1 71—1 4 1+1i4+2 n
The generator o; € B,,. The generator o, LeB,.

The group multiplication in B,, is given by the vertical composition of diagrams. The diagram
for the group element 7 o 0 € B, is obtained by putting the diagram for 7 below the one
for o such that the points on the horizontal lines match, erasing the middle lines, connecting
the strands of the two diagrams and tightening them to remove unnecessary crossings. This
corresponds to applying the relations o' o ot =1

7

1 i 14+1 n 1 1 1+1 n 1 i 14+1 n

O l=l] =10
h g

1 1 1+1 n 1 t i+1 n 1 1 1+1 n

The relation 0;1 oo, =1=o0;0 0;1.

The remaining relations of the braid group in Definition[4.1.9|correspond to sliding two crossings
that do not share a strand past each other and to sliding one crossing point in a triple crossing
below the remaining strand.
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i i+1 7 j+1 n i i+1 7 7+1 n

LU

i 1+1 g7 7+1 n j+1 n

Therelationaioaj:ajoaifor |i—j\>1.
1 =1 ¢ ¢+1i4+2i+3 n 1 1—1 ¢ ++1i4+2i+3 n

) )
W
J

r r

1 i—1 4 1+1e4+27:+3 n 1 =1 4 1+1e4+27:+3 n

The relation o; 0 ;4,1 00; = 0;41 00, 0 T4 1.

Elements of the permutation group .5,, are represented by the same diagrams, but with cross-
ings instead of overcrossings and undercrossings. This corresponds to the additional relations
72 = 1 or, equivalently, 7; = m; * for all i € {1,...,n — 1}, which identify overcrossings and un-
dercrossings. This implies that the group homomorphism II,, : B,, — S,,, 0; — m; is represented
graphically by changing each overcrossing or undercrossing in a braid diagram to a crossing;:

1 i i+1 n 1 1 1+1 n 1 1 i+1 n
O N TN
r h

1 t i+1 n 1 1 1+1 n 1 1 i+1 n

The relation m; = m, Lin S,,.

Elements of the braid category and the permutation category are visualised by the same di-
agrams. The only difference is that in addition to the wvertical composition of diagrams that
corresponds to the composition of morphisms, there is also a horizontal composition corre-
sponding to the tensor product. The tensor product f®g : m +n — m + n of two morphisms
f:m — m and g : n — n is obtained by putting the diagram for g with n strands to the right
of the diagram for f and adding m to each number in the diagram for g.

1 i i+1 m 1 7 J7+1 n 1 i i+1 m m+1m+y m+n

U R DN I BN NI
g g g [

1 i i+1 m 1 7 J7+1 n 1 i i+1 m m+1m-+j m-+n
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Many applications of Hopf algebras arise from the fact that their representation categories
can be related to certain monoidal categories from low dimensional topology such as the braid
category and certain categories of manifolds. Such a relation must be given by a functor and re-
quires a notion of functor that is compatible with the monoidal structures of the two categories,
i. e. the tensor product, the tensor units, the associator and the unit constraints. Compatibility
with the former takes the form of additional structure, namely certain (natural) isomorphisms
associated with the functor, while compatibility with the latter leads to consistency conditions,
i. e. requirements that certain diagrams involving this additional structure commute. Natural
transformation between such functors should also compatible with the additional structure for
the functors. This takes the form of consistency conditions, i. e. certain diagrams involving their
component morphisms and the additional structure for the functors commute.

Definition 4.1.11:
Let (C,®c, ec,a’,1¢,r¢) and (D, ®p, ep, aP, (P, rP) be monoidal categories.
1. A monoidal functor or tensor functor from C to D is a triple (F, ¢, ¢%®) of

e a functor F: C — D,
e an isomorphism ¢°: ep — F(ec) in D,
e a natural isomorphism ¢% : @p(F x F) = F®c,

that satisfy the following axioms:

(a) compatibility with the associativity constraint:
for all objects U, V, W of C the following diagram commutes

(F(U)®F(V))®F(W)GM)F(U)®(F(V)®F(W))
¢%,v®1F(W>l L1U®¢§,w
FURV)QF (W) F(U)QF (VW)
Fovav | |#6om
F(USV)W) _ FUS(VRW)).

F(aU,V,W)

(b) compatibility with the unit constraints:
for all objects V' of C the following diagrams commute

PQLp(v) 1pv)®9°©

ep@F (V) —EVF(e)@F(V)  F(V)oep ~25" P(V)RF(ec)

l?(v)l l@@c,v TE(V)L l¢§,ec
F(V) F(ec®V) F(V) F(V®ee).

F($)

A monoidal functor (F, ¢°, ¢®) is called strict if ¢¢ = 1., and ¢® = idpg, is the identity
natural transformation. It is called a monoidal equivalence if ' : C — D is an
equivalence of categories.

2. Let (F,¢% ¢%),(F',¢¢,¢'®) : C — D be monoidal functors. A monoidal natural
transformation from F' to F’ is a natural transformation 7 : F' — F” that satisfies:
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(a) compatibility with ¢¢ and ¢*: the following diagram commutes

Nee

F(ec)

Ep.

(b) compatibility with ¢® and ¢'®: For all objects V, W of C the diagram

F'(ec)

F(V)@F (W) M2 P (V)@ F (W)
ml va@jw

F(VaW) ——— F/(VaW).

nve

commutes. A monoidal natural transformation n : F' = F” is called monoidal isomor-
phism if for all objects V of C the morphism ny : F(V) — F(V’) is an isomorphism.

Remark 4.1.12:

1. The isomorphism ¢¢ and the natural isomorphism ¢® are sometimes called the coher-

ence data of the monoidal functor (F, ¢¢, ¢®).

2. One can show that for any monoidal category there is a monoidal equivalence of categories

to a strict monoidal category. This is MacLane’s strictification theorem and directly
related to the coherence theorem. The proof is given in [McL, VI.2] and [Kal XI.5].

Example 4.1.13:

1.

The forgetful functor F': Top — Set, that assigns to a topological space the underlying
set and sends each continuous map to itself is a strict monoidal functor with respect to
the product of topological spaces and the cartesian product of sets and with respect to
the sum of topological spaces and the disjoint union of sets.

. For any bialgebra B over F, the forgetful functor F' : B-Mod— Vecty that assigns to a

B-module M the underlying vector space M over F and to a B-module homomorphism
f: M — N the linear map f: M — N is a strict monoidal functor.

. The functor F' : Set — Vecty that assigns to a set X the free vector space F(X) = (X)p

generated by X and to a map f : X — Y the unique linear map F(f) : (X)r — (V)
with F'(f)|x = f is a monoidal equivalence with respect to the cartesian product of sets
and the tensor product of vector spaces. Its coherence data is given by ¢¢ : F — ({p})r,

A= Ap, and 6%y - (X)r@(Y)E = (X X Y)E, 2@y — (2,9).

. A bialgebra homomorphism ¢ : B — (' induces a monoidal functor Fy : C-mod — B-Mod

that assigns to a B-module (M,>¢) the B-module (M,>p) with module structure
br>pm = ¢(b) >c m and each a C-module map f: M — N to itself.

. Let H be a Hopf algebra and g € H grouplike. Then one obtains a monoidal functor

F : H-Mod — H-Mod by assigning to a H-module (M,>) the module (M,>') with
hi>"m = (ghg™') >m and to a H-module morphism f : (M,>) — (N, >) the H-module
morphism f : (M’,>) — (N’,>). The morphisms py, : (M,>) — (M,>'), m — g>m
define a monoidal natural isomorphism g : idg.noq — F'-
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Our aim in the following sections will be to construct interesting monoidal functors between
monoidal categories from low-dimensional topology and between the representation categories
of bialgebras and Hopf algebras. As a preparation, we introduce a diagrammatic calculus for
monoidal categories that will give us a more geometrical picture.

Objects in a monoidal category C are represented by vertical lines labelled with the name of
the object. The unit object e is represented by the empty line, i. e. not drawn in the diagrams.
A morphism f : X — Y is represented as a vertex on a vertical line that divides the line in
to an upper part labelled by X and a lower part labelled by Y. Unit morphisms in C are not
represented by vertices in the diagrams.

X LX e
X ¢ f olx Of
i Y X | e
the object X the tensor unit e a morphism identity morphism an endomorphism
f: X—=Y Ix: X=X fre—e

The composition of morphisms is given by the vertical composition of diagrams, whenever the
object at the bottom of one diagram matches the object at the top of the other. More precisely,
the composite go f : X — Z of two morphisms f : X — Y and g : X — Z is obtained
by putting the diagram for g below the one for f. The associativity of the composition of
morphisms and the properties of the unit morphisms ensure that this is consistent for multiple
composites and that it is possible to omit identity morphisms.

X X X X X
f 1y f
Y = Ogof -1 = 0f
q f ‘1)1Y
Z Z Y Y Y

Tensor products of objects and morphisms are given by the horizontal composition of diagrams.
The diagram for the tensor product U®X involves two parallel vertical lines, the one on the
left labelled by U and the one on the right labelled by X. The tensor product of morphisms is
represented by vertices on such lines. The condition that ® : C x C — C is a functor allows one
to slide these vertices past each other and to compose them individually on each line:

U X U X U X UrX U € € U U
/ h 1 1

h f 1 1

vV 'Y vV 'Y vV 'Y VY Vo ! \%4 V

X U X U U X v X

f f

Y = Qgof Y = Ogo f

g g

Z Z Z Z
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Note that just as the tensor unit and the identity morphisms, the component morphisms of the
associator and of the left and right unit constraints are not represented in this diagrammatical
calculus. This is consistent because of MacLane’s coherence theorem. As any two morphisms
represented by the same diagram are related by identity morphisms, component morphisms of
the associator and the left and right unit constraints, the coherence theorem implies that two
morphisms represented by the same diagram are related by a unique isomorphism built up of
identity morphisms and these component morphisms.

In particular, this graphical representation gives rise to a graphical calculus for algebras, coalge-
bras modules and comodules in monoidal categories. As the definition of an algebra or coalgebra
can be given purely in terms of linear maps m : AQA — A, n:F — Aor A: A — ARA,
e : A — F, subject to (co)associativity and (co)unitality axioms, these notions have a direct
generalisation to monoidal categories. They are obtained by replacing linear maps with mor-
phisms, and the field F by the tensor unit. Similarly, one obtains a general notion of modules
and comodules in a monoidal category.

Definition 4.1.14: Let (C,®,e,a,l,r) be a monoidal category.

1. An algebra or an algebra object in C is an object A in C together with morphisms
1 A®RA — A and n: e — A such that the following diagrams commute

AQAAA

(ARA)RA AR(ARA)  e®A 4 ARA L Age
U@lAl j1A®N xﬂl /
AQA——> A~ ARA A

2. A coalgebra or a coalgebra object in C is an object C' in C together with morphisms
A:C — C®C and € : C' — e such that the following diagrams commute

ac,c,c Rl 1lo®e

(CeC)C CR(CxC) e®RC — CC — C®e

A®ICT Tlc@A - TA/
c Tc
C

CRC < C el

3. Let (A, u,n) be an algebra object in C. An A-left module or A-left module object in
C is an object M in C together with a morphism > : AQM — M such that the following
diagrams commute

(ARA)QM 22 Ao (A M) 2% AgM M D oo
#®1Ml / 1ML Ln(@lM
AQM ———— M M ~—— A®M.

Right module and bimodule objects in C and left, right and bicomodule objects in C are
defined analogously.

Example 4.1.15:

1. An algebra object in the category Vectr is an algebra over F and a coalgebra object in
the category Vectp is a coalgebra over F.

108



2. Let B be a bialgebra and B-Mod the category of modules over B. An algebra object

in B-Mod is a module algebra over B, and a coalgebra object in B-Mod is a module
coalgebra over B.

. An algebra object in the strict monoidal category End(C) for a small category C is also
called a monad. It is a triple (7, u,n) of a functor 7' : C — C together with natural
transformations p : T2 = T and 7 : ide = T such that the following diagrams commute

73 12 gy S |
“TL l“ k”l /%

A coalgebra object in End(C) is called a comonad. It is a triple (S, A, ¢€) of a functor
S : C — C and natural transformations A : S = S? and € : S = ide such that the

diagrams dual to the monad diagrams commute.

4. Any algebra object (A, u,n) in C is a module object over itself with > = u: ARA — A.

Algebra, coalgebra and module objects in a monoidal category C can be described graphically.
They are given by the following diagrams and consistency conditions:

1. algebra object:

A AA AA A

A A A A A
A A A A A A
multiplication unit unitality condition associativity condition
e ARA — A n:e— A

2. coalgebra object:

C C
C C [ii /ii C
C C C C c cc o ¢
comultiplication counit counitality condition coassociativity condition
A:C—CxC e:C —e

3. module object over an algebra object:

A M M M AlA M A A M
A = = M
A
M M M M
morphism compatibility with compatibility with
> AQM — M n:e— A w:ARA — A.

Note that the structures introduced so far are not sufficient to define bialgebra object in a
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monoidal category. This requires a generalisation of the flip map 7 : U®V — VU, which is
needed in the condition that the comultiplication of a bialgebra is an algebra homomorphism.

4.2 Braided monoidal categories and the braid category

To generalise the notion of the flip map 7 : U®V — V®U in the category of vector spaces to
a monoidal category, we require a notion of an opposite tensor product. For this, note that for
any functor ® : C x C — C, there is an opposite functor ®” : C x C — C that assigns to a
pair (U, V') of objects in C the object U®,,V = V®U and to a pair of morphisms f: U — U’,
g : V. — V' the morphism f®,,g = g®f : VU — V'®@U’. Moreover, if (C,®,e,a,l,r) is a
tensor category then (C,®%, e, a’,r, 1) becomes a tensor category as well with the associator o’
given by ap; .y = aylyy. (Exercise).

In this formulation, it is apparent that the flip map should be replaced by a natural isomorphism
c: ® — ®% that relates the tensor product and the opposite tensor product. If this natural
isomorphism is also compatible with the tensor product in the sense that flipping an object
with the tensor product of two other objects is the same as performing two individual flips,
then it is called a braiding.

Definition 4.2.1: Let (C,®,e,a,l,r) be a monoidal category.

1. A commutativity constraint for C is a natural isomorphism ¢ : ® — ®°. A commu-
tativity constraint is called a braiding if it satisfies the hexagon axioms

cu,v®lw, av,u,w

(UV)@W — (VU)W —>V(UW)
aU,VWl l1V®CU,W

U(VEW) — (VeW)oU — Va(Wal)

—_—
CU,VRW ay,w,U

—1

ly®cv,w, ay,w,v
) —(

Ua(VeW) =X Ug(WeV UaW)®V

—1
aU,V,Wl cu,w®ly

(UV)@W —=We(UgV) —— WUV(W@U)@V

2. A braiding is called symmetric if for all objects V, W in C one has cyy = c",}W.

3. A monoidal category together with braiding is called a braided monoidal category or
braided tensor category. A monoidal category together with a symmetric braiding is
called a symmetric monoidal category or symmetric tensor category.

Remark 4.2.2:
1. If (C,®, e) is a strict monoidal category, then the hexagon axioms reduce to the equations
cvavw = (cow®1y) o (ly®cvw) cuvew = (ly®cuw) o (cuy®@1w).

2. If ¢ : ® - ®% is a braiding for (C,®,e,a,l,r), then ¢ : ® — ®° with component
morphisms ¢y, = c{,’lU : U®V — V®U is a braiding as well (Exercise). This shows that
a braiding is a choice of structure and not a property.
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3. For all objects V in a braided tensor category (C,®, e, a,l,r,c) one has
Cye = l‘jl ory = c(/;.
This is obtained from the diagram

CV,eQW

(Voe)oW 2L Ve (e@W) 22X (e@ W)@V

1y &1 lw®1
Mlvw Wvl

ey @l VoW — Y WV |aawy

ly 1w
lvew lwev

(e@V)QW s €®<V®W)1E®_CV,>W€®(W®V)’

in which the two rectangles commute by the naturality of ¢, the triangle on the upper
left by the triangle axiom, the triangles on the lower left and on the right by Lemma
4.1.3, and the outer hexagon by the first hexagon axiom. As all arrows are labelled by
isomorphisms, this implies that the middle triangle on the left commutes as well and
hence (ly o cy)®@1y = ry®@1Ly for all objects V,W. Setting W = e and applying the
same argument as in the proof of Lemma one then obtains cy, = l‘jl ory. The
proof of the second identity is analogous.

4. For all objects U, V, W in in a braided tensor category (C,®,e,a,l,r,c) the dodecagon
diagram commutes:

(Vel)eW 22 UeV oW YL Us(Vew)
av,u,w ly®cy,w
Ve(UW) U(WaV)
ly ®cu,w agw,v
Ve(WeU) (UW)eV
ay o cu,w @1y
(VeW)eU (WeU)eV
cy,w®ly aw,u,v
(WeV)QU s We(VeU) <—— Wa(UaV)

This follows because the two hexagons commute by the hexagon axioms and the
parallelogram commutes by the naturality of the braiding.

If (C,®,e,a,l,r c) is strict, the dodecagon diagram reduces to the identity

(cyw®1y) o (lyRcyw) o (cuv®@lw) = (lwRcpy) o (cuw®1y) o (ly®cyw)

Example 4.2.3:

1. The category Vectr is a symmetric monoidal category with the braiding given by
coy  URQV = VU, u®v — v®u. More generally, for any commutative ring R, the
category (R-Mod, ®p, R) is a symmetric monoidal category with ¢y : U®gV — VRRgU,
UKV — VRU.
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2. If B is a cocommutative bialgebra, then B-Mod is a symmetric monoidal category with
the component morphisms of the braiding given by cyy : UQV — VQU, u®v — v®@u.

3. The categories Set and Top with, respectively, the cartesian product of sets and the
product of topological spaces are symmetric monoidal categories with the braiding
cxy : X XY =Y xX, (x,y) = (y,z). More generally, any monoidal category C whose
tensor product arises from products or coproducts in C is a symmetric monoidal category.

4. The category Chpg.noq Of chain complexes and chain maps is a symmetric monoidal cate-
gory.

Example 4.2.4: Let G be a group.

1. A crossed G-set is a triple (X, <1, ) of a set X, a right action <: X x G — X and a
map X — G that satisfy p(x <1g) = ¢! - pu(x)-gforallz € X and g € G.

2. A morphism of crossed G-sets from (X, <y, pux) to (Y, <y,py)isamap f: X =Y
with f(x <x g) = f(x) <y g forall z € X and g € G and py o f = px.

3. The tensor product of crossed G-sets (X, <y, pux) and (Y, <y, uy) is the crossed G-set
(X xY,<,pu) with (z,y) <g = (z<x g,y <y g) and p(z,y) = px(z) -y (y). The tensor
product of morphisms f : X — Y and h : U — V of crossed G-sets is the morphism
gx f:UxX =V xY.

Crossed G-sets form a monoidal category X (G), where the tensor unit is the one-point set {p}
with the trivial group action and the map p : {p} — G, p — e. It is braided with the component
morphisms of the braiding given by

cxy X XY 2V XX, (z,9) = (y, 2 <x py(y)).

As suggested by the name braiding, the component morphisms of the natural isomorphism
c:® — ®% in a braided monoidal category are represented diagrammatically by pairs of lines
that braid above or below each other:

u v Vo U Vo U u v
NB Wk
(v U U w 1% (U 1% 1% w U

coy UV = VRU ¢y :VRU - UV cyp : VRU = UV ¢y : URV = VeU

The identities in Remark [£.2.2] 3. ensure that it is still consistent to omit the tensor unit from
the graphical calculus, since they imply that the braiding of the tensor unit with any other
object is given by the left and right unit constraints: c.y = l;l ory = c‘_/le The conditions

c&lv ocyy = lygy = cyy o c(/lU read

-1 -0
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and the condition that a braiding is symmetric amounts to the statement that overcrossings
are equal to undercrossings and can be represented by simple crossings. The naturality of the
braiding implies that morphisms can slide above or below a crossing in the diagram without
changing the morphism represented by this diagram

U v U v U v U v
f ) Y
U’ = U Vo= ﬁgf (35)
f g
(v U’ vy (/ U v o

The hexagon axioms state that the two possible interpretations of the following diagrams,
namely as the composite of two braidings or as a braiding of the morphism represented by one
strand with the tensor product of the morphisms represented by the other two coincide:

U ) Vo w u v )W
\ |\/\| (36)
V 6/ U G/ u 'v
The dodecagon identity states that the following two diagrams represent the same morphism:
U ) VoW u Vv )W
7 - S (37)

Q/VUW(VU

That the diagrams for a braided monoidal category resemble the diagrams for the braid category
B from Definition is not coincidental. We will show that the braid category B is not only
a strict braided monoidal category but can be viewed as the prototype of a braided monoidal
category and is characterised by a universal property.

Theorem 4.2.5:

1. The braid category B is a strict braided monoidal category.
2. The permutation category § is a strict symmetric monoidal category.

Proof:
We take as the component morphisms of the braiding for the braid category B the morphisms

Cmm = (0 0...002001)0 (0741 0...003002) 0 ... 0 (Cpgp—1© ... O Typi1 © Tpy) (38)

that braid the first m strands over the last n strands:
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Then the hexagon axioms follow directly from the definition of the braiding. To prove naturality
of the braiding, it is sufficient to show that

Cmp © (0:®0;) = (0;®0;) 0 Cip

foralli € {1,....m—1} and j € {1,...,n—1}. This follows by repeatedly applying the relations

il UL

0;00;4100; =0;4100;00441 0;00;=0;00;
for all i € {1,.n +m — 2} for all i € {1,.n+m =2}, i —j| > L.

This shows that B is a braided monoidal category. The permutation category S is described
by the same relations and diagrams as the braid category B. Replacing the generators
o; by m in yields a braiding for the permutation category. As each generator m; of
S, satisfies m; = 7; ', which implies that overcrossings in the associated diagrams can be
changed to undercrossings and vice versa, it follows that S is a symmetric monoidal category. O

To show that the braid category plays a special role among the braided monoidal categories and
is characterised by a universal property, we require the concept of a functor between braided
monoidal categories that is compatible not only with the monoidal structure but also with the
braiding. Such a functor is called a braided monoidal functor, and there is also a corresponding
notion of braided natural transformation.

Definition 4.2.6: Let C, D be braided monoidal categories.

1. A monoidal functor (F,¢°, ¢%) : C — D is called a a braided monoidal functor or
braided tensor functor from C to D if for all objects V, W in C the following diagram

commutes
FV)0FW) T2 B )@ R(V)
¢‘§,Wl l‘ﬁ%v
Fvew) — S pray).
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If C and D are symmetric tensor categories, then a braided monoidal functor F': C — D
is also called a symmetric monoidal functor.

2. A braided natural transformation is a natural transformation between braided
monoidal functors. A braided natural isomorphism is a braided natural transfor-
mation that is a natural isomorphism.

Example 4.2.7:

1. The forgetful functors Top — Set, Vecty — Set from Example [4.1.13| and the forgetful
functors R — Mod — Ab for a commutative ring R and B—Mod — Vecty for a
cocommutative bialgebra B over F are symmetric monoidal functors.

2. The functor F' : Set — Vectg from from Example 4.1.13| that assigns to a set X the free
vector space (X)p generated by X and to a map f : X — Y the unique linear map
F(f): (X)r — (Y)r with F(f)|x = f is a symmetric monoidal functor.

3. The family (II,,)nen, of group homomorphisms II,, : B, — S, 0; — m; introduced after
Definition defines a strict braided tensor functor F' : B — S with F'(n) = n for all
n € Ny and F(f) = IL,(f) for all morphisms f € Homg(n,n) = B,.

With the concept of a braided tensor functor, we can now show that the braid category B plays
a special role among the strict braided tensor categories and is characterised by a universal
property that allows one to associate a unique braided tensor functor Fy : B — C to any object
V in C. This is due to the fact that B is generated via the tensor product and the composition
of morphisms by the object 1 and a the morphism o; : 2 — 2 and the only relations between
morphisms are the ones required for the for the naturality of the tensor product, the naturality
of the braiding and its compatibility with the tensor product.

Proposition 4.2.8: Let (C,®,e,c) be a strict braided tensor category. Then for any object
V of C there is a unique strict braided tensor functor Fy : B — C with Fy (1) = V.

Proof:

If F': B — C is a strict tensor functor then one has F(n) = F(1®..®1) = F(1)®...QF (1) for
alln € N and F(0) = e. This shows that F is determined uniquely on the objects by F/(1) =: V.
The condition that F'is a braided strict tensor functor implies that the image of the morphism
11 =01 :2— 2is given by F(c11) = cyy : VRV — V@V and F(cl_}) = F(c1) ! = C\_/,lv-
To show that this determines F' uniquely on the morphisms, note that any morphism in B is
a given as a composite of identity morphisms, tensor products of the morphism c;; : 2 — 2
and its inverse. More specifically, we have 0?:1 = 1i_1®cﬁ®1n_i_1 :n — n for all n € N and
i€ {1,..,n—1}. As F is a strict tensor functor, this implies F(c;") = Lyee-1®cyy Olyem-i-n
and hence F(¢1 1) = cy,y determines F' uniquely on the morphisms.

Conversely, for any object V in C setting Fy/(n) = V®" for n € N, Fy,(0) = e and defining
Fv(aiﬂ) = 1V®<i_1>®c§1‘,®1v®(n_i_1) for all n € N and o; : n — n yields a functor Fy : B — C,
since the functoriality of ® : C — C implies Fy (0;) o Fy(0;) = Fy(0;) o Fy(o;) for all 4,5 €
{1,...,n — 1} with |¢ — j| > 1 and the dodecagon identity in C implies for all i € {1,...,n — 2}

Fy(0i) o Fyv(0iy1) o Fy(0i) = Fy(oir1) o Fyv(0i) o Fy (o). O
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It is clear from the proof of this proposition that monoidal functors B — C into a monoidal
category C can be defined by specifying the images of the object 1 € B and the morphism
o1 € Hompg(2,2) in a much more general setting. All that is required is an object V in C and a
morphism ¢ : V®V — V®V that satisfies the dodecagon identity, while a braiding of V' with
other objects in C is not necessary.

Definition 4.2.9: Let (C,®,e,a,l,7) be a monoidal category. A Yang-Baxter operator
in C is an object V in C together with an isomorphism o : V@V — V&V such that the
dodecagon diagram commutes

(VeV)eV X (VeV)eV 2L ve(VeV)
av,v,v ly Qo
Ve(VeV) Ve(VeV)
1y ®a ayyy
Ve (VeV) (VeV)eV
Wy o®ly
(VaV)eV (VaV)eV
oQly ay,v,v
(VeV)QV 77 Ve(VaV) - Ve(VaV)

Example 4.2.10:

1. If C is a braided monoidal category with braidings cyy : UV — V®U, then (V. cyy) is
a Yang-Baxter operator for any object V' of C.

2. If (F,¢%,¢°) is a tensor functor from a monoidal category C to a monoidal cate-
gory D, then for any Yang-Baxter operator (V,o) in C, the pair (F(V),o0’) with
o' = ¢y o F(0) o ¢}, is a Yang-Baxter operator in D.

3. A Yang-Baxter operator in Vecty is also called a braided vector space. It is a pair
(V, o) of a vector space V and a linear map o : V@V — V&V such that the dodecagon
in Definition 2.9 commutes.

4. Let g, A € F\ {0} and V' a vector space over F with an ordered basis (v1, ..., v,). Then
the linear map o : VRV — V®V with

)\Uj@’l)i 1< J
o(v;®v;) = ¢ A\qu;Qu; i=7
Av;Qu; + Mg — ¢ Hoi®u; i >

gives V' the structure of a braided vector space.

Proposition 4.2.11: Let C be a braided monoidal category and (V, o) a Yang-Baxter operator
in C. Then there is a tensor functor F': B — C, unique up to natural isomorphisms composed
of the associators and unit constraints in C, with F'(1) =V and F(¢1,) = o.
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Proof:

We prove the claim for the case where C is strict. The proof is analogous to the one of
Proposition [£.2.8] The only difference is that the condition F'(¢1;1) = cy,y in Proposition [£.2.§]
that followed from the requirement that F' is a braided monoidal functor is replaced by the
condition F(¢q;) = o. O

Corollary 4.2.12: Let (V,0) be a braided vector space. Then the maps
Pn : Bp — Aut]F(V®”), 0; — idyei-1)Q@oRidyem-i-1)
define a family of representations of the braid groups B, on V%",

Proof:

We define p on the generators of B, by setting p(of') = idyec1»®0T®@idyem-i-1 for all
i € {l,..,n —1}. As (V,0) is a Yang-Baxter operator in Vecty, the functoriality of the
tensor product and the dodecagon identity allow one to extend p to a group homomorphism
p: B, — Autp(V®"). O

4.3 Application: topological quantum field theories

The concept of a topological quantum field theory was developed by Atiyah in [At], originally
to describe quantum field theories on manifolds. The basic idea is to assign to each oriented
closed (n — 1)-dimensional manifold S a vector space Z(S) and to each oriented, compact
n-manifold M with boundary OM = S 1I S’ a linear map Z(M) : Z(S) — Z(S’) in such a
way that this assignment is compatible with disjoint unions of manifolds and with gluing. The
latter can be implemented by requiring that the (n — 1)-manifolds are objects in a suitable
category C and the n-manifolds with boundary morphisms between them. The compatibility of
the assignment with the gluing of manifolds then amounts to the statement that Z is a functor.
The disjoint union of manifolds should be viewed as a tensor product in the category C, and
the compatibility of Z with the disjoint union of manifolds states that the category C should
be a symmetric monoidal category and Z should be a symmetric monoidal functor. We start
by introducing the category C, known as the cobordism category.

Definition 4.3.1: The cobordism category Cob,, ,_; for n € N is the symmetric monoidal
category given as follows:

e The objects of Cob,, ,,_1 are oriented closed smooth (n — 1)-manifolds.
e Morphisms in Cob,, ,—; are equivalence classes of cobordisms.

A cobordism from a closed oriented smooth (n — 1)-manifold S to a closed oriented
smooth (n — 1)-manifold S is a pair (M, ¢) of a smooth compact oriented n-manifold
M with boundary OM and an orientation preserving diffeomorphism ¢ : SI11.S" — M,
where S denotes the manifold with the reversed orientation and II the disjoint union of
manifolds.
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Two cobordisms (M, ¢), (M',¢') : S — S are called equivalent if there is an orientation
preserving diffeomorphism v : M — M’ such that the following diagram commutes

M i M
‘X V

SIS

e The identity morphism 1g is the equivalence class of the cobordism ([0,1] x S, ¢s)
with the smooth diffeomorphism ¢g : SIS — {0,1} x S with ¢5(z) = (1,z) and
ds(y) = (0,y) forallz € S, y € S.

e The composite of morphisms (M, p) : S — S" and (N,0) : S" — S” is the equivalence
class of the cobordism (P, 7) obtained by gluing M and N along S’ to a manifold P,
with the gluing maps given by pls : S" — OM and o|g : S — N and by combining the
diffeomorphisms ¢ and y to a diffeomorphism p : S II S” — 9P. The construction of the
smooth structure on P involves the choice of collars around S’, but the the equivalence
class of the resulting cobordism does not depend on this choices.

e The tensor product of cobordisms is given by the disjoint union of manifolds and the
tensor unit is the empty manifold (), viewed as an oriented smooth (n — 1)—manifold|ﬂ.

Remark 4.3.2:

1. There are other versions of topological quantum field theories based on topological or
piecewise linear manifolds with boundary. For n < 3 the associated cobordism categories
are equivalent. For n > 4 the smooth framework is the most common and well-developed.

2. Orientation reversal defines a functor * : Coby, ,—1 — Cob;’, | with ** = idcgp,,,_,. This

functor assigns to a smooth oriented (n — 1)-manifold S the manifold S with the opposite
orientation and to the equivalence class of a cobordism (M, ¢) : S — S’ the equivalence
class of the cobordism (M, @) : S’ — S, where M is the smooth n-manifold with the
opposite orientation.

With the notion of the cobordism category it is simple to define a topological quantum field
theory. Although one usually considers topological quantum field theories with values in the
category Vecthcm, the notion can be generalised to any symmetric monoidal category.

Definition 4.3.3: Let C be a symmetric monoidal category.

1. An oriented n-dimensional topological quantum field theory with values in C is a
symmetric monoidal functor Z : Cob,, ,,—1 — C.

2. Two oriented topological n-dimensional quantum field theories Z, Z' : Cobgy — VectFm

are called equivalent if there is a monoidal natural isomorphism ¢ : Z — Z'.

To construct topological quantum field theories, it is reasonable to request that there is also
functor * : C — C°? and a natural isomorphism *% — id that implements orientation reversal.

2Note that the empty set (} is by definition an n-dimensional smooth oriented manifold for all n € Ny.
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If we work with the category Vect]J;m of finite-dimensional vector spaces over F, the natural
candidate is the functor  : Vect!™ — Vect[™ that assigns to each vector space V the dual

vector space V* and to each linear map f : V — W the dual map f*: W* - V* a+— «ao f.

It is also advantageous to describe the category Cob,, ,,—1 as explicitly and concretely as possible,
namely to present it in terms of generators and relations. A presentation of a monoidal category
is very similar to presentations of algebras or groups in terms of generators and relations, but
the rigorous formulation of this is time consuming and technical. We refer to [Kal, XII.1] for
details. Roughly speaking, a presentation of a monoidal category C consists of a set O of objects,
a set G of generating morphisms and a set R of defining relations. The morphisms of C are
equivalence classes of free words in the morphisms in GG and in the identity morphisms for each
object in O. These free words are taken with respect to two compositions, one representing
the tensor product and one representing the composition of morphisms. In both cases, free
words are composed by concatenation, and the equivalence relations are given by relations
that implement (i) the associativity of the composition of morphisms, (ii) the properties of the
identity morphisms, (iii) the properties of the tensor product, (iv) the properties of the tensor
unit and (v) the relations in R.

Example 4.3.4: The cobordism category Cob,

The symmetric monoidal category Cob; ¢ has as objects disjoint unions of oriented points and as
morphisms finite unions of oriented circles and oriented lines with endpoints at the objects such
that the orientations of lines match the orientations of their endpoints. This can be depicted
by a diagram in the plane as follows:

@/\f\

. —-— — 4+

A morphism f: (+,4+,—,—,—, —,+) = (+,—, —,+,—,+) in Coby .

The category Cob; o is generated by the three morphisms

\J
~

and the corresponding morphisms with reversed orientation. Its defining relations are

: UUH/\ fU :

and the corresponding relations for the morphisms with the reversed orientations.
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Example 4.3.5: The cobordism category Cob,

e objects:
The cobordism category Coby; has as objects finite unions of oriented circles.

=D = = =

e generating morphisms:

The cobordism category Cobg; is generated by the following six morphisms. Each of these
morphisms arises in two versions with opposite orientation, and the orientation of the boundary
circles is understood to be induced by the orientations of the surfaces:

LS eel XK

trinion opposite trinion cap cup cylinder exchanging cylinder
e relations:
The generators are subject to the following defining relations:
(a) identity relations

-8

o

Y

5-C

These relations state that the identity morphism on a finite union of oriented circles is the finite
union of cylinders over these circles.

a
T

%9 Dy o

K 0

(b) associativity and unitality
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c¢) coassociativity and counitality

ﬁiig%g Oyt

) Frobenius relation

@E%

e) commutativity and cocommutativity

%@ &3 1

) relations for the exchanging cylinder

While the first four relations describe the interaction of the exchanging cylinder with cap, cup
and trinions, the last two relations correspond to relations in the permutation category S.

This presentation of the cobordism category is obtained with techniques from Morse theory,
for a brief summary of the general techniques and their applications to Coby; and Cob, o, see
[Kockl, Chapter 1], for general background on Morse theory and Cobordisms, see [H, Chapter
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6,7]. In principle, these techniques allow one to obtain a presentation of Cob,, ,_; for any n € N,
but the description in terms of generators and relations becomes increasingly complicated with
growing dimension. Given this presentation of the Cobordism category Cobs 1, one can classify
all oriented 2-dimensional topological quantum field theories with values in Vectﬁim.
Theorem 4.3.6: Equivalence classes of 2-dimensional oriented topological quantum field
theories Z : Cobyy — Vect!™ with *Z = Zx are in bijection with isomorphism classes of
commutative Frobenius algebras over F.

Proof:

A monoidal functor Z : Cobyy — Vect!™ with *Z = Zx is determined uniquely (up to re-
bracketing and left and right unit constraints) by its value on the positively oriented circle and
on the six generating morphisms. If Z assigns to the positively oriented circle a vector space
Z(0) =V, then it assigns to the circle with the opposite orientation the dual vector space

Z(0) = V*, to an n-fold union of circles the vector space Z(O1I1...110) = V®...®V and to the
empty set the underlying field Z(()) = F. This implies that Z associates to the six generating
morphisms linear maps

oLy e e 00X

m: VeV -V A VsVeV n:F=-V ¢ VoSF idp: V-V 71:VRV VRV

where we took already into account the identity relations for cylinders and suppose that all
circles on top of these diagrams are positively and all circles at the bottom of these diagrams
are negatively oriented. In order to define a functor Z : Coby; — Vectf;m the linear maps m,
n, A, €, T must satisfy certain relations that correspond to the defining relations of Cobg ;.

(b) associativity and unitality: They state that (V,m,n) is an algebra:
mo (m®id) =mo (id®m)  mo (nRidy) = idy = m o (idy®n).

In fact, by shrinking the cylinders in the associativity and unitality condition to lines, one
obtains the diagrams for an algebra in a monoidal category from Section [4.1]

(c) coassociativity and counitality: They state that (V, A €) is a coalgebra:
(A®id) o A = (id®A) o A ly o (e®idy) o A =idy = ry o (idy®e) o A

Again, shrinking the cylinders in this relation to lines, one obtains the diagrams for a coalgebra
in a monoidal category from the end of Section [4.1]

(d) Frobenius relation: the Frobenius relation states that the algebra and coalgebra structure
on V satisfy the compatibility condition:

Together (b), (c), (d) state that (V,m,n, A, €) is a (A, €)-Frobenius algebra and hence a Frobe-
nius algebra by Exercise [45]

(f) relations for the exchanging cylinder: The last two relations state that the linear map
7: V@V = V&V is an involution and defines a functor S — Vect}”. The remaining ones are

7o (N®idy) = idy®n, (m®id) o (idy®7) o (T®idy) = 7 o (idy®@m),
(idy®e) o T = e®idy (T®idy) o (idy®@7) 0 A = (idy®A) o 7.
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We conclude that 7 is the flip map 7: V@V — VeV, v@v — v'®u.

(e) commutativity and cocommutativity relations: They state that the (A, €)-Frobenius
algebra (V,m,n, A, €) is commutative and cocommutative:

moT=m ToA = A.

One can show (Exercise) that a (A, €)-Frobenius algebra is commutative and cocommutative if
and only if the associated Frobenius algebra from Exercise [45|is commutative. This shows that
every oriented topological quantum field theory Z : Cobg; — Vectf;m defines a commutative
Frobenius algebra and vice versa.

Due to the conditions in Definition [4.1.11] 2. a monoidal natural isomorphism ¢ : Z — Z’
between two oriented topological quantum field theories Z and Z’ is specified uniquely by
the linear map ¢p : V = Z(0O) — Z'(O) = V'. The naturality of ¢ implies that the map
¢o is an algebra and coalgebra isomorphism, which is the case if and only if ¢ is an algebra

isomorphism that preserves the Frobenius form. Conversely, every algebra isomorphism
¢:V =2Z(0) — Z'(0O) defines a monoidal natural isomorphism ¢ : Z — Z'. O
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5 Quasitriangular Hopf algebras

5.1 Quasitriangular bialgebras and Hopf algebras

In this chapter we investigate bialgebras and Hopf algebras with additional structure that
relate their representation on the tensor product of two representation spaces to the one on
the opposite tensor product. Clearly, the condition that the flip map 7 : VW — WV is
an isomorphism of representations for all representations V,W of a bialgebra B would too
restrictive. If this holds for all representations of B, then it holds also for the representation of
B on B®B by left multiplication. This implies for all b € B

A(b) = E(b)b(1)®b(2) =bp> (1@1) =b > op (1@1) = Z(b)b(2)®b(1) = AOp(b)

and hence B must be cocommutative. Moreover, this condition is undesirable, from the repre-
sentation theoretical viewpoint. It amounts to the statement that the representation category
of B is a symmetric monoidal category and hence does not carry any interesting braid group
representations, i. e. braid group representations that are not induced by representations of
permutation groups.

A weaker and more sensible condition is the requirement that for all B-modules V, W there exists
an isomorphism of representations between the representations of B on V®W and on W®V
and that this isomorphism is compatible with tensor products. This amounts to the statement
that the category B-Mod is a braided monoidal category. We will show in the following that
this is equivalent to the following conditions on the bialgebra B.

Definition 5.1.1:

1. A quasitriangular bialgebra is is a pair (B, R) of a bialgebra B and an an invertible
element R = R()®R3) € BB, the universal R-matrix, that satisfies

APB)=R-Ab)-R'  (A®id)(R) = Ri3- Rys  (1d®A)(R) = Ri3 - R,
where Ry, = R(1)®R(2)®1, R = R(1)®1®R(2) and Ro3 = 1®R(1)®R(2) € BRB®B.

2. A homomorphism of quasitriangular bialgebras from (B, R) to (B, R) is a bialgebra
map ¢ : B — B’ with R’ = (¢6®¢)(R).

3. A quasitriangular bialgebra is called triangular if its R-matrix satisfies 7o R = R,
where 7 : BB — BB, b®b' — b'®b denotes the flip map.

4. A (quasi)triangular Hopf algebra is a (quasi)triangular bialgebra that is a Hopf algebra.

Note that the notation R = R(1)®R9) is symbolic. It stands for a finite sum R = X7, b;®b; with
b,V € B. To distinguish it from the Sweedler notation for a coproduct A(b) = 3()ba)®b(2),
we do not use a summation sign in this case.

Theorem 5.1.2: Let B be a bialgebra. Then the category B-mod is a braided monoidal
category if and only if B has the structure of a quasitriangular bialgebra. It is symmetric if and
only if B is triangular.
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Proof:
«<: If (B, R) is a quasitriangular bialgebra, then we define for a pair of B-modules (V, >y) and
(W, >w) a linear map cyw : VW — W&V by setting

cyw (VW) = T(R Dygw v@QW) = Ry Dwey T(vQW) YoeV,weW, (39)

where Ry; = 7(R) is the flipped R-matrix. Then ¢y is a linear isomorphism with inverse
0\7,114/(”®w) = 7(Ry] Dwey w®v), and one has

bowey (cvw(v@w)) = 7((A(D) - R) Dyew v@w) = 7((R - A(D)) Dyew vQW)
=T(RDvew (b>vew v@W)) = cyw (b >vew (vEW))
forallb € B, v € V and w € W. This shows that cy : VOW — W&V is a B-module isomor-

phism and hence an isomorphism in B-Mod. To show that this defines a natural isomorphism
c:® — ®% in B-Mod, we consider B-module maps f: V — V' and g : W — W’ and compute

(cvrwr o (f@g))(vew) = T(R>viw f(v)@g(w)) = (1 o (f@9)) (R >vew vew)
= ((90f) o T) (R Byew v@w) = ((99f) o cvw)(v@w)

where we used first the definition of ¢y, then the fact that f and g are B-module homo-
morphisms and then the definition of cy . This proves the naturality of c. For the proof of the
hexagon relations note that in Sweedler notation the conditions on the universal R-matrix read

(A2Id)(R) = RisRas & S(ay) Ry @R @Re) = Riy@Ro @R Re)
(id®A)(R> = RisRiy, & Z(R(g))R(1)®R(2)(1)®R(2)(2) = Rl(l)R(l)@)R(z)@R/@).

With this, we obtain the two hexagon relations

>u u®w))
>w w)®R(1) >y u

(ly®cuw) o avuw © (cuy®lw)(u@v)@w) = (ly@cuw ) (Re) >v v&(Ra
= R(Q) >y U®(R22) > w®(R’(1)R(1)) >y u) = E(R(Q)) (R(g)(l) >y U®R(2)(2

> —

= aV,W,U(R(2) DV@W (U®'U])®R(1) [>U U) = aV,VV,U (@) CU,V@W o CLU’VJ/V((UJ®’U)®U])

(cow®1v) 0 agyyy © (lu@cyw) (U@ (v@w)) = (cuw@1y) (SR () >w w)Q Ry B>y v)
= ((R/(2)R(2)) >w "LU®R21) >y u)®R(1) >y v = E(R(l)) (R(g) >w w®R(1)(1) >y u)®R(1)(g) >y v

= a;I%U,V(R(Q) >w wOR1) Pugy (u®V)) = at;/%U,V ° Cygv,w © aﬁkw(u@(v@w)).
This shows that the B-module isomorphisms cyw : VW — W®V define a braiding.

= Let B be a bialgebra, ¢ : ® — ®° a braiding for B-Mod and define R := Tocp p(1p®15p) €
B®B. Then R is invertible with inverse R = 7 0 ¢;'5(15®15). To prove that the conditions
on the universal R-matrix are satisfied, note that for all B-modules (V,>y) and (W, >y ) and
elements v € V, w € W, the linear map ¢, ,, : BB — VW, a®b — (a >y v)@(b>w w) is a
B-module homomorphism. The naturality of the braiding implies cy.w © ¢y, = ¢ © 5,5 and

Ryew (v@W) = ¢puw(R) = T(dww 0 cB,(1®1E)) = T(cvw © ¢pw(1®1p)) = T(cyw (vOW))

forallv e V and w € W. For v = w = 15 € B we obtain

A%(b) - R=7(b>pes cps(15@15)) = 7(cp (b >pep 18815)) = 7(cs5(A(0))) = R - A(D),
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where we used first the definition of R, then that cp g is a module map, the B-module structure
on B®B and the identity for R. The remaining identities follow from the hexagon relations:

(idp®A)(R) = R>pgen) (15®(15®1p)) = 7(c pep(13®@(15®15)))
= T((aE}BvB @) (idB®cB,B) o ap B,B© (CB,B®idB) o GE}B,B)(13®(1B®1B>>
= Ri3Ri2 >(Bep)es (1p®1p)®1p) = RisR;

(A®idp)(R) = R>Bep)es (13015)®15) = T(csep,a((15®1p)®1p))
= 7(ap,,p © (cp,p®idg) o aE;}BB o (idp®cp,p) 0 ap,p,p)((1pQ15)®1p)

= Ri3R23 D> paen) (18@(1p®15)) = RisRas.

That the representation category B-Mod is symmetric if and only if (B, R) is triangular follows
directly from the expressions for the braiding in terms of the universal R-matrix since we have

cvw (VW) = T(R Dygw vQW) cﬁ,}v(v®w) = 7(Ry] Dyew v@W).

This shows that R = R;}' if and only if cyy = Cijl,v- O

In particular, this theorem implies that quasitriangular bialgebras give rise to braid group
representations. This follows directly from Corollary 4.2.12] since every object in a braided
monoidal category is a Yang-Baxter operator.

Corollary 5.1.3: Let (B, R) be a quasitriangular bialgebra, p : B — Endp(V') a representa-
tion of B on V and pyen : B — Endp(V®") the associated representation on V®". Then

p: B, = Endp(V®"), 0, (idyei-1)@T@idyem-i-1) o pre (120 Re18M 1)

is a representation of the braid group B,, on V®" for all n € Ny. It defines a representation of
Sy, if and only if (B, R) is triangular.

Clearly, every cocommutative bialgebra is quasitriangular with universal R-matrix R = 1®1.
This includes in particular group algebras of finite groups, tensor algebras of vector spaces
and universal eveloping algebras of Lie algebras. However, these bialgebras do not give rise to
interesting representations of the braid group. The associated representations of B, permute
the factors in the tensor product V®" via the flip map and are induced by representations of
the permutation group S,, via the group homomorphisms II,, : B, — 5,,. This gives a strong
motivation to consider bialgebras that are quasitriangular but not cocommutative.

Example 5.1.4:

1. A commutative bialgebra B is quasitriangular if and only if it is cocommutative, since
in this case, one has A?(b) = R- A(b) - R~! for all b € B if and only if A = A%, This
shows that the algebra of functions Fung(G) on a non-abelian finite group G cannot be
quasitriangular, since it is commutative, but not cocommutative.

2. The group algebra C[Z/nZ)] is quasitriangular with universal R-matrix

R = %Zzgi0€2ﬂijk/n j®%
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3. For n = 2 and char(F) # 2, the Taft algebra from Example is presented with
generators x,y and relations xy = —yx, y* = 1, 22 = 0, and Hopf algebra structure

Aly) =y®y, Alz) =10z +yQz, €(y) =1 €x)=0, Sy) =y, Sx)=-zy.
This Hopf algebra is quasitriangular with universal R-matrices
R, = % (1e1 + 1oy +y®1 —y®y) + 5 (287 — 2Q7Y + TYRTY + TYRT) fora € FF.

4. Let g € F be a primitive rth root of unity with » > 1 odd. Then the Hopf algebra U] (sl,)
from Proposition [2.3.12]is quasitriangular with universal R-matrix

1 r—1 - 1 k
1 Z q q PR DF2RG=0) =25 gk i T (40)
oy i S0 k)'qz

If V,,, denotes the simple Uy (sly)-module of weight A = ¢™, 0 <m <7 —1 from Theorem
and Remark [3.6.8, then the braiding cy,, v, : V;,®V,, = V,®V,, is given by

min{n—t,p}

_ nm m—p+k t+k
Vi Vi (UVp@0) = Z (¢ — g ) (k) Q" (b, ) ( ]f ) 2 < I ) 2 Vit s QUp_f;
k=0 q q

where v, with 0 < p < m are the basis vectors of V,, from Lemma the integer o € Z
is chosen such that n + ar is even and

q;rzn(k,7 O./) — qk(n—m)—k(m—p)—kt—pn—mt—Q(k—p)(k+t)+(n+ar)m/2'

For n =m =1, we can take o = 1 and obtain:

cvivi (L0®o) = Aq ue®ug vy (Vo®v1) = Av1®vg
cvy v (11®v0) = AMve®v1 + (g — qfl)U1®Uo) vy v (01®v1) = Ag 1@y

with A = ¢"~1/2. This is the braided vector space from Example [4.2.10| 4.

These examples show that, just like a braiding in a monoidal category, quasitriangularity is a
structure and not a property. For a given bialgebra or Hopf algebra B, there may be several
different universal R-matrices that satisfy the requirements in Definition [5.1.1], or none. We now
investigate the basic properties of quasitriangular bialgebras. Our first result is an important
equation on the universal R-matrix, the quantum Yang-Bazter equation (abbreviated QYBE)
that can be viewed as the algebra counterpart of the dodecagon identity and has important
applications in knot theory and mathematical physics.

Proposition 5.1.5: Let (B, R) be a quasitriangular bialgebra.

1. Then the universal R-matrix satisfies (e®id)(R) = (id®e)(R) = 1 and the quantum
Yang—Baxter equation (QYBE) R12R13R23 = R23R13R12.

2. (B, Ry}') with R;' = 7(R™!) is a quasitriangular bialgebra as well.
Proof:

1. With the defining condition on the universal R-matrix we compute

R = (id®id)(R) = (e®id®id) o (A®id)(R) = (e®id®id)(R13 - Ra3)
= (e®id®id)(R;3) - (e®id®id)(Ra3) = €(1) (e®id®id)(Ry3) - R = (1®(e®id)(R)) - R
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As R is invertible, right multiplication of this equation with R™! yields 1®(e®id)(R) = 1®1,
and applying e®id to this equation we obtain (e®id)(R) = (e®id)(1®1) = €(1)1 = 1. The
proof of the identity (id®e¢)(R) = 1 is analogous. The QYBE follows directly from the defining
properties of the universal R-matrix:

RisR13R23 = Rys - (A®id)(R) = (AP®id)(R) - R12 = (7®i1d)(R13Rs3) - Ris = RozRi3R1s.
2. Applying the flip map 7 : BB — B®B, b®c — c®b to the defining conditions in Definition
yields for all b € B
A() =170 A%(b) =7(R-A(b)- R7') = Ry - A(b) - Ry}
([d®A)(Ry') = (r@id) o (id®7) o (A®id)(R™') = (r®id) o (Id®7)(Ra3 Riy) = (R )is(Ra o
(A®id)(Ry') = (1d®7) o (r®id) o (iId@A)(R™) = (id®r) o (T®id)(Riy Riy) = (B )1a(Ray )2s.
Conjugating the first equation with R;;' shows that R;;' is another universal R-matrix for B.
O

Another way to motivate quasitriangular bialgebras that does not rely on representation the-
ory and braided monoidal categories is from the viewpoint of module algebras and module
coalgebras. As shown in Section [3.1] one can view a module coalgebra over a bialgebra as a
non-commutative generalisation of a space with a group action and a module algebra as a
non-commutative generalisation of the algebra of functions on this space. The compatibility
between the algebra and the module structure ensures that the invariants of this module form
a subalgebra which can be viewed as the algebra of functions on the orbit space.

This raises the question about non-commutative counterparts of products of spaces with group
actions or, equivalently, noncommutative function algebras on such product spaces. The natural
candidate for the product of two module algebras (A,>) and (A’,>’) over a bialgebra B is the
tensor product A®A’ with the canonical algebra and B-module structure. However, one can
show that in general this is not a module algebra over B unless B is cocommutative. However, if
(B, R) is quasitriangular, then it is possible to deform the multiplication of AR A" in such a way
that it becomes a module algebra with the induced B-module structure. This is the so-called
braided tensor product of module algebras.

Proposition 5.1.6: Let (B, R) be a quasitriangular bialgebra and (A,r), (4’,>") module
algebras over B. Then the vector space A®QA’ with the canonical B-module structure

> B@A@A/ — A®A/, br> (a®a') = E(b)<b(1) > a)®(b(2) >’ CL/) (41)
is a module algebra over H with the twisted multiplication
(a®a’) - (c®@c) = a(R) > c)@(Ra) > a')c. (42)
Proof:
To show that it is an algebra, we verify unitality and associativity
(a®a’) . (1A®1A’) CL(R(Q) > ]-A)®(R(1) [>/ CL,) 1A’ = E(R(g)) a®(R(1) Dl a’) a@a,

2
2

(1a®1a) - (a®d) (Re2) > a)® (R &' La)d’ = €(R)) (R > a)@d "= a®d’

(a®d) - (&) - (dod) B (a(Re) > )2 (Ryy ' d)¢) - (dod)
M2) = a(Rp) > o)(R @) B A)R(R ) >, (Ra) > d)d)d
(module algebra) = gy a(R) > ¢) (R (2) > d)®(R (1)) R)) > @) (Riyy) > ¢)d’
((A@id) (R) = R13R23) = a(R(g) > C) (R/(Q)R”(Q) > d)®R,(1)R(1) >’ a')(R'(’l) >’ C/)d/
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(a&d) - ((c2e) - (ded)) D (aed) - (c(Rey & @ (Rgy ' ¢)d)
(2 = a(Riy >a (c(Re > d)® ( >"d')(Rgy ' )d'
(module algebra) = (g a(Rig) ) > c)(R(2)(2)R(2) > d)))®(Ry) &' ') (R >’ ¢)d')
(((d®A)(R) = RizRi2) = a(Rfy) > o)(Rip) Ry > d)))@(Riy) By ' d') (Ray > ¢ )d)

To show that it is a module algebra, we compute

)

b ((a@d) - (c2c)) E b (a(Re) > )@ (Ray &' d)¢)
B1) =g (ba) > (a- (R > 0)@(be &' (Ra) &' d) - )

(module algebra) = 3)(baya) > a)((baye2) Re)) > ¢)@((beya) R ) >’ /)(b(2)(2) >' )
(coassociativity) = X (bay > a)((beyR2)) > ¢)@((ba)Ray) &' a’)(bay >’ )
(CO&SSOCi&tiVlty) = E(b)(b(l) > a)((b 2)( R(z ) > C) ((b(g)(g)R ) ! a') (5(4) >’ C)

(&% 1= 1) = Sy > (R > DO Rob) ) o )
(coassociativity) = X (bay > a)((R; ) c)®((R ) a')(bay >' )

" = E(b)<b(1) > a®b(2) > CL/) (b(3 > C®b (4) >’ C)
(coassociativity) = X (baya) B> a®biy2) > a') - (b)) B> c®@by2) >' )
B1) = X@)(bay > (a®a’)) - (b( 2) > (c®())

h > (1A®1A’) = E(b) (b(l) > 1A)®(b(2) >’ 1A’) = Z(b)e(b(l))e(b(g)) 14®14 = E(b) 1A®1A/D

If (H, R) is a quasitriangular Hopf algebra, the quasitriangularity has important consequences
for the behaviour of the antipode. It implies that the antipode is invertible and that its square is
given by conjugation with an element of H. This can be viewed as a generalisation of Radford’s
formula. However, in the quasitriangular case, these properties are not obtained from integrals.

Theorem 5.1.7: Let (H, R) be a quasitriangular Hopf algebra. Then:
1. The antipode of (H, R) is invertible.

2. The universal R-matrix satisfies
(S®id)(R) = (ideS™)(R) =R (S®S)(R) = (S"'®S ") (R) = R.

3. The Drinfeld element u = S(R(2)R) is invertible with inverse u™' = R(9)S*(R())
and coproduct A(u) = (u®u) - (Ry; R)™*

4. The element g = uS(u)~! is grouplike.
5. One has S%(h) = uhu™' and S*(h) = ghg™' for all h € H.

Proof:
1. To prove the identities (S®id)(R) = R~! and (S®S)(R) = R, we compute

(m®id) o (S®id®id) o (A®id)(R) = (1exid)(R) = 1®1
—=(m®id) o (S®id®id)(Ri3Ras) = (S®id)(R) - R.

Right multiplication by R~! then yields (S®id)(R) = R™'. As 7 o R™' = R, is another
universal R-matrix for H by Proposition [5.1.5 we also obtain (id®S)(R™!) = R and

(S®S)(R) = (id@S) o (S®id)(R) = (id®S)(R™') = R.
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The identities (id®S™1)(R) = R~! and (S7'®S™!)(R) = R then follow by applying S~!®@S5™!
to these two equations, once it is established that S is invertible.

2. To prove that S is invertible, we first show that S?(h)u = hu for all h € H and then use
this identity to prove that u is invertible with inverse u™' = R(5)S?*(R(1)). It then follows that
S%(h) = uhu~! for all h € H, and this implies that S? and S are invertible. For this, we compute

S*(h)u = S*(h)S(R@) Ry = 5*(he3)S(Re») S(hay)he Ray = 5*(hs) S(hay Ry he Ra)
= 5? (h(S))S(R@ h 2>)R hay = S%(hs) S (h@)S(Re) Ruyhay = *(hs) S (hey )uha,
where we used first the definition of u, then the identity S(h(1))h@)®hs) = 1®h, then the fact
that S is an anti-algebra homomorphism, then the identity A°?(h)-R = R-A(h), then again that

S is an anti-algebra homomorphism, the definition of u and the identity h)®h(2)S(h(s)) = h®1.
We now show that u is invertible. For this we compute with the 1dent1ty (S ®S J(R)=R

(s R(Q)SQ(R(l)) = SQ(R(2)>U5’2(R(1)) = R(Q)UR(l) = R(Q)SQ(R(l)) U

Using this equation together with the definition of w, the identities (S®S)(R) = R and
(S®id)(R) = R~ and the fact that S is an anti-algebra homomorphism and the identity
S%(h)u = uh for all h € H, we then obtain

u- R)S*(Rw) = R)S*(Ru)) - u = ReuRay = Re)S(R 2))R'0)Ray = S(R@)S(R )R 1)S(R))
= S(R'(9yR@2)) R 1)S(R1)) = m® o (ld®5)( - (S®id)(R)) = m” o (id®S)(R- R™") =

This shows that w is invertible with inverse u™' = R2)S*(R(1)), that S*(h) = uhu™' for all
h € H and and that S? and S are invertible.

3. To prove that S*(h) = ghg~! with ¢ = uS(u)~!, we consider the quasitriangular Hopf algebra
(H°PeP R) with the opposite product and Coproduct, the same antipode and the same R-
matrix. Then the element S(u) = R(1)S(R(2)) takes the role of u = S(R)) R for (H»*P R).
This implies S%(h) = S(u)"'hS(u) and S*(h) = uS?*(h)u™! = uS(u)*hS(u)u™t = ghg™

4. To prove the identity A(u) = (u®u) - (Ry R)™" we use the identities (A®id)(R) = Ri3Ra3
and (Id®A)(R) = Ri3R12 to compute
A(u) = A(S(Re))Ray) = A(S(R)) - A(Rw) = A(S(Re) R z)) - (Roy®R' (1))

=(S®9)(AP(R)) - A?(R' (%)) - (R1)®@R (1)) = (S®5) (R R (2 ®R R @) - (RyyRa)QR' (1)R )
=S(R'(9)S(R)RauyRy®@S(R' (2))S(R)) R 1) R (1)) = S(R'(2))uR1y@S(R (2))S(Re2)) R 1y R (1))
=uS™ (R 2)Ry®S (R (9)S(R) R 1) = ul 2 Ruy®S (R 2)) S () S (R ) R 1)

To simplify this expression, we consider the QYBE and multiply it with from the left and from
the right with Ry, which yields RizRo3Rjy = Ry RozRi3. In Sweedler notation, this reads

Ro)S(R 0)@Rm R @)®Re)Re) = S(Ru)R 0®ReRo@Re R @)

Applying the map (m®id) o 712 0 Te3 o (Id®id®S) to both sides of this equation yields

S(R2))S(R2)) RuyS(R (1)) @Ry R (2) = S(R'(2))S(R(2)) S(R1)) R (1)@ Ry Ry,
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and by inserting this equation into the last term in the expression for A(u), we obtain

A(u) = uR) R @S(R))S(R 2)) R (1yS(R (1)) = uR1) R (@S (R2))uS(R (1))

= ul R oy@uS™" (Re)S ( ) = uS(Ru) R @uR)S(R 1)
= (u®u) - (R7'Ry') = (U®U) (R R)™!

As the element S(u) = R(1)S(R(2)) takes the role of u = S(R9)) Ry for (H?P, R), its coprod-
uct satisfies A(S(u)) = (Ro1R)™1(S(u)®S(u)). Moreover, the identities S?(h) = S(u)"*hS(u)
and (S®S)(R) = R imply

(S(u)~'@S(w) ™) (R R) = (S*@5*)(Ra1 R)(S(w)'®@S(u) ™) = (R R) - (S(u) ™' @S(w) ™),
and by combining these equations with the expression for the coproduct of u, we obtain

Alg) = A(uS(u)™") = A(u) - A(S(w) ™" = (u@u)(RaR) ™" - (S(u) "' @S(u)™") - (RaR)
= (u@u)(Ra1R) ™' - (Ry1R) - (S(u) '®@S(u) ™) = uS(u) '@usS(u)~' = g®g. O

Remark 5.1.8: If H is finite-dimensional and quasitriangular and o € Gr(H*) and a € Gr(H)
are the modular elements of H and H*, then S*(h) = a '(a >% h <} a™') - a by Radford’s
formula. One can show that the element g € H from Theorem is given in terms of the
modular elements by g = a! - (a®id)(R) = (a®id)(R) - a

We will now consider a systematic construction that associates a quasitriangular Hopf algebra
to every finite-dimensional Hopf algebra H, namely the Drinfeld double or quantum double
D(H) from Lemma m Drinfeld doubles are the most important and widely used Examples
of quasitriangular Hopf algebras and can be viewed as the smallest quasitriangular Hopf algebra
that contains both H and H*“°P as Hopf subalgebras.

Theorem 5.1.9: For every finite-dimensional Hopf algebra H there is a unique quasitrian-
gular Hopf algebra structure on the vector space H*®H such that the inclusion maps

g : H— H'®QH, h— 1®h L H*P — H'QH, a— a®1

are homomorphisms of Hopf algebras. This is the Drinfeld double or quantum double D(H)
from Lemma [3.5.4| with the Hopf algebra structure

(a®h) - (BoK) = Sm).5) B (hw) Bu) (S (he)) aBey@hek  1=14®1y
A(&@h) = Z(h),(a) a(2)®h(1)®a(1)®h(2) e(a®h) = €+ (a)eH(h)
S(a®h) = (1&S(h)) - (S(a)®1)

A universal R-matrix for D(H) is given by R = ¥ 1Qz;®a'®1, where (x4, ..., x,,) is an ordered
basis of H with dual basis (a!, ..., a™).

Proof:

It was already shown in Lemma that above expressions define a Hopf algebra structure
on H*®H. That the inclusion maps ty : H - H*®H and vy« : H*? — H*®H are homomor-
phisms of Hopf algebras follows directly from the expressions for (co)multiplication, (co)unit
and antipode. To show that R = X7, 1®z;®a’®1 is a universal R-matrix for D(H) we use the
auxiliary identities

NP A(z) @ = B 1,Qx;00 o NP2 QA (o) = B a0 @l (43)
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which follow by evaluating the left and right hand side on elements of H and H*:

S (BRY)(Alw:))a’ (k) = Bt (B ) (@)’ (k) = (B7)(k) = (Be7)(A(K))
= X718y (25) ('@l )(A(k)) = 37,2, (B07) (w:@2;)( - o) (k)

S B(zi) A(e’) (hok) = XLy B(xi)a’ (h - k) = B(h - k) = A(B)(hak)

= 370 AB) (wi@z;)a’ (h)o! (k) = i, Blzir;)@ (o' @al ) (hdk)

for all B,y € H* and k,h € H. With the identities we compute

(A®id)(R) = S1 A(1®z;)0a'®1 = X 1031y Q1Qz;2)@a'®1 = B, 102;0101;00' o’ ®1
= (I, 107,010180a'®1) - (_1010102;00’®1) = Ri3 - Ry

(Id®A)(R) = £, 105,04 (d'®1) = ¥, 187,00 P @1ed" Vel = £ 1ex0;00/ 91a'®1
= (3,102;01010a'®1) - (57_,107;00’®1®11®1) = Ri3 - R,

and show that R is invertible:

R - (S®id)(R) = (S, 10z;:0a'®1) - (S1,105(z;)0d’ ®1) = ¥ 10z;5 (z;)0a’ o’ ®1
= 3 10315 (Ti(2)) R’ ®1 = T 1 €(2;)1®10a'®] = 19181R1.

The condition R - A = A - R then follows again from by a direct computation

R - Ala®h) = B) ) D (102:0a'®1) - (a@ @ha@an) @he))
= 2 (n)(0) D1 @) (3) (Tin) ) 2 (1) (ST (Ti(3)) ) (2) () @i h 1y @ ) @)
= E(h%(a)EZj’k:loz(@(xi)a(g)(S’_l( k)03 R h(1y@a iadak 1) ®h2)
= B (), () Zjo1 (3 ©1;h 1) @ a? STH ) am) ®h)
= E(h)«a)2?216(04<1>)04(2>®%h<1>®06<3>0ﬂ®h<2> = E<h>,<a>2?=1a<1>®%h<1>®0<<2>06j ®h2)
AP(a®h) - R = D, ()T (o ®h@@a@@ha)) - (18z;0a'®1)
= Sny () D113 (@) (S (b)) ) @he)Ti@ae) iy @ha)e)
= (), @) 21 m1 @ (hy )’ (S 71 (hz))) ay@hay Tim @0l @hg)
= Dn), () B k1@ @) ST (hz) ) zih) @) el @h)
= S, () Bhpo1€(h@) )@ hay @@ o @hz) = D) Zf -100)®2;h1) @) 0! @he). 0

Example 5.1.10: Let G be a finite group. Then the Drinfeld double D(FF[G]) is given by

(6u29) - (6,8h) = 6u(gqug™")du@gh 1 = 1®e = Nyeq d,0€
A(6,29) = Bay=u 0y@gR0,®g €(0,®g) = du(e)
S(6u®g) - 5gfluflg®g_1 R = Egecl®g®(5g®€

Integrals of the Drinfeld double D(H) are obtained in a simple way from the integrals of H and
H*. The properties of the integrals in H and H* and the Hopf algebra structure of D(H) then
imply that that the Drinfeld double D(H) is always unimodular. In particular, it follows for
char(F) = 0 that the Drinfeld double of any semisimple Hopf algebra H is again semisimple.
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Theorem 5.1.11: Let H be a finite-dimensional Hopf algebra. Then D(H) is unimodular:
If ¢ € H is a non-trivial right integral and A\ € H* a non-trivial left integral, then A®/{ is a
two-sided integral in D(H).

Proof:

This is a direct consequence of the multiplication of the Drinfeld double and the formula for
the Nakayama automorphism from Proposition [3.3.6] By Proposition [3.3.6] 4. we have for any
left integral \' € I,(H*) and x,y € H

Bon (A ®@Ag) (z@y) = AWN)(2®y) = N (2 - y) = N(p(y) - 2) = X (Ew () (b)) - ©)
:(E( ))\ ®OéS ()\ )(x@y)

where p : H — H, h — Ypya(hy) S?(h)) is the Nakayama automorphism for the Frobenius
form k: HOH — F, 2@y — N(z-y) and o € Gr(H*) is the modular element of H. By using
the fact that S(\) € IL(H*) for all X € Ir(H*), S¥'(a) = a~! and exchanging the roles of H
and H*, we obtain the following two formulas for the integrals A € Ir(H*) and ¢ € I1,(H)

EwA@ @Ay =A@ Aot Deln@Le = Yol ®aS*((y),
where a € Gr(H*) and a € Gr(H) are the modular elements of H and H*. By applying the
maps (id®@m) o (id®S®id) o (Id®A) o 7 and (id®@m) o (Id®S®id) o (A®id) to the first and the

second equation, respectively, we obtain

BnS*(A@)a T S (A1) @A 2) = ZmAn)S(A2)®@A@) = Be(An)1@A) = 10X (44)
S0l @S (le)as* () = Seln @S (le)le) = Spele) ln®1 = (1.

With the multiplication law of the Drinfeld double, we then compute

(ARL) - (BOh) = S8 B3)(C)) By (S™ () A2y @Lizyh

AGIL:(H) e)(ﬁ)ﬁm( )Ba) (€ 1))5 ( H(l) A&l )h

= S0 85 (l)aliny) AL,

— S (BoS2)(S( >>as2<£<1 D) Aeloh @ (80 572)(1) Aath
I 5(1)e(h) Ae,

(Boh) - (A®0) = ZaymAe) (hay) Ay (S™H(h)) BA@) ®h)!
Sy ma (i) A (ha) Ay (S (h)) BA)
E(A)(A 5o ST (M) (h) BAz®@L
S (P SO (S(1) Frayst B e(57() pase
" e(h)B(1) AL

This shows that A®/ is a two-sided integral in D(H) As dimy I,(D(H)) = dimp [g(D(H)) =1
by Theorem [3.2.15 it follows that I, (D(H)) = Igr(D(H)) and D(H) is unimodular. 0

eI (H*

Corollary 5.1.12: For a finite-dimensional Hopf algebra H over a field F with char(FF) = 0,
the following are equivalent:

(i) H is semisimple.
(ii) H* is semisimple.
(iii) D(H) is semisimple.
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Proof:

The equivalence of (i) and (ii) follows from Theorem [3.4.10| by Larson and Radford, which also
implies that (i) and (ii) are equivalent to S% = idg and S%. = idg~. As one has for all « € H*
and h € H

Shun(@®@h) = S ((a®1)(18h)) = S (@®1) S 1) (10h) = (SF. (a)®1)(105F(h))
= (SH(@)®SE(h)),

if follows that (i) and (ii) are equivalent to the condition 512)( sy = id, which by Theorem 3.4.10
is equivalent to (iii). O

5.2 *Factorisable Hopf algebras

Clearly, the Drinfeld double D(H) of a finite-dimensional Hopf algebra H is not just a quasi-
triangular Hopf algebra, but a quasitriangular Hopf algebra that contains H and H*“? as Hopf
subalgebras in such a way that every element of D(H) can be factorised uniquely as a product
a®h = (a®1) - (1®h) of an element o € H* and an element h € H. This becomes even sim-
pler for the dual Hopf algebra D(H)* = H?®H*, which is the tensor product of the algebras
H° and H*. It turns out that parts of this pattern generalise to quasitriangular Hopf algebras
(H, R). More specifically, the universal R-matrix gives rise to two canonical (anti)algebra and
(anti)coalgebra homomorphisms H* — H, which can be viewed as the counterparts of the
projectors

g D(H)" — H,h®@a — e(a)h mg-: D(H)" — H*, h®a— e(h)a.

Proposition 5.2.1: Let (H, R) be a finite-dimensional quasitriangular Hopf algebra. Then:

1. The linear map ¢r : H* - H, a — (id®«)(R) is an anti-algebra homomorphism and a
coalgebra homomorphism and satisfies ¢ o STt = STl o ¢p.

2. The linear map ¢p = S o Gzt H* = H, o (a®id)(R) is an algebra homomorphism
and an anti-coalgebra homomorphism and satisfies ¢ 0 STt = ST! 0 ¢p.

3. The linear map D = ¢g * ¢ : H* — H, a — (id®a)(Q) with Q = Ry R is a module
homomorphism with respect to the left regular action >, : H*®H* — H*, a> =« 3
and the H*-module structure > : H*®H — H, a > h = ) ¢r(aq)) - h - or(o2)).

4. The element @) = Ry R satisfies @ - A(h) = A(h) - Q for all h € H and is called the

monodromy element.

Proof:

The second claim follows from the first, the fact that Ry is another universal R-matrix for H
by Proposition and the fact that the antipode is an anti-algebra and coalgebra homomor-
phism. The first follows by a direct computation using the properties of the universal R-matrix.
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Using Sweedler notation for the universal R-matrix, we then obtain with

dr(1g+) = ¢r(€) = e(R2)) Ray = mo (id®e)(R) = mo (1®1) =1
or(af) = (aB)(Rw) Ray = (@) (A(R(w)) Ra) = (a®B)(Re)@R ) R 0)Ra) = ¢r(B) - ¢r(e)
(0r®R)(A()) = (o) 1) (Ri2)) o) (B ) Ry @R (1) = a(Ro) ' 2)) Ry ® R )

= ([d®a)(Ri3Res) = (id®a)(A®id)(R) = A(a(R@) Ra)) = A(ér(a))
¢opr(@) = a(Rz)e(Ryy) = a(1)1
S(¢r(a)) = a(Rz)S(R)) = a(S™ (Re))Ra) = ¢r(S™H ().
That > : H*QH — H, a > h = X4 ¢r(aq)) - h - ¢r(a)) defines an H*-module structure on

H follows directly from the fact that $r is an anti-algebra homomorphism and ¢ and A are
algebra homomorphisms. As we have () = Ry - R, the Definition of D implies for all o € H*

D(a) = (id®a)(Ra1R) = () (id@aq)(Ra)-(id@a)(R) = Y@ ¢r(aw)-drlae) = (drxdr)(@).

Using again the fact that ¢p is an anti-algebra and ¢z an algebra homomorphism, one obtains

D(af) = ér(amBu) - ¢r(a@be) = drlan)) dr(Bu)er(Be)dr(am) = drlan)) - D(B) - drla).

The identity for the monodromy element follows directly from its definition. With the identites
Q = Ro1R = R(Q)R/(1)®R(1)R/(2) and R-A = A - R, we compute for all h € H

A(h) - Q = Zp)(hy®h) - (R R (1)®R(1)R 2)) = Zhy Ry R 1y@h@ Ry R (2)
= E(mR(z)h@)R’(l)@R(nh R =X Ry R 1yh@y@ Ry R 2 hz)
=X (R R y@Rn)R (@) - (h 2) = Q- A(h). O

Clearly, if the map D : H* — H from Proposition [5.2.1] is surjective, then every element
of H can be factorised as the product of an elements in the subalgebras ¢r(H*) C H and
or(H*) C H. As dimp H = dimp H* for every finite-dimensional Hopf algebra H, this is the
case if and only if the Drinfeld map D : H — H* is a linear isomorphism.

Definition 5.2.2: A finite-dimensional quasitriangular Hopf algebra (H, R) is called fac-
torisable if the Drinfeld map D : H* — H is a linear isomorphism.

Example 5.2.3: For any finite-dimensional Hopf algebra H, the Drinfeld double D(H) is
factorisable. If (z1,...,2,) is an ordered basis of H and (a!,...,a") its dual basis, one has for
the universal R-matrix R = X! | 1Qz;0a'®1:

¢r: HOH* — H*®H, h@a — €(a) 1oh 6 : HOH* — H*®H, h®a — ¢(h) a®1
D:HH" - H'®H, h®a — szzlajaS_ (" @z ;hz;.
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This follows directly from the expression for the R-matrix

R R = 5,10 ®1018m;) - (182,007 ®1) = 3 Sy () 0 (2i1) )0y (57 (2i(3)) 0/ 0,00, @ica)
=37 e 1a(3 (:Uu)azl (S™Hwy)) a“a”aw®m]®a( )®xv
= Ev,j_loz(?)) o fl))®x3®a 1, = 30, pg 0’ STH o) @z 00! @,
Pr(h®a) = ZZL 1(h®oz)(o/®1) 1®r; = X e(a)a’(h )1(}3)31:Z = e(a)1®h
or(h@a) = T, (hea) (10w )a®1 = TLie(ha(z)a’@l = e(h)awl
D(h®a) = E” . 1ozj(h)oz( o) aFal ST o @ww :EzkzlakaS_l(ai)@)xihxk
D' (a®h) = Y- aFala’®8(x;)x ), = EzkzlmkhS_l(xi)(}@aiaak
D YD(h®a)) = Y kw1 TuTihzpS™ Yz,)®a aFaS™ (ah)a"

= S wihag) ST ek @0k aS ™ afy) o) = By e(zr)e(a’)zh@ata = hea

Another important conceptual motivation for the Drinfeld map D : H* — H is that it relates
the characters of the Hopf algebra H, i. e. the invariants under the coadjoint action of H on
H*, to elements of the center C'(H). If H is factorisable, then the character algebra and the
center are isomorphic.

Theorem 5.2.4: Let H be a finite-dimensional quasitriangular Hopf algebra. Then the
invariants under the coadjoint action

<1:d - H*'®@H — H*, « <]Zd h = E(Q)(Oé(l)S(Oz(g))))(h) Q(2).

form a subalgebra C(H) = (H*)®« C H*, the character algebra of H. The Drinfeld map
induces an algebra homomorphism D : C(H) — Z(H). If H is factorisable, then this is an
algebra isomorphism.

Proof:
That C(H) C H* is a subalgebra follows by a direct computation: if a, 8 € C'(H), then one has

Sy (@B)(S(h@))khay) = B a(S(hey@)kw hayw)B(S(hem)kehae)

BGE(E)(" K a(S(h)kayha))B(S(he)@) ke he))

et Sy €(h@)a(S(hea)kayha)Bke) = Smyw a(S(he)kayha)Bka)
S €(h) a(k))B(k@) = e(h)(aB)(k)

for all h, k € H. With the definition of the Drinfeld map from Proposition [5.2.1|and the identity
in Proposition [5.2.1], 4. one then obtains

h-D(B) = B(Qu)hQu) = Sn B(S~ 1(’%3))h<2>Q(2>)h(1>Q(1>
FeeB2l s L B(S ™ () Qb)) Rk "™ B(Qu) Quyh = D(B)h
D(af) = ér(aqy)D(B)¢r(a) = ¢R(04(1))¢R(04<2))D(5) = D(a)D(B).

This shows that the Drinfeld map induces an algebra homomorphism D : C(H) — Z(H). If H
is factorisable, then this algebra homomorphism is injective. To show that it is surjective, it is
sufficient to show that dimy C(H) = dimyp Z(H).
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For this, we consider a right integral A € Iz(H*) \ {0} and the associated map ¢, : H — H*,
h = XA (h) Aq), which is an isomorphism by Theorem As H is factorisable, it is
unimodular by Theorem and hence one has a = ¢ for the modular element o € Gr(H*)
by Proposition [3.2.16] This implies that for any left integral N € I (H*) \ {0} the Nakayama
automorphism from Proposition is given by p(h) = S?(h) for all h € H and hence
N(z-y) = N(S*(y) - z) for all z,y € H. As the element S(\) € I,(H*) \ {0} is a left integral,
it follows that A(z - y) = Ay - S?(x)), and we obtain for all z,y € H

Sy ¥a(h)(S™Hz@)yr ) = ZmmAe (MA@ (S (z@)yzn) = ZmA S~ (z@)yzwh)
= Y Ayrn)hS(z)) = B@¥al(ra)hS(ze))(Y)-

As 1, is injective, this implies that ¥ (h) € C(H) if and only if h € Z(H) and hence

5.3 *Twisting

Clearly, the Drinfeld double D(H) differs from the tensor product H*® H since its multiplication
is not the tensor product multiplication but a mixed multiplication law in which both, H and
H* act on each other. However, its coalgebra structure is simply the tensor product coalgebra
structure on H**?®H and hence we the dual Hopf algebra D(H)* coincides with H?® H* as an
algebra, while its comultiplication differs from the tensor product coalgebra structure. It turns
out that this is a spacial case of a systematic construction that associates to a bialgebra B
bialgebra a new bialgebra B with the same multiplication, unit and counit, but with a different
coproduct. The ingredient in this construction is a so-called em 2-cocycle.

Definition 5.3.1: A 2-cocycle for a bialgebra B is an invertible element F' = F(;)®F(9) €
B®B satistying

Fio - (A®id)(F) = Fyz - (1d®A)(F) (e®id)(F) = 1p®1 (id®e)(F) = 1®1p.  (45)
Example 5.3.2:

1. If R is a universal R-matrix for a bialgebra B, then R is a 2-cocycle for B, since we
have ng(A®1d)(R) = R12R13R23 = R23R13R12 = R23(1d®A)(R>, (€®1d)R = 1F®1 and
(id®e)(R) = 1®1F by Proposition :

2. If G is a 2-cocycle for (B, m,n, A, ¢) and F a 2-cocycle for (B, m,n, Ag, €), then FG is a
cocycle for (B, m,n, A, €) (Exercise).

3. One can show that if F is a cocycle for (B,m,n,A,¢), then F~! is a cocycle for
(B,m,n, Ap,€) (Exercise).

4. If F' = Fy®F(9) € B®B is a 2-cocycle for a bialgebra B, then G = 1QF1)®F®1 is a
2-cocycle for B®B with the tensor product bialgebra structure (Exercise).

Given a cocycle F' € B®B, one can form a new bialgebra by conjugating the comultiplication
of B with F. If B is a Hopf algebra and the antipode of B is twisted as well, then twisting
yields another Hopf algebra and twists of quasitriangular bialgebra are again quasitriangular.
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Theorem 5.3.3: Let (B,m,n, A, ¢) be bialgebra and F' = F1)®F|s) € B&B a 2-cocycle.

1. (B,m,n,Ar,€) is a bialgebra with the twisted coproduct
Ap:H — HRH, hs F-A(h)-F!

2. If (B,m,n,A,¢) is a Hopf algebra with antipode S : B — B, then (B,m,n,Ap,¢€) is a
Hopf algebra with the twisted antipode

Sp:H— H, hw—vSh)v? with v =mo (id®S)(F) = F1)S(Fl2))

3. If (B,m,n,A,e) is quasitriangular with a universal R-matrix R € B®B, then
(B, m,n, Ar,€) is quasitriangular with universal R-matrix Rp = Fy; - R+ F~L.

Proof:
1. It follows directly from the definition of A that Ar is an algebra homomorphism

Ap(ab) = F-A(ab)-F ' = F-A(a)-A(b)-F ' =F-Ala)-F' - F-A(b)-F' = Ap(a)- Ap(b)

for all a,b € B. The counitality of Ag follows from the counitality of A and the last two
equations in the definition of the 2-cocycle

(e®id) 0 Ap(b) = (eid)(F - A(b) - F~') = (e®id)(F)(e®id)(A(b))(eid)(F )
= (e®id)(F) - (1®b) - (e®id)(F)™! = 12b

(id®e) o Ap(b) = (id®e)(F - A(b) - F~1) = (id®e)(F)(ide)(A(b))(idoe) (F)
= (id®e)(F) - (b®1) - (id®e)(F)™! = bx1.

The coassociativity of Ar follows from the coassociativity of A and the first equation in the
definition of a 2-cocycle

(Ap®id) o Ap(b) = (Ap®id)(F - A(D) - F71) = (Ap®id)(F) - (Ar®id) o A(b) - (Ap®id)(F~)
12 - (A®Id)(F) - Fi' - Fia - (A®id) o A(b) - F5' - Fiy - (A®id)(F)™! - F5!
= (Fi2 - (A®id)(F)) - (A®id) o A(b) - (Fiz - (A®id)(F))™"

(1[dDAR) 0 Ap(b) = (dRAR)(F - A(b) - F1) = ([d®AR)(F) - ((d®AR) 0 AD) - (IdAR)(F)
:F23-(id®A)(F) Fy' - Fyg - (id®A) 0 A(b) - Fy3' - Fas - ([d®A)(F) ™" - it
— (Fyg - (iId®A)(F)) - (id2A) 0 A() - (Fyg - (id®A) (F)) !

2. To prove that Sg is an antipode for (B, m,n, Ar, €) we show first that
vl =0 =mo (S®id)(F™ 1) = S(F 1) F,;
This follows from the first identity in , which also implies

(Aid)(F1) - Fi)t = (dRA)(FY) - Fy'. (46)
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Using the Definition of v and v', we then obtain

v'v = S(F' ) F ) FyS (Fy) = S(F ) (" ye(F" ) F ) Fiy S (Frz)
= Sy ) S ) F" ) F oy Fly F 231y S (Fyy ) S (Fay)
E(Fg;)>5<F'6§F"<1>)F'é§F<1>F"<2>< )S(FioyFo2)
o (m@id) o (S©Id®S) (S ) F' o) F" )@ F oy Fy " o)) @ F o) sy o)
o (m®id) o (SRIA®S)(Fi2Fas(1dRA)(F))
m o (m®id) o (S®id®S) o (Agid)(F)
m((m o (S®id) o A)(F(1))®@F(2)) = m(e(F1))1®F2)) = m(1®1) =1

||E

-1 1 -1 -1 -1 -1 -1 -1
/U'U/ F(l)S(F(Q))S(F/ 1))F/( ) - F(l)S(F/(l)F( ))F ( ) ( (F”(2))FH(1)) F(I)S(F/(l)F(Q))F/(Z)

E(F// 1) F//( %F( )S(F,( ;F(Q))S(F// 1 )F” 1 F/(*2§

@1/ @)2)
_ 1n—1 n—1 1 n—1 v—1
—E(F“ HEF mka \S(Flpy iy F ) F) Flay iy F o)
= m o (m®id) o (Id®S®id) ey F’(l)F(1)®F(;)(11)F’( )F(2)®F(”)(1)F’(2))

(
o (m®@id) o (1d®S®1d)((1d®A)( - Fy' - Fro)

m o (m®id) o (ideS®id)((A®id)(F~))
m((m o (id®S) o A)(F(1))®@F2)) = m(e(F1))1®F(2)) = m o (e®id)(F) = m(1®1) = 1.

HE

This shows that v = v~!. With the definition of the twisted comultiplication and antipode, we
then obtain for all b € B
m o (Sp®ld) o AF<b) Z(b SF<F( )b( )Fl(l))F( )b(g)F(/;)I

)
= E(b SF(Fll)l)SF( )SF(F )F(Q)b(Q)F(/Q) = Z(b) US(F(Il_)l)S(b(l))S(F(l))'l}_lF(g)b(g)F(IZ_)l

n /— 1 1 —
=) F( )S(F >)5(F1)1)5(17(1))5(F<1))5(F W) o Flaybe) Fyy)'
— 1 —
= Y4 Fy)S(F@)S (Fl)l)s(b(l))S<F( )F(l))(F @ Fe)be Fly'
= ) F0)S(F2)S(F{5")S (b)) Flyy)' = €(b) FayS(Fa))S(FFly' = e(b) v = e(b)1.

The proof of the identity m o (id®Sg) o Ap = ne is analogous.

3. To prove that (B, m,n, Ap, €) is quasitriangular with universal R-matrix Rp = Fy; - R- F~1,
we compute first for all b € B

Rp-Ap(b)-Rp' = (Fy-R-F - F-Ab)-F ' (Fy-R-F1)™!
== F21 . R . A(b) M Ril . F2711 = F21 . AOp(b) N FQEI == A;—?(b)

It remains to show that (Ap®id)(Rr) = (Rr)13(Rr)e3 and (1d®ARr)(Rr) = (Rr)13(RF)12. For
the first of these identities, we compute with the definition of Ar and Rp, the properties of the
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2-cocycle F' and the identity (A®id)(R) = Ri3Ra3
(Ap®id)(Rr) = Flo - (A®id)(Fy - R- F71) - Fyt
= Fio - (A®id)(Fy) - (A®id)(R) - (A®id)(F*1) . Fz’l1
= Fiy - (A®id)(Fy) - Ri3Rys - (A®id)(F~1) - Fyt
B6) = Fio- (A®id)(F1) - RisRas - (IdQA)(F71) - Fay!
= (id®7) o (7®id)(Fs - (Id®RA)(F)) - Ri3Ras - (dARA)(F1) - Fy3t
([@5)) (1d®7) o (7®id)(Fiz - (A®id)(F)) - RizRaz - (IdQA)(F~Y) - Fygt
)(Fa1 - (AP®id)(F)) - RigRas - (IARQA)(F7) - Fig'
Y(Fyp - (AP®id)(F) - Rya) - (Roz - (id@A)(F7H) -
)(Fa1 - Rig - (A®id)(F)) - (1d@AP)(F™) - Ry -
= F31 - Ri3- (1d®r)(A®id)(F)) (Id®RAP)(F™) - Rys - Fyy

~ @
IS}
w |

)
)

SRS
o |

(FUF=1) =Fy-Rig- F'yy - F'is - (idor) (A®id)(F) - ((d9AP)(F1) - Ray - Fi'
= Fy1 - Rig - F'yy - (1d®7) (FYy - (A®Id)(F)) - ([d@AP)(F™") - Rys - Fg!
BE) = Fo - Rig- F'yy - (id®7)(Fp - (@A) (F)) - (1d2AP)(F) - Rys - Fy'
= Fyi - Rug - F'y - (id®7) (F3 - ([@A)(F) - (1IdRA)(F)) - Rog - Fi!
= Fy1 - Rz - F'yg - (1d@7)(Fy3) - Ros - Fag' = Fyy - Rug - F'y - Fiy - Rag - Fy!
= (RF)13(RF)23'
The proof of the identity (id®Ar)(Rr) = (Rr)13(Rr)i2 is analogous. O

The results of this theorem and the statements about twists in Example 2. and 3. show
that being related by twists defines an equivalence relation on the set of bialgebras, of Hopf
algebras and of quasitriangular Hopf algebras over [F. Two bialgebras are Hopf algebras that are
related by a twist are often called twist equivalent. One can show that the categories B-Mod
and B’-Mod for two twist equivalent bialgebras B and B’ are related by a monoidal equivalence
of categories. In this sense, twist equivalent bialgebras have the same representations. It is also
clear from Example 1. that one can view a quasitriangular bialgebra as a bialgebra that is
twist equivalent to the bialgebra with the opposite coproduct. In the case of a Drinfeld double
D(H) there is an even stronger statement, namely that the dual of D(H)* is twist equivalent
to the tensor product Hopf algebra HP®H.

Theorem 5.3.4: Let H be a finite-dimensional Hopf algebra. Then the Drinfeld double D(H)
is the dual of the Hopf algebra (H?@H*)!" obtained by twisting H?®@H* with the 2-cocycle
F=3%",1®a'®z;®1 from Theorem m
Proof:
We show first that F' = ¥ | 1®a'®z;®1 is a 2-cocycle for H?@H. The identities in (43]) imply
(e®id)(F) = 2" e(1g)a'(1)@2;@1 g+ = 2 1@’ (1)2;@1 - = 1p@1 @1 g
Fiy - (Aid)(F) = (T, 100’ @,010181) - ()2, 18a], ®10a], ©1,;01)
© 57 et (100'0z,@19101) - (20 10d 9loa* @ 1,01)
= 27 1100 @@t @ ap®1 = BF 5 (101010 ®,®1) - (1ea'e’ Qz;0101;®1)
n ; .
(Z7_121®leacf®@r,01) - (Y 100! @10 @107j2)®1) = Foy - (IdRA)(F).
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A short computation analogous to the one in the proof of Theorem [5.1.9]and taking into account
that the antipode of H is S~! shows that its inverse is given by

F =3 105(a")®r;01 = ¥, 100’5 (z;)®1.

Using this identity and the multiplication of H?®H*, we obtain

Ap(h®a) = (S 100'®2,@1) - (Sm)ho @an@he @ae) - (S 10’05 (z;)@18181)

= E?] 1Z(h)( )h(1)®a o Oz](X)S ( )h(2)$i®a(2).
The dual algebra structure on H*®H is given by
((B&z) - (Y&y))(h®a) = (fRr87@y)(A(hea))

= X701 50 (o) (B®2@78Y) (hy @' a)o? @87 (1) hym:i@0y)
= 2715wy Bhay) (@) (2)y(STHw)) heyas)a) (y)
= E” 1 Sm@@ e Bhay)a (zay)am)(@@)e? (@)1 (S (@)@ (he) Ve () e (1)

@ (Br) (W a(z@y)ve (@)1 (S~ (ze))
= <E(w)(v)7(3) ()7 (S~ z3)) By @r@y) (hoa).

This is the multiplication of the Drinfeld double D(H). Similarly, one finds that the dual
coalgebra structure on H*®H is the comultiplication of D(H):

A(v®y)(h@a®kB) = (Y@y)(hea) - (ko8)) = (v®y)(kheaB) = v(kh)(aB)(y)
= X)) 70) (K)ve) (M a(ya)) Bue) = (e 70@u0 @70 ®@Ye)) (h@a®kF).

As the Hopf algebra structure of D(H) is determined uniquely by its multiplication and
comultiplication, this proves the claim. O
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6 Ribbon categories and and ribbon Hopf algebras

6.1 Knots, links, ribbons and tangles

In the last section, we showed that a quasitriangular structure on a bialgebra B is exactly the
additional data needed so that its representations form a braided monoidal category B-Mod.
This shows in particular that every quasitriangular bialgebra gives rise to representations of
the braid group, which can be realised as a functor F' : B — B-Mod. However, this did not
make use of the additional data in a quasitriangular Hopf algebra, namely the antipode, which
defines representations on the duals of the representation spaces such that the right evaluation
and coevaluation are homomorphisms of representations.

In this section, we consider not only braids but knots and links and show that the antipode
of quasitriangular the Hopf algebra, subject to some additional conditions, is precisely the
information needed to include them into this picture.

Definition 6.1.1:

1. A link is a compact one-dimensional smooth submanifold of L C R?. A knot is a
connected link.

2. A oriented link is a link together with a choice of an orientation on each of its connected
components.

3. Two (oriented) links L, L’ are called equivalent or ambient isotopi(ﬂ if there is an
orientation preserving diffeomorphism f : R* — R3 with f(L) = L’ (and such that the
orientations on f(L) and L’ agree).

Links in R? can be described by link diagrams. A link diagram is obtained by projecting a link
L C R? onto the plane with the map P : R® — R? (z,v, z) — (z,y). By applying an orientation
preserving diffeomorphism to L one can always achieve that the projection P(L) C L is generic,
i. e. satisfies the following conditions:

(i) |P~Y(z)N L] <3 for all z € R?
(ii) there are only finitely many points x € R?* with [P~ (z) N L| = 2,

(iii) if P~'(x) = {p,q}, then there are neighbourhoods U,, U, C R? such that P(U, U U,)
can be mapped to the following diagram by an orientation preserving diffeomorphism
f:R? —» R?

U,NL U,NL

X

U,NL U,NL

This means that each crossing point in the link projection involves exactly two strands.

3Note that this definition of ambient isotopy is only possible for links in R and S2, due to a famous result
of Cerf that states that every orientation preserving diffeomorphism f : R3 — R? or f: S% — S is isotopic to
the identity. The general notion of ambient isotopy is more complicated.
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Definition 6.1.2: A link diagram for a link L C R? is a generic link projection of L together
with the information which of the two points p,q € P~!(z) has the greater z-coordinate.

The information about the z coordinates in a crossing point of a link diagram is indicated in
diagrams by drawing the crossing as an overcrossing or undercrossing, where the strand
with greater z coordinate crosses over the one with smaller z-coordinate. The same diagrams are
used for oriented links, with the orientation of the link indicated by arrows on each connected
component. A knot diagram without crossing points is called a unknot. One can show, see for
instance [Mnl [Mu], that (oriented) link diagrams capture all information about the equivalence
of (oriented) links.

Theorem 6.1.3: Two (oriented) links L, L’ C R? are equivalent of and only if their (oriented)
link diagrams D and Dy, are equivalent, that is related by a finite sequence of orientation
preserving diffeomorphisms f : R? — R? and the three Reidemeister moves:

Reidemeister move RM1 Reidemeister move RM2 Reidemeister move RMS3.

These moves are understood as local moves that change only the depicted region in the link
diagram and leave the rest of the link diagram invariant. They are defined analogously for
oriented links.

Besides the notion of a link, there is also the related concept of a framed link or ribbon, which
can also be oriented. It can be viewed as a link that is thickened to a strip or ribbon, and the
information needed to define the thickening is contained in the framing.

Definition 6.1.4:

1. A framed link or ribbon is a link L C R? together with a vector field X on L that is
nowhere tangent to L, i. e. a smooth map X : L — R3 with X(I) ¢ ;L C R*foralll € L.

2. Two framed links (L, X) and (L', X’) are called equivalent or ambient isotopic if
there is an orientation preserving diffecomorphism f : R® — R3 with f(L) = L’ and
X'(f() =T, f(X()) for all [ € L.

Given a link L C R? and a vector field X on L that is nowhere tangent to L, we can thicken the
link to a ribbon, that is twisted around itself only by multiples of 2. Note that this excludes
Mobius strips.
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If one is only interested in equivalence classes of framed links, one can therefore forget about
the vector field and define a framed link as a link with an assignment of an integer z € Z to
each connected component that indicates how many times the connected component is twisted
around itself. By using the relation

i

we can transform any projection of a ribbon onto the plane R? into a blackboard framed
ribbon projection that only involves twists of the type on the left but not the twist on the right.
This corresponds to colouring the ribbon in R? in two colours, black and white, and projecting
in such a way that the white side is up in all parts of the projection. Blackboard framed links
can be characterised by the same diagrams as links, where the link diagram represents the
projection of a line in the middle of a ribbon, the core.

2

The only difference is that link diagrams that are related by the the Reidemeister move RM1
no longer describe projections of equivalent ribbons. Instead, one has the following.

Theorem 6.1.5: Two framed (oriented) links L, L’ C R? are equivalent if and only if the
associated link diagrams are related by a finite sequence of orientation preserving diffeomor-
phisms f : R? — R? and of the three Reidemeister moves RM1’, RM2, RM3 below. In this
case, the ribbon diagrams are called equivalent.

Reidemeister move RM1’ Reidemeister move RM2 Reidemeister move RM3.

Js IS
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The central question of knot theory is to decide from two given link diagrams D, Dy, if the
associated links L, L' € R3 or framed links in L, L' C R3 are equivalent. By Theorem and
this is the case if and only if the associated link diagrams are related by finite sequences
of orientation preserving diffeomorphisms f : R?> — R? and the three Reidemeister moves RM1,
RM2, RM3 or the three Reidemeister moves RM1’, RM2, RM3, respectively. However, it is not
practical to address this question by the Reidemeister moves alone. Instead, one considers link
invariants or ribbon invariants, which are functions from the set of links or ribbons into a
commutative ring or monoid R that are constant on the equivalence classes of links or framed
links. A good link or ribbon invariant should be (i) easy to compute from a diagram and (ii)
distinguish as many nonequivalent links or ribbons in R?® as possible. By Theorem and
, we can also define a link invariant or ribbon invariant in terms of diagrams.

Definition 6.1.6: Let R be a commutative monoid or a commutative ring.

1. An (oriented) link invariant is a map f : D — R from the set D of (oriented)

link diagrams to R that is invariant under orientation preserving diffeomorphisms
f :R? — R? and the Reidemeister moves RM1, RM2, RM3.

2. An (oriented) ribbon invariant is a map f: D — R from the set D of (oriented) link
diagrams to R that is invariant under orientation preserving diffeomorphisms f : R? — R?
and the Reidemeister moves RM1’, RM2, RM3.

An obvious but not very useful invariant of a link or ribbon is the number of connected com-
ponents. Two famous and important link invariants that can distinguish many links are the
HOMFLY polynomial and the Kauffman polynomial of a link. For more detailed information
and the proofs of the following theorems see [Ka| and [Mn].

Theorem 6.1.7: There is a unique invariant of oriented links with values in Z[z, 27, y,y™!],
the HOMFLY polynomial H, that satisfies the following conditions:

1. It takes the value 1 on the unknot, whose diagram is a circle in the plane: H(O) = 1.

2. If the diagrams of oriented links L, L’ € R3 are related by the three Reidemeister moves
RM1-RM3 and orientation preserving diffeomorphisms f : R* — R? then H(L) = H(L').

3. If the diagrams of the oriented links L, L_, L, are skein related, i. e. locally related by

// \\ // \\ // \\

’ \ ’ \ / \
/ \ / \ / \
/ \ \ / / \ / \
i \ i \ 1 \
| : | : | :
\ \ \
\ ! \ ! \ !
\ // \ // \ //
\\ // \\ // \\ //

L, L_ Ly
while the rest of their diagrams coincide, then

w-H(Ly) —a™' - H(L-) =y - H(Lo). (47)

Proof:
That the HOMFLY polynomial is defined uniquely by these conditions follows because every
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link can be transformed into an unknot by applying the skein relation and the Reidemeister
relations RM1-RM3. To show that the HOMFLY polynomial is defined, it is sufficient to
prove that the skein relation is compatible with the Reidemeister relations RM1-RM3. This
follows by applying the skein relation to the diagrams on the left and right in the Reidemeister
relations RM2 and RM3 and show that this does not give rise to any contradictions (Exercise).
We will give an alternative proof in Section [6.3] O

Another important knot invariant is the Kauffman invariant. It is obtained from an invariant
of framed knots be rescaling the invariant with the writhe of the knot, which describes how
often each connected component of the knot twists around itself.

Definition 6.1.8: The writhe w(K) of a knot K is the sum over all crossing points p in the
knot diagram for K over the signs of the crossing

w(K)= Y sen(p),

peKNK

where K is given an arbitrary orientation and the sign sgn(p) of a crossing point p is

positive crossing point p negative crossing point p
lower strand crosses from right to left lower strand crosses from left to right
sgn(p) =1 sgn(p) = —1

The writhe of a link is the sum of the writhes of its connected components.

Note that in the definition of the writhe, only the the crossings of a connected component of the
link with itself are taken into account, but not the crossings involving two different connected
components. This implies that the writhe does not depend on the orientation of a link. Reversing
the orientation of a connected component K C L reverses the orientation of both strands in
each crossing point and hence does not change the sign of the crossing. It also follows directly
from the definition that the writhe is invariant under the Reidemeister moves RM2 and RM3,
since the Reidemeister move RM2 for one connected component of a link creates two additional
crossings with opposite sign and the Reidemeister move RM3 does not change the number of
crossings. It is also invariant under the Reidemeister move RM1’; which creates or removes two
crossings with opposite signs, but not under the Reidemeister move RM1, since which creates
or removes a crossing point with sign 1 or -1 and hence changes the writhe by +1. Hence, the
writhe is an invariant of framed links but not a link invariant.

Theorem 6.1.9: There is a unique link invariant P with values in Z[z,271 a,a™!], the
rescaled Kauffman polynomial, that is given as P(L) = a *" K (L), where w(L) is the
writhe of the oriented link L and K the Kauffman polynomial of L defined by the following
conditions:
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1. It takes the value 1 on the unknot, whose diagram is a circle in the plane: K(O) = 1.

2. If the diagrams of two links L, L’ € R? are related by the Reidemeister moves RM2, RM3
and orientation preserving diffeomorphisms f : R? — R?, then K(L) = K(L').

3. If the diagrams of links L/ , Lj, L’ are locally related by

L' L L
while the rest of their diagrams coincide, then
a ' K(L)=K(Ly) =a-K(L").
4. If the diagrams of the links L, L_, Ly, L., are locally related by

- ~
~
N

s RN e RN -7 R
7z N 7z N 7 A 7z
14 N v N v N ’

7 \ 7 \ 7 \ v \
/ \ / \ / \ / \
/ \ / \ / \ / \
! \ 1 \ 1 \ 1 \

1 1 1 | 1
| o o L '
\ ! \ ! \ ! \ !
\ ! \ ! \ ! \ /

/ / / /

\ \ A\ \
7/ 7/ 7/ /
N N \ N\
’ ’ ’ ’
N N N N
N - N - N - N -
~ // ~ // ~ //

-

~ -

L, L_ Ly L
while the rest of their diagrams coincide, then
K(Ly)+K(L_)=z2-K(Ly)+ 2z K(Ls)-

Proof:

It is clear that the Kauffman polynomial and the rescaled Kauffman polynomial are defined
uniquely by these conditions, since any link L can be transformed into an unknot by removing
twists as in 2. and transforming overcrossings into undercrossings and vice versa as in 4.

To show that the Kauffman polynomial and the rescaled Kauffman polynomial are well-defined
and invariants of framed links, it is sufficient to show that the relations in 2. and in 4. are com-
patible with the Reidemeister relations RM1’, RM2 and RM3. For the Reidemeister relation
RM1’; this follows directly from 2. For the Reidemeister relations RM2 and RM3, it follows by
applying the relations in 2. and 4. to the diagrams on the left and right in the Reidemeister rela-
tions RM2 and RM3 and to show that the resulting polynomials are indeed equal. (Exercise). O

Note that the Kauffman polynomial K (L) and the rescaled Kauffman polynomial P(L) do not
depend on the orientation of L and are both invariant under the Reidemeister moves RM2
and RM3. However, the Kauffman polynomial is invariant only under the Reidemeister move
RM1’ and not under RM1 and hence an invariant of framed links, while the polynomial P is
invariant under the Reidemeister moves RM1 and hence a link invariant. More generally, it is
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always possible to obtain a link invariant from an invariant of framed links by rescaling with
an appropriate function of the writhe.

Two other famous link invariants that can be viewed as special cases of the HOMFLY polyno-
mial and the rescaled Kauffman polynomial are the following:

Remark 6.1.10:

1. The Alexander polynomial of an oriented link L is the polynomial in Z[t] given by
A(L)(t) = H(L)(1,#2 —¢71%)
2. The Jones polynomial of an oriented link L is the polynomial in Z[t'/2, t=V 2] given by

JL)(t) = HL)(t™ 1t ? —t7V2) = —P(L)(—t~1/* — ¢4 ¢73/%)

The aim is now to understand invariants of (framed, oriented) links from a representational
perspective, as this was achieved for braids in Section For this we introduce the category
T of ribbon tangles that resembles the braid category B but takes into account orientation and
contains additional morphisms that allow one to close oriented braids to oriented framed links.
Just as the braid category, the category 7T is a strict monoidal category that is presented in
terms of generating morphisms and defining relations given by diagrams.

Definition 6.1.11: The category 7 of ribbon tangles is the strict monoidal category with
finite sequences (e, ..., €,) in Z/2Z as objects, six generating morphisms U, U, N, ", X, X!

R A T

U: n: U N X X1
—R+—=0 -+ +2-—=0 0-=-0+ ++-=2++ 4+ +0+

and the following relations:

s s

e 1. RM1”: 2. RM2 3. RM3
d

j () k) )J /)
Y ?i Sy

U |
AU AU
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e 5. Snaked braiding:

R G

e 6. Modified RM2:

' J L N
U_||_ Y
S {
J 1 [ U

The identity morphisms 1, : + — 4+ and 1_ : — — — are denoted

S

A morphism f: (e1,...,€n) = (€], ...,€,) in T is called an (m,n)-ribbon tangle.

rn

Remark 6.1.12: There is an analogous category 7', the tangle category, presented by
the same objects and generating morphisms as 7, with the defining relations 2-6 but with an
oriented version of the Reidemeister move RM1 instead of RM1’.

Clearly, the category T of ribbon tangles contains morphisms X*! whose diagrams and defining
relations resemble the ones for the morphisms o; in the braid category B. The only difference is
that the lines in the morphisms X*! are oriented. This suggests that 7 is a braided monoidal
category with a braiding similar to the one in B defined in the proof of Theorem [£.2.5]

Proposition 6.1.13: The category 7T of ribbon tangles is a strict braided monoidal category.
Proof:

By definition, the category 7T is a strict monoidal category. It remains to show that it is
braided. For this, note that a braiding in 7 is defined uniquely by its component morphisms
Ceer @ (€,€) — (€, €) for €,€ € {£} since every object (g, ..., €,) = €1®...Q¢, in T is a multiple
tensor product of the objects £, and the braiding in a strict monoidal category satisfies

cev =cue=1lu  cwgvw = (cow®lv)o (ly®cvw)  cuvew = (ly®cyw) o (cuy®lw)

for all objects U, V, W by the hexagon identity, see Remark [4.2.2] We define

Cry =X = ) =X "1= %

o= 5 m e RM
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1. We show that the braiding is invertible: The identities cf+ ocyy = lygy follow directly
from the defining relation 2, and the identities ¢I' oci' = 1.g+ and ¢F! oct!, = 114, follow
from the defining relation 6. The identity c¢_ _ o c:}_ = 1_g_ is then obtained as follows

and the identity ¢=1 o c__ =1_g_ follows analogously. This shows that c.. : eR€ — € ®e for

€,€ € {£} are isomorphisms.

Il

[
I
[~

2. It remains to prove the naturality of the braiding. As the morphisms N, N, U, 1" and X*!
generate 7, it is sufficient to prove naturality for N, N, U, 0" and X . To prove the naturality
for N we note that the definition of c_ , and the snake identity imply

% M}. Pﬂ - %%A}

This proves the naturality for N for a line that is oriented downwards and crosses under the
strands N. The corresponding identity for a line that is oriented upwards and crosses under the
strands of N follows in a similar way from the definition of c_ _ and c;l_, which imply

- - 04

The corresponding identities where the line crosses over the strands of N and the identities for
', U and U’ follow analogously. This proves the naturality of the braiding with respect to the
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morphisms N, U, N, U. It remains to prove the naturality of the braiding with respect to the
morphism X. For a line that is oriented downwards and crosses over or under the strands of X
this follows directly from the defining relation 3. For a line that is oriented upwards it follows
from the definition of c_ ., the snake identity 4. and the Reidemeister move 3:

th L F ] es )

jo8 11O CT/
g ( ) W e

ks
s
Il

From the definition of the category of ribbon tangles, it is apparent that one can represent
oriented link diagrams by ribbon tangles. By applying an orientation preserving diffeomorphism
f : R? — R? to an oriented link diagram, one can always achieve that the intersection of the
link diagram with any horizontal line is a a discrete subset of the line. Such an oriented link
diagram defines a unique (0, 0)-ribbon tangle, with morphisms ¢, at each crossing, as defined
above. The defining relations of the category 7 are chosen in precisely such a way that oriented
link diagrams that are related by orientation preserving diffeomorphisms f : R> — R? and the
Reidemeister moves RM1’, RM2 and RM3 define the same ribbon tangles. Hence, equivalence
classes of framed oriented links are in bijection with (0, 0)-ribbon tangles.

If C is a strict braided monoidal category, then a braided monoidal functor F': T — C assigns
to a (0,0)-ribbon tangle ¢ : ) — @ an endomorphism F(t) : e — e in the commutative monoid
Endc(e), and this morphism is an invariant of framed links due to the defining relations in 7.
Hence, to define an invariant of framed links, we require a functor F' : 7 — C into a braided
monoidal category C. Such a functor can only exist if C contains additional structure that
corresponds to orientation reversal of lines and to the morphisms N, U, N, U'. In the next section,
we will investigate systematically which additional structure in a braided monoidal category
guarantees the existence of such a functor and which additional structure on a quasitriangular
Hopf algebra H equips its representation category H-Mod with this structure.

6.2 Dualities and traces

In this section, we investigate the additional structure in a monoidal category that corresponds
to the orientation of lines and to the morphisms N,U,N" and U in the category T of ribbon
tangles. For this, note that if F': 7 — C is a monoidal functor with V' = F(4), then there is
another object V* := F'(—) in C and morphisms F'(N) : e = V®V* and F(U) : V*®V — ¢ as
well as morphisms F(N') : e — V*®@V and F(U') : V@V — eand F() : e = V&V * such that
both pairs of morphisms satisfy the snake identity. It is also clear that for C = Vectﬂém we can
take for V* the dual vector space and set F'(N) = coevil : F — V@V* F(U) = evi : V*QV —
F, F(N') = coevl : F — V*@V, F(U) = evl : V@V* — F. For a general monoidal category,
one should consider the pairs (N, U) and (N, V') separately, and require that the corresponding
objects and morphisms exist for all objects V in C.
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Definition 6.2.1:

Let C be a tensor category.

1. An object X of C is called right dualisable if there is an object X*, the right dual of

X, and morphisms

vl X'0X e

such that the following diagrams commute

1
coev§®lx

Ix
X eX (X®X*)®X
1x LQX,X*,X
X < X®e T XR(X*®X)

X*<—6®X*

coevi e — XRX*

—1
1X*®c0evx

X" —= X"®e — "X*'@(X®X*) (48)

-1
l“x*,x,x*

ev§®1X* (X*RX)X*.

2. An object X of C is called left dualisable if there is an object *X, the left dual of X,

and morphisms

vk X@X — e

such that the following diagrams commute

-1
X®coe x

X 5 X®e 2 X @ (X ®X)

1
1Xl Lax,*x,x

(X@X)0X

X<—6®X<—

evX®1X

coevh re = X®X

l;l coevl @1+
K X ey T X X )@t (49)
I*Xl l‘l*x,x,*x
K ——"X@e~——  XD(X@X).

1*X®evx

3. The category C is called right rigid if every object in C is right dualisable, left rigid if
every object of C is left dualisable, and rigid if it is both right and left rigid.

Inspired by the diagrams for the morphisms N, U, N, U in the category 7T of ribbon tangles,
we represent right and left (co)evaluation for right and left dualisable objects in a monoidal
category by diagrams. The commuting diagrams and in Deﬁnitionthen generalise
the snake identity in 7 from Definition [6.1.11]

X UX
X
right evaluation
and right coevaluation

X X*

X* — —

X X X*
snake identities:
commuting diagrams for the
right evaluation and coevaluation

X*
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*X
left evaluation
and left coevaluation

*X X

*X *X X X
snake identities:

commuting diagrams for the
left evaluation and coevaluation.



Example 6.2.2:

1. The category Vect]Jch of finite-dimensional vector spaces over I is rigid with the dual
vector space V* = *V as the left and right dual and the left and right evaluation and
coevaluation maps

coevi :F — VRV*, A= AX @0 evii: V'@V = F, acv—alv)  (50)
coevi : F = V*@V, X AXL '@y, evi VeV = F, v®a — alv),

where (vy, ..., v,) is a basis of V and (', ..., ") the dual basis of V*. To show that Vect]™
is right rigid, we verify the snake identities

rv o (idy®evyr) o (coevii®idy) o I, (v) = ry o (idy ®evid) (T, 1;@a'®v) = X o (v)v; = v

ly o (evii®@idy~) o (idy-®coevir) o 11 (B) = Iy o (evi®idy-) (XL, Bovea’) = X, B(v;)a’ = 3
forallv e V, € V*. A similar computation shows that Vect]{;m is left rigid.

2. The category T of ribbon tangles is rigid with (1, ...,€,)" = *(€1, ..., €,) = (—€n, ..., —€1)
and evaluation and coevaluation maps given as composites of the morphisms N, U, "', U/

R _ L R _ L
CoeV(_7+7_7_) = COGV(+7+7_,+) eV(_7 ——) = eV(+’+7_7+)

\J

a

Although in the two examples considered so far left dual objects are right dual and vice versa, it
is necessary to distinguish left and right dual objects in general. The main example that shows
the need for this distinction is the category H-Mod/™ of finite-dimensional representations for a
Hopf algebra H. As discussed in Section [2.2] the properties of the antipode ensure that the right
evaluation and coevaluation from are homomorphisms of representations if the dual V* of a
finite-dimensional H-module V' is equipped with the H-module structure > : HQV* — V* with
h>a(v) = a(S(h)>v), while the left evaluation and coevaluation from are homomorphisms
of representations if S is invertible and the vector space V* is equipped with the H-module
structure > : HQV* — V* with h > a(v) = a(S7H(h) > v).

Theorem 6.2.3: Let H be a Hopf algebra over F. Then the tensor category H-Mody;, of

finite-dimensional H-modules is right rigid. If the antipode of H is invertible, then the category
H-Mod ¢, is rigid.

Proof:

It was already shown at the beginning of Section that for every finite-dimensional module
(V,1>) over a Hopf algebra H, the right evaluation and coevaluation maps evil : V*®@V — F,
a®v + a(v) and coevi : F — VRV* A X v;®a!, where (vy,...,v,) is an ordered basis of
V and (o, ..., a") the dual basis of V*, are H-module morphisms when V* is equipped with the
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H-module structure > : HQV* — V*, h >y« o = o S(h). Together with Lemma [2.2.6] 1. the
discussion at the beginning of Section [2.2] also implies that in the case of a Hopf algebra with an
invertible antlpode the left evaluation and coevaluation maps evi : V@V* — F, v®a — a(v)
and coeviy : F — V*QV, A — Y% a'®u; are H-module morphlsms when V* is equipped
with the H-module structure > : HQV* — V* h >y« a = a o S71(h). As the right and left
evaluation and coevaluation satisfy the snake identities by Example[6.2.2] 1. the claim follows. O

There is also a more conceptual interpretation of right and left duals in a right or left rigid
monoidal category, which makes it clear that such duals can be viewed as a symmetry. The
appropriate notion of a symmetry for a monoidal category C is that of a monoidal functor
% : C — CP) which may reverse the composition of morphisms or the tensor product. As the
right and left duals in a left or right rigid monoidal category correspond to a 180° rotation
of the associated diagrams in the plane, the associated monoidal functor reverses both, the
composition of morphisms and the tensor product in C.

Theorem 6.2.4: Let C be a right rigid monoidal category. Then the right duals define a
monoidal functor * : C — CP°? where C°”° is the category with the opposite composition and
the opposite tensor product.

Proof:
We define * on morphisms by setting
fri=lx o (evif®1x+) o ((ly=® f)®1x+) © ays x x» © (Ly~@coevi) o ryl (51)
Y Y=
X
frO= f
Y
X* X*

With the snake identity (48), this implies

Y* X Y X
y 'X*'yY 'X*

for all objects X, Y and morphisms f : X — Y. The snake identity also implies 1% = 1x
for all objects X and (g o f)* = f* o g* for all morphisms g:Y — Z:

Z* 7% 7%
% X

g
f

Y*| = = = (go )OO
g

I Z

X* X* X*
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This shows that x : C — C? is a functor. To prove that it is a monoidal functor, we need to
construct an isomorphism ¢¢ : e — €* and a natural isomorphism ¢% : @P(x X *x) — *® that
satisfy the compatibility conditions with the associator and unit constraints from Definition
4.1.11} For this, we define ¢¢ := I« o coevl : e — ¢* and for all objects X,V

Yy X*

XQY

¢§7Y B
X Y

(X®Y)*

By combining the commuting diagram in Definition 1. with Lemma [£.1.3], one finds that

¢. is invertible, with inverse ¢¢~* = r, o (1.®evF®) o Il o 771 (Exercise). The snake identity

implies that ¢y y in invertible with inverse

(X®Y)*

® -1 _
Xy =

X*

The naturality of ¢® follows from the identity , together with the fact that ® is a functor
and the naturality of the associator and the unit constraints. The compatibility condition
from Definition with the associator follows directly from the definition of ¢® and ¢°
and the coherence theorem, and the same holds for the compatibility condition with the unit
constraints. This shows that * is monoidal. O

Clearly, there is an analogous definition of a duality functor for a left rigid monoidal category,
which is obtained by replacing all right dual objects by left dual objects and right (co)evaluations
by left(co)evaluations. It is also clear from the diagrammatic definition of the dual morphisms
in that taking multiple right or left duals corresponds to wrapping the lines representing
the objects X and Y around the morphism f : X — Y. However, since taking duals should
correspond to a 180° rotations of the diagrams in the plane, there should be a way to unwrap
morphisms in a consistent way. This amounts to a natural isomorphism from the identity functor
id¢ : C — C to the dual functor ** : C — C.
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Definition 6.2.5: Let C be a right rigid monoidal category. A pivotal structure on C is a
monoidal natural isomorphism w : ide — **. A pivotal category is a pair (C,w) of a right
rigid monoidal category C and a pivotal structure w.

Example 6.2.6:

1. The rigid monoidal category Vectf;m is pivotal with the pivot w given by the canonical
isomorphisms wy = cany : V. — V** v — f, with f,(a) = a(v) fora e Vv e V.

2. The category T of ribbon tangles is pivotal with the identity natural transformation on
the functor ids as the pivot (Exercise).

A indicated by the discussion above, the pivot of a pivotal category is represented diagrammat-
ically as a morphism that unwraps the double dual of each morphism in C. The naturality of
the pivot states that morphisms wy can be moved through any morphism f : X — Y, provided
that suitable double duals are taken and the argument of the pivot is adjusted:

X X X
wx ()
My Owx Of
X s 53
; X Y (53)

X* = Of = Quwr

It turns out that the pivot of a pivotal category guarantees that right dual objects are also
left dual objects and vice versa, just as in the pivotal category finite-dimensional vector spaces.
More specifically, one can use the pivot to define the left evaluation and coevaluation for an
object X by composing it with the right evaluation and coevaluation of its right dual X*.

Proposition 6.2.7: FEvery pivotal category is left rigid, and right dual objects and left dual
objects in a pivotal category coincide.

Proof:
Let C be a pivotal category. Define *X := X* for all objects X of C and define the morphisms
evk : X®*X — e and coevk : ¢ — *X®X in terms of the morphisms evl : X*®@X — e,
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coevl 1 e = X®X* and the pivot as

Wx

Wx XUX* = X X
X* X

To show that the snake identities are satisfied for this left evaluation and coevaluation mor-
phisms, we compute graphically with the definition of the left evaluation and coevaluation and
the snake identities for the right evaluation and coevaluation:

(54)

X X~ X*
X () (@)
X*
X
(&) -

Proposition [6.2.7] allows one to simplify the graphical calculus for a pivotal category. As left
and right dual objects in a pivotal category coincide, we can denote the object X* = *X
diagrammatically by an arrow labelled with X that points upward and the object X by an
arrow labelled by X that points downwards. The left evaluation can be represented by the
diagrams in and all labels corresponding to left and right duals can be omitted.

Y Y
X X X X
X X

Another fundamental benefit of a pivotal structure is that any pivotal category is equipped
with the notion of a left trace and right trace that generalises the notion of a trace in the
category Vectf;m of finite-dimensional vector spaces over F. Just as the trace in the category
Vect{;m assigns to each endomorphism f : V' — V a number, i. e. an endomorphism of the
unit object IF, the left and right trace in a pivotal category (C,w) assign to each endomorphism
f: X — X an endomorphism of the unit object ¢, i. e. an element of the commutative monoid
End¢(e). In particular, this yields a generalised notion of dimension for each object X, namely
the left and right traces of the identity morphism 1y : X — X. The only difference is that
in a general pivotal category it is not guaranteed that left and right traces coincide. A pivotal
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category with this property is called spherical, because the diagrams for left and right traces
can be deformed onto each other if they are drawn on a sphere S? by pulling the left strand of
the left trace behind the sphere and making it reappear on the right.

Definition 6.2.8: Let C be a pivotal category, equipped with the left evaluation and
coevaluation from Proposition X an object in C and f: X — X a morphism.

1. The left and right trace of f are defined as

trr(f) = ev o (1x-®f) o coevly trr(f) = evk o (f®1x+) o coevi
X X X X*

tro(f) = f trr(f) = OFf
X X X X*

2. The left and right dimension of X are defined as

dimp(X) = trp(1x) = ev¥ o coev’ dimp(X) = trr(lx) = ev’ o coevy
dimy(X) = X* X dimp(X)= X X*

3. The category C is called spherical if try(f) = trg(f) for all endomorphisms f in C.

The left and right traces in a pivotal category have many properties that are familiar from
the traces in Vectf;m such as cyclic invariance and compatibility with duality. They are also
compatible with tensor products, provided the morphisms satisfy a mild addition assumption.
In particular, this implies that the left and right dimensions of objects in C behave in a way
that is very similar to the dimensions of vector spaces.

Lemma 6.2.9: Let C be a pivotal category. The traces in C have the following properties:
1. cyclic invariance: try r(go f) = try g(fog) for all morphisms f: X =Y, ¢g:Y — X.
2. duality: trp g(f) = trri(f*) = trp (™) for all endomorphisms f: X — X.

3. compatibility with tensor products:
Ifroo(1x®h)or;! =1, 0 (h®1lx) ol ! for all endomorphisms & : ¢ — e and objects X,
then trp r(f®g) = trp r(g) - trp r(f) for all endomorphisms f: X — X, g:Y =Y.

Proof:

We prove these identities graphically for the left traces. The proofs for the right traces are
analogous. The definition of the left evaluation and coevaluation and the pivot implies:
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v S
=D
<
[
s S
ED
< e
<) ¥
IS
< E <X
SR
>§ |I§+
<= € X
=1 %

IE
<=

X X*

By combining these identities with the corresponding identities for the right evaluation and
coevaluation in (52), we obtain:

=trr(fog)

Gl
<
(e)
=
|
5
e S X
[
T %
CED
O
N
I
T %
O
O
<=
[E
B b
R R

2. Similarly, we obtain for all endomorphisms f: X — X

trL @f . f@ _trR

To prove the identity trz(f) = try(f**), we insert wy' owy in the diagram for trz(f**) and use
the cyclic invariance of the trace and the properties of the pivot:

X X X s X Wy X wx X
f** — w;(l 1: f**lna:t.w w;{l — f
X X X R wx X* Wx X* f X*

3. The condition 7, o (1x®h) = I, o (h®1x) for all objects X and endomorphisms h : e — e
implies that we can move try(f) : e — e to the left of the endomorphism 1y in the picture
for trp(f®g), as shown below. As the endomorphisms of e form a commutative monoid by
Corollary the claim follows:
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Y* Y X* X Y= Y
tro(f®g) = Q9 = f g =trp(f)-trp(g)
Y* Y X* X Y* Y

Remark 6.2.10: The condition r. o (1x®h) = [, o (h®1x) for all objects X and endomor-
phisms h : e — e holds in the category H-Mody;, for any Hopf algebra H and for all braided
pivotal categories since rx oc. x =[x o cxe = 1x.

Corollary 6.2.11: Let C be a pivotal category. Then:

1. X =Y implies dimy, p(X) = dim z(Y).
2. dimL,R(X) = dimR,L(X*) = dimL’R(X**) for all objects X.

3. Ifreo(1x®h)or;! =1, 0 (h®lx) ol ! for all endomorphisms & : e — e and objects X,
then dimy r(X®Y) = dimy zg(X) - dimy, g(Y") for all objects X, Y.

4. dimy(e) = dimg(e) = 1.

Proof:
1. If X 2 Y then there are morphisms f : X — Y and g : ¥ — X with go f = 1x and
f og=1y. With the cyclic invariance of the trace one obtains

dimp(X) =trp(1x) =trp(go f) =trp(f og) = trp(ly) = dimg(Y).

2. Follows directly from Lemma [6.2.9 2. by setting f = 1x and using the identity 1x- = 1%
and 1x+ = 1§ which follow from the fact that * : C — C is a functor. Similarly, 3. is obtained
from Lemma 3. by setting f = 1x and g = 1y.

4. By Lemma we have r, = [., and the naturality of the unit constraints implies 7, o
(L®h)or;t = h =10 (h®l,) ol . With the cyclic invariance of the trace from Lemma[6.2.9]
1. this yields

trLR(h) . dimLR(e) = tl"LjR(h®1e) = tI‘LyR(Tgl oho 7’6) = tl"LjR(h)

for all endomorphisms h : e — e and hence dimy, g(e) = 1. O

We will now investigate which additional structures on a Hopf algebra H are needed in order
to make its representation category H-Mod;, is pivotal or spherical. It turns out that this the
appropriate condition for the former is that the square of the antipode is given by conjugation
with a grouplike element and that the latter depends on the way this grouplike element acts
on the finite-dimensional representations of H.
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Definition 6.2.12:

1. A pivotal Hopf algebra is a Hopf algebra H over F together with an element
g € Gr(H), the pivot, such that S?(h) =g-h-g' for all h € H.

2. A pivotal Hopf algebra (H,w) is called spherical if for all finite-dimensional representa-
tions (V, py) of H and all homomorphisms of representations ¢ : V' — V one has

Tr (¢ o pv(9)) =Tr (popv(g™))-
Example 6.2.13:

1. Every finite-dimensional semisimple Hopf algebra H over a field of characteristic zero is
spherical with pivot 1 € H. This follows from the Theorem of Larson and Radford.

2. By Theorem 4. every triangular Hopf algebra is pivotal with the Drinfeld element
u = S(R)) R as the pivot, since triangularity implies Ro; R = 1 and u grouplike. Note
that this does not hold for quasitriangular Hopf algebras, since their antipode satisfies
S%(h) = uhu~! for all h € H, but the element u € H is not necessarily grouplike.

3. In general, the pivot of a pivotal Hopf algebra is not unique. If g € Gr(H) is a pivot for
H and v € Gr(H) a central grouplike element, then gv is another pivot for H.

Proposition 6.2.14:

1. If (H,g) is a pivotal Hopf algebra, then the representation category H-Mody;, is pivotal
with wy = cany o py(g) for all finite-dimensional H-modules (V, py). If H is spherical,
then H-Mody;, is spherical.

2. If H is a finite-dimensional Hopf algebra and H-Mody;, is pivotal with pivot w : id¢ = *x,
then H is a pivotal Hopf algebra with pivot g = cany' owy (1g). If H-Mod 4, is spherical,
then (H,g) is spherical.

Proof:
1. Let (H, g) be a pivotal Hopf algebra. Then H-Mody;, is rigid by Theorem [6.2.3, The functor
% : H-Mod s, = H-Mody;, assigns to each H-module (V, py) the H-module (V**, py«) with

(pv+=(h)z)(a) = (z 0 py=(S(h))(e) = z(pv-(S(h))a) = z(a o pv(S*(h)))
for all z € V**, a € V*. This implies py+-(h) o cany = cany o py(S?(h)) and

pv++(h) o wy = py+(h) o cany o py(g) = cany o py(S%(h)) o py(g) = cany o py(S*(h)g)
= cany o py(gh) = cany o p(g) o py(h) = wy o py(h)

for all h € H. This shows that wy : V' — V** is a homomorphism of representations. Clearly, wy
is invertible with inverse w;,' = py (g7!) ocan;,'. The naturality of w follows from the naturality
of can, which implies for all H-module homomorphisms f :V — W

[T owy = f* ocany o py(g) = cany o f o py(g) = cany o pw(g) o f = ww o f.
That w is a monotdal natural isomorphism follows from the fact that ¢ is grouplike
wygy = canyey (pvev(g)) = (cany @cany)(py (9)®pv (9)) = wy Qwy.

This shows that H-Mody;, is pivotal with wy = cany o py(g).
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Theorem and the definition of the left duals in imply that the left and right evaluation
and coevaluation maps for a finite-dimensional H-module (V, py/) with basis (x1, ..., z,,) and dual
basis (al,...,a") are given by

evit : V*@V — F, a®v — av) coevit 1 F — VRV* X =AY ;@0 (56)
evi : VRV* — Fu@a — alpy(g)v)  coevi : F — VRV, A =AY o'@py (g7 ;.

With the expressions for the left and right traces in Definition this implies

tro(f) = trv(fopv(g™")) trr(f) = trv(f o pv(g))- (57)
and hence H-Mody;, is spherical if (H, g) is spherical.

2. Let H be a finite-dimensional Hopf algebra such that H-Mody;, is a pivotal category and
define g = cany' (wy(1y)) € H. Then for all h € H, the linear map ¢y, : H — H, k — kh is an
H-module homomorphism and by the naturality of w, one has wy o ¢, = ¢;* o wy. Using the
identity pg«(h)cany (k) = cany(S?(h) - k), which follows from 1., we then obtain

cang (S*(h) - g) = cang (pu(S*(h))g) = pu=(h)cang(g) = pu=-(h)wy(1g) = wi(pr(h)1y)
=wp(h) =wu(on(1n)) = ¢ (wu(lm)) = ¢ (cany(g)) = cany (én(g)) = cang(g - h),

where we used that wy : H — H™ is a module homomorphism in the first line and then the
condition wy o ¢, = ¢} o wy together with the definition of g. As cany : H — H™ is a linear
isomorphism, this shows that S?(h)-g = g - h for all h € H. To show that g is grouplike, we
note that A : H — H®H is a module homomorphism, which implies wgeg 0 A = A*™ owy
and that w is a monoidal natural isomorphism, which implies wygy = wy®Rwy. Identifying the
vector spaces (H®RH)*™ =2 H*®@H™*, we then obtain

cang (g)®@cany (9) = wy(1g)®wr (1) = waen(1p®1y) = wien © A(lx)
= A" (wp(1y)) = A™(cang(g)) = canpen(A(g)) = (cang®cany)(A(g))

This shows that A(g) = g®g and hence g is grouplike and (H, g) a pivotal Hopf algebra. If
H-Mody;, is spherical, then it follows from that (H, g) is spherical as well. O

6.3 Ribbon categories and ribbon Hopf algebras

The notion of a pivotal category captures all geometrical content of the category T of ribbon
tangles except the one related to the braiding. The pivot guarantees the existence of dual
objects, given by diagrams with the same labels but lines that are oriented upwards, and of left
and right (co)evaluations that satisfy snake identities analogous to the ones in 7.

By the proof of Proposition [6.1.13] the braiding of 7 is determined uniquely by the morphism
X in T, its inverse X ! and their duals defined in terms of U, N, U, . The results in Section
4.2 in particular Propositions 4.2.8 and 4.2.11], imply that if C is a braided pivotal category,
then any object in C is a Yang-Baxter operator and one obtains analogues of the morphism X
that satisfy analogues of the Reidemeister relations RM2 and RM3 in Definition |6.1.11}

It is also apparent that combining the braiding of an object X in C with itself with the coeval-
uation and evaluation morphisms yields analogues of the twists that arise in the Reidemeister
relation RM1’ in Definition [6.1.11, However, it is not guaranteed that these analogues satisfy
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analogues of the Reidemeister relation RM1’. We will now show that an analogue of the the
Reidemeister relation RM1’ in Definition holds for an object X in C if and only if the
associated twist morphism is self-dual. If this is the case for all objects in C, then the category
C is called a ribbon category.

Definition 6.3.1: Let C be a braided pivotal category.
1. For any object X in C the twist on X is the morphism

Ox =7rx o (1x®evy) oax x x- o (cx x®1x+) 0 a)_(,lx,x* o (1x®coevi) oryt (58)

2. A ribbon category is a braided pivotal category in which all twists are self-dual:
0% = Ox- for all objects X in C.

A more detailed investigation of the properties of the twist shows that the twists define a natural
isomorphism 6 : id¢ — ide, but that this natural isomorphism is in general not monoidal. It also
follows directly from the graphical representation of the twists and the duals that the twists are
self-dual if and only if they satisfy an analogue of the Reidemeister relation RM1’ in Definition
More specifically, we have the following Lemma.

Lemma 6.3.2: Let C be a braided pivotal category.

1. The twist is invertible with inverse

-1 _ R -1 -1 L -1
Ox =lxoevyoay. xxo (1®cx x)oax:x.x ocoevyoly

X

05 = (59)

XI

2. The twist satisfies 0, = 1. and Oxgy = cy.x 0 cxy o (Ox®0y) = (0x®0y) o ¢y x o cxy.
3. The twist is natural: f o 0x = 0y o f for all morphisms f: X — Y.
4. C is ribbon if and only if for all objects X one has

Ox =0 :=7rx o0 (evi®ly)o a;,KX o (1x+®cx x) o ax« x,x ° (coevi®1y) o l)_(1

X X}
Ox = f - =0'x
X X
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Proof:
1. We prove graphically that 05" o 0x = 1x:

X X

), Jh @m L

where we used the naturality of the braiding with respect to the twist in the first setp, the
naturality of the braiding with respect to U in the second step and then the snake identity in
the third and fourth step. The graphical proof that fx o 63" = 1 is analogous (Exercise).

2. That 6. = 1. follows directly from the identities c.. = 1. and try(e) = trg(e) = 1. The
identities for fxsy can be proved graphically. From the diagram for the twist 0xgy we obtain

% o
X
st
Yl

S
B

4k

where we used the naturality of the braiding with respect to the twist on Y and the Reidemeister

identity RM3 in the first step and then twice the naturality of the braiding with respect to the
twist.
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3. The naturality of the twist follows from the naturality of the braiding and the identities
and for the left and right evaluation and coevaluation. This yields:

X X X X X
f
Y Y vy x x
/f/f/ftj\:)
/
Y Y Y Y Y

4. To prove 4. we use the definition of the dual morphism 6% in and compute

X

foro) ol

X

where we used the naturality of the braiding and the Reidemeister identity RM2 in the first
step, the snake identity in the second step, then the Reidemeister relation RM2 and the
naturality if the braiding with respect to N in the third step and then the definition of 6x-.
Hence we have 0% = 0x- if and only if 0y = 0'x. O

By inserting the graphical identity in into the Reidemeister relation RM1’ from Definition
together with expression for Ox and for 05", we find that a braided pivotal
category C is a ribbon category if and only if the diagrams for the twist morphism on each
object X satisfy an analogue of the Reidemeister relation RM1’ from Definition [6.1.11} In
particular, this relation allows one to transform left traces of morphisms into right traces and
vice versa.

Corollary 6.3.3: Every ribbon category is spherical.

Proof:
X J/\ }/\
X X
N S A | q
X
f = 0'x =f = / X fro=_rf
X ~1 —1
0x 0x [A\K (—\R X
X X b b \___/
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where we used the identity 0x = €'y in the first step, the naturality of 6" in the second step, the
definition of fx and € in the third step, then the naturality of the braiding with respect to f
and the pivotality of C, the Reidemeister relation RM2 and the naturality of the braiding with
respect to U, Nand f in the fifth step and the snake identity and the pivotality in the last step. O

To construct interesting examples of ribbon categories, we need to determine the additional
structure on a quasitriangular Hopf algebra (H, R) that is required to ensure that the category
H-Mody;, of its finite-dimensional representations is a ribbon category. It turns out that this
requires a central invertible element, the so-called ribbon element that is related to the Drinfeld
element u = S(R2))R(1).

Definition 6.3.4: A ribbon Hopf algebra is a quasitriangular Hopf algebra (H, R) together
with an invertible central element v € H, the ribbon element, such that

uS(u) = v? A(v) = (vav) - (Ry R) .

Remark 6.3.5:

1. A ribbon element is unique only up to right multiplication with a central grouplike
element g € H satisfying ¢° = 1.

2. One can show that any ribbon element satisfies e(v) =1 and S(v) = v.

Example 6.3.6:

1. If H is quasitriangular with S? = idy, then H is a ribbon Hopf algebra with ribbon
element u. By the Larson-Radford theorem, this holds in particular for finite-dimensional
semisimple quasitriangular Hopf algebras over fields of characteristic zero.

The identity 5? = idy implies u = S(R))Ray = ReS(Rw), u™' = Rl and
S(u) = S(Ru))Re) = R1)S(R2)). This implies

S(uyu = RyS(Re) R )R 1) =1 = R R'1)S(Ru)) Ry = v S(u)

This shows that v = S(u) and wS(u) = u?. The remaining conditions follows from
Theorem [5.1.7, which implies in particular that uhu™' = S?(h) = h for all h € H and
hence u is central.

2. The Drinfeld double of any finite-dimensional semisimple Hopf algebra H over a field of
characteristic zero is a ribbon Hopf algebra with ribbon element v = u = S(R2))Rq).

By corollary [5.1.12] the Drinfeld double D(H) of a finite-dimensional semisimple Hopf
algebra H is semisimple as well, and its antipode satisfies S? = idy. Hence, D(H) is a
ribbon Hopf algebra by 1.

3. Let ¢ € F be a primitive rth root of unity with » > 1 odd. Then the Hopf algebra
U, (sly) from Proposition [2.3.12is ribbon with ribbon element v = K “ly = uK ! where

u = S(R(g))R(l) for the R-matrix (40)).

That v is central follows from the identity S*(h) = KhK ™' = uhu™" for all h € U] (sl,).
The identity A(v) = (v@v)(Ra R)™! follows from the identity A(K*!) = K@ K*! and
the corresponding identity for u in Theorem [5.1.7]

166



Proposition 6.3.7:
1. If (H, R, v) is a ribbon Hopf algebra, then the category H — Mod;, is a ribbon category.

2. If (H, R, g) is a finite-dimensional quasitriangular pivotal Hopf algebra and v € H such

that the linear maps 6y : V. — V, v +— v~ ' >0 define a twist on H-mod;,, then v = g~ 'u

and v is a ribbon element.

Proof:

1. If v € H is invertible and central with uS(u) = v? and A(v) = (v®v)(Ry R)™!, then its
inverse satisfies A(v™1) = (v '®@v ') (R R). Tt follows that the element g := uv~"! is grouplike
since we obtain with the coproduct of u from Theorem [5.1.7]

Alg) = Au) - A(v™!) = (u@u)(RaR) - (v '@ ) (RyR) = ww '@urv ™! = gRg.

Moreover, since v is central, we have ghg™" = (uv™")h(vu™') = uhu™" = S*(h) for all h € H.
This shows that ¢ = ur~" is a pivot for H and hence H — Mod’™ is a braided pivotal category
by Theorem and Proposition [6.2.14]

It remains to verify that the twist in H-Mody;,, satisfies the condition in Lemma m, 4. Let V
be a finite-dimensional H-module with basis (z1, ..., z,) and dual basis (', ...,a™) of V*. With
formula for the evaluation and coevaluation maps, formula for the braiding and the
formulas from Theorem we compute

9\/(1}) = E;‘:lai((gR(l)) > U) R(g) >x; = (R(g)gR(l)) >ov= (R(2)52(R(1))g) >ov= (U_lg) >ov
=vipw
0y (v) = B0/ (Re)) & 0)(Ruyg ™) B @i = (Rayg ' R) > v = (97 S*(Ru)) Rz) > v
=(wu'Su ™)) >v=wlwu) H>v=rwuSk) H>v=w H>v=v">u.

This shows that the condition from Lemma is satisfied and H-Mody;, is a ribbon category.

2. Let H be a finite-dimensional quasitriangular pivotal Hopf algebra with pivot ¢ € H and
p € H such that 6y : V =V, v+ vt >wvis a twist on H-Mody;,. Then by Lemma m,
4. and the computation above we have

utg =0 (1) = v = 0 (1) = g7 S() !

and this implies 2 = (v 'g)(¢7'S(u)™) = (S(w)u)™' = (uS(u))™ and v? = uS(u). By
Lemma [6.3.2], 2, we also have

Aw™) = AW) ™ = 0pou(l) = cupocunmo (0g20y)(1) = (RuR)(v 'ov™1),

which implies that A(v) = (v®v)(Ry1R) ™. As 0y : H — H is a H-module homomorphism, we
have v~ 'h = 0g(h) = 0y (hi>1) = hi>0y(1) = hv~! for all h € H and hence v is central in H. O

This Proposition shows that the different Hopf algebras in Example [6.3.6 give interesting and
non-trivial examples of ribbon categories. We will now prove that any object in a ribbon category
C defines a braided monoidal functor F' : 7 — C from the category T of ribbon tangles to C. This
allows us to obtain invariants of framed links or ribbons based on from the finite-dimensional
representations of ribbon Hopf algebras.
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Theorem 6.3.8: Let C be aribbon category and V' € ObC. Then there is a braided monoidal
functor Fy : 7 — C, unique up to natural isomorphisms composed of associators and unit
constraints in C, with Fy(+) =V, Fy(—) = V* and

Fy(U) =evi: V'RV — e Fy(N) = coevy 1 e — VRV*
Fy(U) =evi : VRV* — e, Fy (M) = coevi 1 e — V*@V.

Proof:

We prove the claim for the case where C is a strict braided monoidal category and Fy : T — C
is a strict braided monoidal functor. If Fy, : 7 — C is a strict braided monoidal func-
tor with Fyy(+) = V and Fy(—) = V*, then one has Fy(0) = Fy(e) and F(ey,...,€,) =
Fy(6)®..0Fy(e,) for all n € N and €y, ...,¢, € {+} and hence Fy is defined uniquely on
the objects by Fy(+) =V and Fy(—) = V*. As Iy : T — C is braided, one needs to have
Fy(X*) = Fy(cily) = oy : VRV — V@V, and by assumption one has Fy(U) = evi,
Fy(N) = coevl, Fy(U) = evl, Fy () = coevi. As the morphisms U, N, U, ", X% generate
T, this defines F}, uniquely on the morphisms. To show that this defines a braided monoidal
functor Fy : T — C, we have to show that these assignments are compatible with the defining
relations in 7, i. e. that the morphisms Fy(U), Fy(N), Fy(U), Fy (") and Fy (X)) satisfy
analogues of the defining relations from Definition [6.1.11]

The Reidemeister relation RM1’ follows directly from the fact condition 6y = 6}, in Lemma
and the associated diagrams , and for the component morphisms of the
twist € and its dual. The Reidemeister relations RM2 and RM3 follow directly from the
fact that C is braided and Fy(X) = cyy. The snake identities for Fy(U), Fyv(N), Fy ()
and Fy (M) follow from the fact that C is pivotal and hence left and right rigid, see the
corresponding diagrams after Example [6.2.2l The snaked braiding identities in Definition
follow from the identities and , applied to the braiding in C and the snake
identities in C. The modified RM2 relations in Definition follow again from the
identities and , applied to the braiding, and the snake identities. This shows that the
assgnments are compatible with the relations in 7 and define a monoidal functor Fy : T — C.
This functor is braided, since it is compatible with the relations for X and sends X to cyy.
As the braiding in 7T is determined uniquely by the morphism X, it follows that Fy is braided. O

To see how this theorem gives rise to invariants of framed links, recall that any framed link
L C R? projects to a generic link diagram D, and two framed links L, L’ € R3 are equivalent if
and only if their link diagrams D, and Dy, are related by orientation preserving diffeomorphisms
f : R? — R? and the three Reidemeister moves RM1’, RM2 and RM3 for ribbons. As every
generic link diagram describes a (0,0)-ribbon tangle and the ribbon tangles of links that are
related by orientation preserving diffeomorphisms f : R? — R? and the three Reidemeister
moves RM1’, RM2 and RM3 are equal, (0,0)-ribbon tangles are in bijection with equivalence
classes of framed oriented links in R3. The functor Fy from Theorem assigns to each (0, 0)-
ribbon tangle ¢ an endomorphism F'(t) € Endc(e). This defines a map Fy : Fo — End¢(e) from
the set of oriented framed links in R3 to the commutative monoid End¢(e) that is constant on
equivalence classes of framed links.

Corollary 6.3.9: Let C be a ribbon category and V' € ObC. Assign to every oriented framed
link . C R3 the endomorphism Fy(Dy) : e — e obtained by projecting L to a generic oriented
link diagram Dj and applying the functor Fy, : 7 — C from Theorem [6.3.8, Then this defines
an invariant of framed oriented links.
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Just as the construction of a functor F' : B — C from the braid category B into a monoidal
category C required only a Yang-Baxter operator (V, o) in C, it is sufficient to have one object
V in a braided tensor category C, together with left and right coevaluation morphisms that
satisfy the axioms of a ribbon category to obtain a braided tensor functor F': T — C.

Example 6.3.10: Suppose that ¢ € F is not a root of unity, and consider the braided vector
space V' = spanp{vg, v;} from Example 4.2.10] Then the full monoidal subcategory of Vecty™
that is generated by V' and V* with the braiding, left and right (co)evaluation

cvv (vo®vo) = Aquo®@uy cvyv (1®v1) = Agv1®@u;

cyv (Vo®ur) = A1 ®vy ey (V1®vg) = ARy + Mg — ¢ M1 @
evit(a'®@v;) = 5;- coevi(1p) = vo®a’ + v;®@a’

evi (a'®u;) = q 8005 + ¢ '070; coevir (1) = ¢t a’@uy + g o' @,

and the induced morphisms for V* is a ribbon category. The inverse of the braiding is given by

1 1

ey (1e®u) = A g™ ve@ug cyy (0i®vr) = X g o @

0‘21‘/(U0®U1) = A"y @uy — A g — ¢ vy, cvy (11@9) = A @y,

and this implies

Aevy — A vy = (71 — @) idyey
which is precisely the skein relation for the HOMFLY polynomial if we set x = A\ and
y = q~' — ¢q. A short computation shows that the twist is given by

Ov(vg) = O (vo) = A\Pvg Oy (v1) = Oy (v1) = APy

Hence, we have a ribbon category and obtain invariants of oriented links. If we choose A\ = ¢~2,
then 6 = 0;, = idy, and we obtain an invariant of oriented links whose value on the unknot
is given by dim,(V) = evl o coevll = evl o coevl = ¢ + ¢7'. Up to normalisation, this is the

HOMFLY polynomial for x = A =¢ 2 andy = ¢ ' —q.
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7 Exercises

7.1 Exercises for Chapter

Exercise 1: Let V, W be finite-dimensional vector spaces over [F. Prove that the vector space
Homp(V, W) of linear maps ¢ : V- — W is isomorphic to V*QW.

Exercise 2: Let V, V', W, W’ be vector spaces over FF. Use the universal property of the tensor
product to prove:

(a) For every pair of linear maps f : V — V' and g : W — W’ there is a unique linear map
fRg: VW — V'QW' with (f®g) o Tvew = Tyrew © (f X g), where

fXg:VXW%V/XW,, (U,w)r—)f(v)@g(w)
Tvew 1 V X W = VW, (v, w) = VRW
Tvigw 2 V' x W' — V'@W’', (v, w') = veu.

(b) One has f®g = (idy®g) o (f®idw) = (f®idy~) o (idy®g)
Exercise 3: Let F be a field, viewed as a vector space over itself.

(a) Determine a basis of the tensor algebra T'(FF).

(b) Show that the tensor algebra T'(IF) is isomorphic to the algebra F[z]| of polynomials with
coefficients in F.

Exercise 4: Let V and W be vector spaces over . Show with the universal property of the
tensor algebra that every linear map ¢ : V' — W induces a linear map T'(¢) : T(V) — T (W)
such that the following diagram commutes

V 1%
E
T(V) o T(0)

Exercise 5: Let V be a vector space over F. Show that the tensor algebra T'(V') is unique up
to unique isomorphism:

If T'(V) is an algebra over F and ¢, : V' — T"(V') a linear map such that for every linear map
¢ : V. — W there is a unique algebra homomorphism ¢’ : T7"(V) — W with ¢’ o 4|, = ¢, then
there is a unique algebra isomorphism f : T'(V) — T"(V) with f oy = (},.

Hint: Use the universal properties of 7'(V') and 7"(V') to construct algebra isomorphisms be-
tween T'(V) and T"(V').

Exercise 6: Let g be a Lie algebra over F. Show that the universal enveloping algebra U(g)
is unique up to unique isomorphism:

If U'(g) is an algebra over F and ¢; : g — U’(g) a Lie algebra homomorphism such that for
every Lie algebra homomorphism ¢ : g — A into an algebra A over I, there is a unique algebra
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homomorphism ¢ : U'(g) — A with ¢' o 1y = ¢, then there is a unique algebra isomorphism
f:U(g) = U'(g) with f oy =

Hint: Use the universal properties of U(g) and U’(g) to construct algebra isomorphisms between
U(g) and U'(g).

Exercise 7: Let (g,[, |;) and (b,[, ]s) be Lie algebras over F and g & b their direct sum,
i. e. the vector space g & h with the Lie bracket

z+y, 2"+ =[xzl + vyl Vo2 €gyy €h

Prove that the universal enveloping algebra U(g @ b) is isomorphic to the algebra U(g)®U ().

Exercise 8: Give a presentation of the following algebras in terms of generators and relations

(a) the algebra Mat(n x n,F) of (n x n)-matrices with entries in F,
(b) the algebra Diag(n x n,F) of diagonal (n x n)-matrices with entries in F
(c) the group algebra F|G] for G = Z/27Z x Z/2Z.

Exercise 9: Show that the algebra over IF with generators z, y, z and the relation z —xy + 1%z
is isomorphic to T'(F?).

Exercise 10: Show that the algebra Mat(2 x 2,R) can be presented with generators x,y, z
and relations 22 =¢y? =1, 22 = -1, 2y = —yr = 2, vz = —20x =y, Yz = —2Y = X.

Hint: Find a basis B of Mat(2 x 2,R) that contains only diagonal and antidiagonal matrices
and such that each matrix M € B satisfies M? € {1, —1}.

Exercise 11: Let G, H be groups and F[G], F[H] their group algebra over a field F.

(a) The left reqular representation of G on F[G] is defined by p : G — Autp(G), g — p(g) with
p(9)(EneaAn h) = EpeaAn gh. Show that this is a representation of G.

(b) The right regular representation of G on F[G] is defined by p : G — Autp(G), g — p(g)
with p(9)(ZnegAn h) = ZneeAn hg™t. Show that this is a representation of G.

(¢) A group action of G on H is amap p : G x H — H with p(g-¢',h) = p(g,p(¢’,h)) and
p(1,h) = h for all g,¢' € G and h € H. Show that every group action of G on H defines a
representation of G on F[H].

Exercise 12: An (n X n)-permutation matriz with entries in F is an (n X n)-matrix with
entries in [ that has a single entry 1 in each row and column and zeros in all other entries.
Show that the (n X n)-permutation matrices define a representation of the group S, on F".

Exercise 13: Let G be a group and py : G — Autp(V), pw : G — Autg(W) representations
of G on vector spaces V, W over F. Prove that the following are representations of G:

(a) the trivial representation on F: pp : G — Autp(F), g — idp.
(b) the tensor product of representations pygw : G — Autp(VerW), g — pv(9)@W(g).
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(c) the dual representation: py~ : G — Autg(V*), g — py=+(g) with py«(g)a = a0 p(g) for all
acVr.

Exercise 14: Let G be a group, U,V,W vector spaces over F and py : G — Autp(U),
pv : G — Autp(V), pw : G — Autg(W) representations of G. Prove the following statements.

(a) the associativity isomorphism ayyw : (UQV)QW — U(VeW),
(uRV)®w — u@(v@w) is an isomorphism of representations from pwgview to puewew).-

(b) the unit isomorphisms ry : VRF — V, v@\ — Av and ly : FQV — V| A®v — v are
isomorphisms of representations from pygr and prgy to py.

(c) the flip isomorphism cyy : URQV — VU, u®v — v®u is an isomorphism of representa-
tions from pygy to preu.

(d) the evaluation maps evh : V@V* = F, v@a — a(v), evlt : V@V — F, a®v — a(v) are
homomorphisms of representations from py gy« and py«gy to pp.

(e) If dimp(V) < oo, the coevaluation maps coevi : F — V*@V, X = AX 3'@b; and coevil, :
F — VRV* A~ AX b;®8° are homomorphisms of representations from pg to py+gy and
pvev+. Here, B = (b',..,b") is an ordered basis of V and B* = (3!, ..., 5") the dual basis
of V*.

Exercise 15: Let A be an algebra over F, (V,>) and A-module and W C V' an submodule,
i. e. a linear subspace W C V with a>w € W for all w € W. Show that the A-module structure
on V induces an A-module structure on the quotient space V/W.

Exercise 16: Let G be a group, N = (R) C G a normal subgroup and G/N the factor group.
(a) Prove that for any field F the group algebra F[G/N] is isomorphic to the quotient algebra
F[G]/I, where I is the two-sided ideal generated by the set {r —e|r € R}.

(b) Show that every representation p : G — Autp(V) with p(n) = idy for all n € N induces a
representation of G/N on V.

Exercise 17: True or false? Prove the claim or give a counterexample.

(a) If G is a finite group and p : G — Autp(V') a representation of G on V, then there is an
n € N with p(g)" = p(g) o ... o p(g) = idy for all g € G.

(b) The only representations of the permutation group S, on C are the trivial representation
and the representation p : S, — Autc(V), m — sgn(m)

(c) If G is an abelian group, then for every representation p : G — Autc(V') on a complex vec-
tor space V there is a one-dimensional subspace U C V with p(g)u € U forallg € G, u € U.

(d) If G is an abelian group, then for every representation p : G — Autc(V) on a finite-
dimensional complex vector space V' there is a one-dimensional subspace U C V with
p(g)u e U for all g € G, u e U.

(e) If G is an abelian group, then for every representation p : G — Autg(V) on a finite-
dimensional real vector space V' there is a one-dimensional subspace U C V' with p(g)u € U
forallg e G, ueU.
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7.2 Exercises for Chapter

Exercise 18: Let (C,A¢) and (C', A, €') be coalgebras over F, I C C' a linear subspace and
m:C — C/I, ¢~ c+ I the canonical surjection. Prove the following:

(a) The counit is unique: If €’ : C'— F is a linear map that satisfies for all ¢ € C
(ide®€”) o A(c) = (€"®ide) o A(e) = 1p®c, then € = e.

(b) For every coalgebra homomorphism ¢ : C' — C’, the kernel ker(¢) C C' is a coideal in C'
and the image im(¢’) C C’ is a subcoalgebra of C".

(c) 0:C/I - CRC/I, c+ I — (ider) o A(c) defines a C-left comodule structure on C/1 if
and only if I is a left coideal.

(d) If I € C is a left coideal, a right coideal or a subcoalgebra of C, then e¢(I) = {0} if and
only if I = {0}.

Exercise 19: Show that the tensor product coalgebra C®C" for two coalgebras (C, A, €) and
(C", A’ €') has the following universal property:

The projection maps 7 : CRC" — C, c®@c + €(d)c and 7' : CRC" — ', c®c > €(c) d are
coalgebra homomorphisms. For every cocommutative coalgebra D and every pair of coalgebra
homomorphisms f: D — C, f' : D — C" there is a unique coalgebra homomorphism f : D —

CRC" withwo f=fand 7o f=f.
Exercise 20: Consider the vector space F|x] of polynomials with coefficients in F with the
multiplication m : F|z]®@F[z] — F[z] and comultiplication A : Flz| — F[zx]®@F[z] given by

n—+m
n

m(z"®z™) = ( ) P A(z™) = Zx”@xm_" Vn, m € Np.
n=0

Show that these maps define a Hopf algebra structure on F|z].

Exercise 21: In this exercise, we show that for the vector space F[z] of polynomials with

coefficients in ' we have F[z]*®@F[z|* C (F[z]QF[z])*.

Recall that Flz|®F[x] = Flz,y] as a vector space. Consider for n € Ny the linear subspaces
Flr])<, = spang{z* |0 < k < n} C Fz] Flz,y]<, = spang{z"y' |0 < k, 1 < n} C Flz,y],

and the linear maps 8, : F[z,y]<, — F, ¢ : Flx,y] — F with §,(a*y!) = §(2Fy!) = S

(a) Show that for f = X", a'®B" € Fep[z,y]* with o € Flz]t, and §° € Fly|%, the matrix
with entries f(x'~1y/~!) for ¢, € {1,...,n + 1} has rank at most m.
(b) Conclude that if §, = ¥, a'®8" with o € F[z]%, and §* € Fly]%,, then m > n.

(c) Suppose that 6 = X7 ,0'®4" with o' € Flz]* and ° € F[y]* and restrict § to F<,[x,y] to
obtain a contradiction.

Exercise 22: Let (A,m,n) be an algebra over F, m* : A* — (A®A)* and n* : F — A* the
dual maps of m : AQA — Aand n:F — A and A° = {a € A* |m*(a) € A*QA*}.

Prove that (A°, m*

40,1 a0) is a coalgebra over F:
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(a) Prove first the following fact from linear algebra:
Let V be a vector space over F and a',...,a" € V* linearly independent. Then for all
AL, ..y A € ) there is a vector v € V with af(v) = \; fori =1,...,n.

(b) Use (a) and the coassociativity of m* : A* — (A®A)* to prove that for every element
a € A°, one has m*(a) € A°®A°.

Exercise 23: Let (H,m,n,A,¢,S) be a Hopf algebra and consider the algebra Endg(H) with
the convolution product. We define ¢ € Endg(H) by

idy =idg *....xidg neN
—_—
nx
Y =98 =Gx% .. %8 —neN
nx

noe n = 0.

(a) Give a formula for ¥™(h) in Sweedler notation for all n € Z.

(b) Determine ¥ for the group algebra F[G] of a finite group G and for its dual Fun(G) = F[G]*.
(¢) Determine 9™ for the Hopf algebra from Exercise [20]

(d)

d) Show that if H is commutative, then ¢" : H — H is an algebra homomorphism, and if H

is cocommutative, then ¥" : H — H is a coalgebra homomorphism for all n € Z.
Exercise 24: Let (B,m,n,A,e) and (B',m/,n’, A’ ¢') be finite-dimensional bialgebras over
F. Show that the vector space Homp(B, B") becomes a bialgebra when eqipped with

m : Homp (B, B")®@Homg(B, B') — Homp(B, B'), f®g— f*xg=m'o(f®g)oA

A : Homg(B, B') — Homg(B, B)®@Homg(B, B'), f~ Ao fom.
where we identify the vector spaces Homp(B, B')®@Homy (B, B') = Homp(B® B, B'®B’). Show
that if both B and B’ are Hopf algebras, then the bialgebra Homp(B, B’) is a Hopf algebra.

Exercise 25: Let B be a finite-dimensional bialgebra over F. Prove the following:

(a) The field F has a canonical right comodule structure over B.

(b) For all right comodules (V, dy), (W, dw) over B the tensor product V®@W has a canonical
left comodule structure over B.

(c) If B is a Hopf algebra, then for all right comodules (V,dy) over B, the dual vector space
V* has a canonical right comodule structure over B.

Exercise 26: Let V' be a vector space over F and T'(V') the tensor algebra over V' with the
Hopf algebra structure from Example [2.3.1} Show that the Hopf algebra structure of T'(V)
induces a Hopf algebra structure on the symmetric algebra S(V) = T(V)/(z®y — y®z).

Exercise 27: Prove the ¢-Chu-Vandermonde formula for the ¢-binomials:

p
MmN N mek)p—k) (T n <p<
< » )q—gq 2 q bk q V0 <p <n,m.
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Exercise 28: Let F be a field and ¢ € F\ {0,1,—1}.
The ¢-deformed universal enveloping algebra U, (sl;) is the algebra over F with generators
E,F, K, K~' and relations

K- Kt
K*'K™ =1, KEK'=¢E, KFK'=q*F, [EF]=—-H. (61)
q9—q
Show that U,(sly) is a Hopf algebra with the comultiplication, counit and antipode
A(K*) = KF'oK*, A(E) = 1QF + EQK, A(F) = Fel + K 'oF
(K =1, e(F) =0, e(F)=0
S(K*') = KT S(E)=—-EK™! S(F)=—KF. (62)

Hint: The proof is analogous to the one for Taft’s example and for the Hopf algebra SL,(2,F).

Exercise 29: Let F be a field, ¢ € F\ {0,1, -1} and U,(sly) the g-deformed universal en-
veloping algebra from Example [2.3.9, Prove the following:

(a) The quantum Casimir element

—1K K—l K —IK—l
4 =7 +1112 :FE+q +q712
(¢—q) (¢q—q)

is in the centre of U,(sly): C,- X = X - C, for all X € U,(sl,).

C,=EF +

(b) The antipode of U,(sly) is invertible.
(c) For all elements X € U,(sly) one has S*(X) = KXK'

(d) There is a unique Hopf algebra isomorphism ¢ : U,(sly) — U,(sl2)®? with
JE)=F (F)=F oK)=k
It is called the Cartan automorphism of U,(sls).

Exercise 30: Let ¢ be a primitive nth root of unity and let H be Taft’s Hopf algebra with
generators z,y and relations xy = qyx, 2" = 0 and y" = 1.

(a) Show that Taft’s Hopf algebra is isomorphic as an algebra to a semidirect product F[Z/nZ]x
Flx]/(z™),1. e. to the vector space F[Z/nZ|@F[x]|/(xz™) with the multiplication

(k@[z]) - (m®[2]) = &+ m@([z] + p(k) > ['])
with a group homomorphism p : Z/nZ — Autp(F[z]/(2™)). Determine p.

(b) Show that the dual Hopf algebra H* is isomorphic to Taft’sHopf algebra H as a Hopf
algebra: Consider the linear maps «, 3 : H — F defined by a(y*z7) = ¢~ %§;0 and B(y*27) =
dj for all k,j € {0,1,..,n — 1} and show that there is a unique Hopf algebra isomorphism
¢ H— H* with ¢(y) = a, ¢(z) = S.
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Exercise 31: Let F be a field of prime characteristic char(F) = p. A restricted Lie algebra
over F is a Lie algebra (g, [, |) over F together with a map ¢ : g — g,  — xP! that satisfies

p—1
(Az)Pl = APzl ad ) = ad? = ad, o0...oad,, (z+y)P =zl 4y 4 Z w
k=1

where ad, : g — ¢, ¥y — [, y] is the adjoint action and oy (x,y) is given by
adl;\;iy<w> = P‘x t Y, [)\$ t Y, [ o [)\33 Y, [)\Z‘ + Y, x“ o m = Ez;i)‘kilgk(xﬂ y)

(a) Show that any algebra A over F is a restricted Lie algebra with the commutator as the Lie
bracket and the map ¢ : A — A, a — aP.

(b) Let (g,[, ],¢) be a restricted Lie algebra and U = U(g)/(zP — ¢(x)) the quotient of its
universal enveloping algebra by the two-sided ideal (2P — ¢(z)) in U(g) generated by the
elements 2 — ¢(x) for x € g. Denote by 7 : U(g) — U, = — [z] the canonical surjection,
by tg : g = U(g) the canonical inclusion and set and 7 = w0 ¢; : g — U. Show that U is a
Hopf algebra with the comultiplication, counit and antipode given by

A(1(z)) = 1@7(x) + 7(2)®1 e(r(x)) =0 S(r(x)) = —71(x).

(c) Show that ¢ is a finite-dimensional cocommutative Hopf algebra, but that it is not isomor-
phic to the group algebra of a finite group.

7.3 Exercises for Chapter

Exercise 32: Let B be a bialgebra and H a Hopf algebra over F. Prove the following:

(a) H is a module algebra over itself with the adjoint action
Dag: HOH — H, h®k = h>qq kb with h>k=Xu hay- k- S(hw).
(b) The dual algebra (B*, A*, €*) is a module algebra over B with the right dual action
DR BRB® = B, b@a — b>pa with b>h o= 3o e)(b)@agq).
and a module algebra over B with the left dual action
>7 : BP®B" — B, b@a — b>p a with b>7 a = Yo () ap)
This gives B* the structure of a B&B°-module algebra.

(c) If V is a comodule (co)algebra over B with  : V — B®V, then V is a B*” module
(co)algebra with > : B*®@V — V, f > v = (f®id) o 6(v).

(d) If B is finite-dimensional and (A, ma,n4) is a finite-dimensional module algebra over B,
then (A*,m%,n%) is a comodule coalgebra over B* and vice versa.

Exercise 33: Let C be a module coalgebra and D a comodule coalgebra over a Hopf algebra
H. Do the invariants of C' and the coinvariants of D form cosubalgebras of C' and D?
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Exercise 34: Consider for ¢ € F\ {0, £1} the quantum plane F,[z,y| as a module algebra
over U,(sly) with

E > <ymxn) — ql—n n qzym—l-ll,n—l F > ( ) — —m( ) 2ym—lxn—l—l
K > (ymxn) — qunymxn K > ( T ) n mymxn

(a) Determine the action of the quantum Casimir C;, = EF + %

(b) Determine the invariants of the U,(slz)-module algebra F [z, y] for (i) the case where ¢ is
not a root of unity and for (ii) the case where ¢ is a primitive nth root of unity.

on F,[z,y].

(c) Show that the subalgebra H of U,(sly) generated by K*! is a Hopf subalgebra of U,(sl).
Determine the the invariants of F [z, y] as a module algebra over H for (i) the case where
q is not a root of unity and (ii) the case where ¢ is a primitive nth root of unity.

(d) Consider for ¢ = 1 the plane F[x,y] as a module algebra over Uj(sly) = U(sly). Determine
the invariants of F|x, y| as a module over the Hopf subalgebras generated by the elements
e, f and [, respectively.

Hint: In (b) it is helpful to consider r := n for n odd and r := n/2 for n even.

Exercise 35: Let G be a group and F a field. Prove that an algebra A over F has the structure
of a comodule algebra over the group algebra F[G] if and only if A it is a G-graded algebra,
i. e. it is given as a direct sum A = @y e A, with linear subspaces A, C A such that 14 € A,
and Ay - Ay = Agp, for all g, h € G.

Exercise 36: Let H be a Hopf algebra over F with an invertible antipode. A left (right) inte-
gral for H is an invariant of the left (right) action of H on itself by left (right) multiplication,
i. e. an element ¢ € H with h-{ =¢€(h){ (with £- h =¢€(h) () for all h € H.

(a) Show that for every left integral £ € H one has
S SU)h®le) = S Sln)@S (M) le) T Mum@S(le) = S lny@ S(le)h
(b) Show that for every right integral ¢ € H one has
(o hS(lw)@le) = Yo Sl)®leh  Splnh®S(le) = Tunln@S* (S ().
Exercise 37: Let H be a Hopf algebra over F and A a module algebra over H. We consider
the cross product A#H with multiplication law
(a®h) - (b@k) = Bpya(h@y > b)R@ho)k.

Show that the cross product has the following universal property: for every triple (B, ¢4, ¢y )
of an algebra B over F and algebra homomorphisms ¢4 : A — B, ¢y : H — B with

pa(h>a) =m) oulhq) - dala) - ou(S(he))

there is a unique algebra homomorphism v : A#H — B such that the following diagram
commutes
a»—>a®1 A#H hl—>1®hH

PN
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Exercise 38:

(a) Determine the vector spaces of left and right integrals for:

(i) The Hopf algebras F|G] and Fun(G, ) for a finite group G,

(ii) the Taft algebra,
(iii) the g-deformed universal enveloping algebra Uy (sl2) at a root of unity,
(iv) the tensor algebra T'(V') and the universal enveloping algebra U(g).

(b) Determine the modular element for (i), (ii) and (iii).

Exercise 39: Let H be a finite-dimensional Hopf algebra. Show the following;:

(a) If there is a left integral ¢ € H with €(¢) # 0, then H is unimodular.

(b) The converse of this statement is false.

Exercise 40: Let (A, m,n) be an algebra over F and (A°, m*,n*) its finite dual coalgebra.

Let Gr(A°) C A° be the set of algebra homomorphism « : A — F and define for o € Gr(A°)
Lo={l€eAla-{=ala)lVa e A} R,={le€e A|l-a=a(a)lVae A}

Prove the following:

(a) L, and R, are two-sided ideals in A for all @ € Gr(A°). Any element of A that gener-
ates a one-dimensional left (right) ideal in A is contained in L, (in R,) for some o € Gr(A°).

(b) If L, = Lg # {0} or R, = Rg # {0} then o = . If a(L,) # {0} or a(R,) # {0} then
R.L. # {0}.
(c) For all a, p € Gr(A°) with RgL, # {0} the following hold:
(i> L, = Rﬂv
(11) dlmF La = lel]F RB = 1,
(iii) L, is generated by an idempotent, i. e. an element ¢ € L, with £- ¢ = {.
(d) For all algebra isomorphisms f : A — A and g : A — A% one has f(Ly) = Laof-1,
f(Ra) = Roop—1 and g(La) = Ropog-1, §(Ra) = Lyog—1 for all a € Gr(A°).

Exercise 41: Let H be a finite-dimensional Hopf algebra. The coadjoint action is given by
> HOH" = H*  h>gga = Y) (@) - Sam))(h) ae).
Prove that this defines a left action of H on H* whose invariants are given by
H* = {a € H |A(a) = A%(a)}.
Hint: Show first that A(«) = A°(«) implies that (A®id) o A(«) is invariant under cyclic

permutations of the factors in the tensor product and vice versa.

Exercise 42: Let H be a finite-dimensional Hopf algebra over F. We consider the convolution
Hopf algebra C' = Homp(H, H) with the Hopf algebra structure from Exercise

fxg=mpgo(f®g)oAy Ag(f)=Ago fomy S(f)=SgofoSy
l=nyoeq e(f) = eu(f(1n)).
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(a) Prove that f € I (C) if and only if f is of the form f : H — H, h — n(h) ¢ with left
integrals n € Iy (H*) and ¢ € I (H).

(b) Let M be a finite-dimensional vector space over F. Show that C-left module structures on
M are in bijection with pairs (&>, ), where > : HQM — M is a H-left module structure
on M and 0 : M — M®H, m w— X(mym®m) a H-right comodule structure on M such
that 6(h > m) = Xmyh > my@m) for all h € H and m € M.

(c) Let M be a finite-dimensional left module over C. Show that M¢ = M N MH  where
MH is the set of invariants for > and MH the set of coinvariants for § in (b).

Exercise 43: Consider the algebra Mat(n x n, F) with the linear map A4 : Mat(nxn,F) — F,
Aa(M) = tr(M - A) for a fixed matrix A € GL(n,F). Determine a set of dual bases for \4.

Exercise 44: Let G be a finite group and FF a field. We consider the bilinear forms

k : F[G]®F[G] — F k(g®h) = 0.(gh) VYg,h e G
v : Fun(G,F)®Fun(G,F) — F Y(f1, fo) = Eyeaf1(9) f2(9) Vfi, f2 € Fun(G,F)

(a) Show that (F[G], k) and (Fun(G,F),~) are Frobenius algebras.

(b) Determine for both Frobenius algebras the dual bases {ry,...,r,} and {ly,...,1,} that arise
from integrals in F|G] and Fun(G,F). Show by an explicit calculation that they are indeed
dual bases.

Exercise 45: A (A, ¢)-Frobenius algebra is a pentuple (A, m,n, A, €) such that (A, m,n)
is an algebra, (A, A, €) is a coalgebra and A : A — A®A is a morphism of A®A modules,
i.e. Ala-b) = (a®1) - A(b) = A(a) - (1&b) for all a,b € A.

(a) Show that every Frobenius algebra (A, k) has a (A, €)-Frobenius algebra structure with
€ =ro (ida®1y) A= (x,'®x,") om® o xy,
where m* : A* - A*®A* is the dual of m : AQA — A and x,. : A — A*, a — K, is given
by kq(b) = k(b®a) for all a,b € A.

(b) Show that every (A, €)-Frobenius algebra is Frobenius algebra with k = e o m.

(c¢) Show that if (A, m,n, A, €) is both, a bialgebra and a (A, €)-Frobenius algebra over F, then
A=F.

Exercise 46: An algebra A over F is called separable if the multiplication m : AQA — A
has a right inverse in the category of A®A°P-modules, i. e. there is a linear map ¢ : A — ARA
with m o ¢ = id4 that is a homomorphism of A®A°P-modules.

(a) Show that A is separable if and only if there is an element e € AR A, the separability
idempotent, with ¢ = ¢, m(e) =1 and (a®1) - e = e (1®a) for all a € A.

(b) Let H be a finite-dimensional semisimple Hopf algebra. Show that H is separable by spec-
ifying a separability idempotent for H.
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Exercise 47: Let H be a Hopf algebra over F and (M, pys) and (IV, py) finite-dimensional
modules over H. We denote by (M & N, pyen) the H-module structure on M @ N given by
puan(h)m = py(h)m and pygn(h) = py(h)n for all m € M, n € N and by (M®N, pyen)
the H-module structure on M®N. The character of (M, py) is the linear map

xu:H—=TF, h—tr(py(h))

(a) Prove that xp(1y) = dimp(M), xpren = Xm + X~ and Xyen = Xar - X for all H-modules
M, N, where - denotes the multiplication of H*.

(b) Prove that xa; = xn if the H-modules M and N are isomorphic.

(c) Suppose that H is finite-dimensional and consider H as a left module over itself with the
left multiplication. Show that x% = yx - dimp H and xz o S* = xg.

Exercise 48: Let [ be a field with char(IF) = 0. The algebra Hg is the algebra with generators
x,y, z and relations

TY = Yyx 2T =Yz, Y = X2, =y =1, Z2=%(1+x—|—y—xy)
(a) Show that
Az) = 2@ Aly) = y®y A(z) = 1(2@2 + Y202 + 2022 — y2Qu2)
e(z) =1 e(y) =1, €(z) = 1.

defines a Hopf algebra structure on Hg and determine its antipode.
b
c

d

e

Determine a basis of Hg and its dimension as a vector space over F.
Show that Gr(Hg) = Z /27 x 7/27 and determine Pr(Hy).

(b)
(c)
(d) Determine the left and right integrals and cointegrals of Hg.
(e)

Show that the Hopf algebra Hg is semisimple.

Remark: Hg is an important example, because it is the lowest-dimensional semisimple Hopf
algebra that is not a group algebra of a finite group

Exercise 49: We consider a directed graph I'. We denote by F the set of oriented edges of
I' and by V the set of vertices of I' and use the same letters for their cardinalities. For an edge
e € E we denote by s(e) the starting vertex and by t(e) the target vertex of e. We denote by
e~ ! the edge with the reversed orientation and set s(e™') = t(e) and t(e™!) = s(e).

A path in T is either a vertex v € V or a finite sequence of the form p = (e, ..., ef") with
n €N, ¢ € {£1} and ¢; € E, subject to the condition s(e;\|') = t(ef’) for all 4 € {1,...,n — 1}.
The starting and target vertex of a path are given by s(p) = s(ef') and t(p) = t(ef*) and
s(v) = t(v) = v. If p,q are paths with s(p) = t(q), then p and ¢ are called composable and

their composite is defined as

(e, el frmo o f1Y) ifp=(er,...,et),q= (frm, ..., fi*) with s(ef') = t(frm)
peqg=1p if ¢ = s(p)
q if p=t(q)
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Suppose that H is a finite-dimensional semisimple Hopf algebra over a field of characteristic
zero and consider the tensor product H®F, where each copy of H is assigned to an oriented
edge e € E. A holonomy for I is a map

Hol : {paths in I'} — Homp(H®* H), pw ¢,

that assigns to each path p in I" a linear map ¢, : H®¥ — H such that the following conditions
are satisfied for all e € E, v € V and composable paths p,q in I’

Gu(W'®...0"F) = Mecpe(h®)1 Ge(h'®..RhF) = T psee(hT) h°
Qbe*l =So Cbe Cbpoq = Cbp * ¢qa
with a fixed linear map % : Homp(H®¥, H)®@Homp(H®*, H) — Homp(H®E, H).

(a) Show that the conditions on the holonomy for general graphs I' imply that the linear map
* must be associative and that ¢, must be a unit for x.

(b) Show that choosing for x the convolution product with respect to the multiplication of H
and the tensor product coalgebra structure on H*¥ defines a holonomy for I'.

(c) Determine the holonomy maps ¢, for the case where H = F[G] is the group algebra of a
finite group and interpret them geometrically.

(d) We consider the equivalence relation on the set of paths in I" induced by e~ e e ~ s(e) and
cec ! ~ t(e) for all edges e € F. Show that the holonomy from (b) satisfies ¢, = ¢, for
all paths p ~ p'.

(e) For a path p = (e, ..,e{') the reversed path is defined as p~! = (e]“,...,e, ) and for

= v € V one sets p~' = v. Show that for every path p = (e, .., ') with e; # e; for

i # j one has ¢,-1 = S0 ¢,. Does this hold in general? Does this still hold if one drops the
assumption that H is semisimple?

1

Exercise 50: Suppose that ¢ € C is not a root of unity and let V., denote the (n+1)-
dimensional highest weight module over U, (slz) of weight A = e¢" with ¢ = {£1}. Show that
Ven 2 Veo@Vip = V1@V as Uy(sly)-modules.

Exercise 51: Suppose that ¢ € C is not a root of unity and n,m € Ny with n > m. Let
Vi denote the (n+1)-dimensional highest weight module over U, (sly) of weight A = ¢" and
v™ € Vi, and v'™ € V;,, highest weight vectors and set v, = ¢?*~V/(p)l2 FP 1> v for
p €{0,...,n} and a highest weight vector v € V; ,,. Show that for all p € {0, ..., m} the vector

2 - (m—p+j)len—175)g ; (n) m)
U(n—‘rm— D) _ Z(_1>3 q q q—](2m—3p—n+23+1) o ® A

U,_
(m = p)la ()l v

is a highest weight vector in V; ,&V} ,,, of weight g™~

Exercise 52: Suppose that ¢ € C is not a root of unity, n,m € Ny with n > m and denote
by Vi, denote the (n+1)-dimensional highest weight module over U,(sly) of weight A\ = ¢".

(a) Show that for all p € {0,...,m}, there is an injective U,(sly)-module homomorphism
¢p : ‘/1,n+m72p — ‘/l,n®‘/1,m~

(b) Conclude that Vi,V = Viaim @ Vipsm—2® .. ® Vip—mi2 @ Vin—m as U,(sly)-modules.
Exercise 53: Suppose that ¢ € C, n € Ny and denote by V,,, denote the (n+1)-dimensional
highest weight module over U,(sly) of weight A\ = e¢”™ with ¢ = {£1}. Show that for all n € Ny

there is an U,(slz)-module isomorphism between the module V¢, and the dual module V.
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7.4 Exercises for Chapter

Exercise 54: We consider a group G as a category with a single object, with group elements
g € G as morphisms, the group multiplication as the composition of morphisms and the unit
e € G as the identity morphism.

(a) Show that functors F' : G — Vecty correspond to representations of G on vector spaces
over F and natural transformations n : F© — F’ between functors F, F' : G — Vecty to
homomorphisms of representations.

(b) Characterise all functors F' : G — H for groups GG, H viewed as categories with a single
object and all natural transformation between such functors.

(c) Describe the functor category Fun(G, H) for two groups G, H and the monoidal category
End(G) for a group G.

Exercise 55: Let G be a group and F a field. A G-graded vector space over F is a vector
space V over F with a direct sum decomposition V = @®g4eqV, and a homomorphism of
G-graded vector spaces is a linear map f : V — W with f(V,) C W, for all ¢ € G. Show
that G-graded vector spaces and homomorphisms of G-graded vector spaces form a monoidal
category.

Exercise 56: Express the following elements of the braid groups B, as a product in the
generators o; for ¢ € {1,...,n — 1} and their inverses:

(a) é (b)
/|

J
:
ré =~ =

Determine the the images of these elements under the group homomorphism II,, : B, — S,,
o; — m; and express them in terms of elementary transpositions 7; for i € {1,...,n} using as
few elementary transpositions as possible.

(c) )

DCOCCC

<

P

-~

Exercise 57: Let (G,)nen, be a family of groups with Gy = {e} and (pmn)mmnen, a family
of group homomorphisms p,,, : G X G, = G4y such that pg,,, and p,,o are given by
pom e} X G = G, (€,9) = g and ppo 0 G X {e} = G, (g,€) = g and

Pmtn,p © (pmm X idgp) = Pmn+p © (idGm X pmp) Vm, n,p c No. (63)
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(a) Show that this defines a strict tensor category G with objects n € Ny, morphisms

0 n#m
Homg(n,m) = { 7

G, n=m
such that the composition of morphisms is given by the group multiplication, the tensor
product by m®&n := m+n on objects m,n € Ny and by f®¢g := pmn.(f X g) on morphisms
f € G, g € G, and the tensor unit by e = 0.

(b) Let ((Grn)nengs (Pmm)mmen,) and ((Hn)nengs (Timn)mmen,) be two families of groups and
group homomorphisms that satisfy the conditions above and G and H the associated strict
tensor categories. Show that a family (u,)nen of group homomorphisms u, : G, — H,
defines a strict tensor functor F': G — H if and only if

Tm,n © (,Um X ,un) = Mn+m © Pmn Vm, n e NO-

(c) Use (b) to construct a strict tensor functor F' : B — S from the braid category B to the
permutation category S.

(d) Consider the family of groups (GL(n,F)),en,, where GL(n,F) is the group of invertible
(n x n)-matrices with entries in F. Define a family (¢, 5)mnen, 0of group homomorphisms
Vmn @ GL(m,F) x GL(n,F) — GL(m + n,F) with the properties above and construct the
associated strict tensor category GL(F). Construct a strict tensor functor F': S — GL(F).

Exercise 58: Let H be a Hopf algebra and g € Gr(H) a grouplike element.
(a) Show that for every H-module (M,r>), one obtains an H-module (M,r>,) by set-

ting h >, m = (ghg™') > m for all h € H, m € M and that every H-module map
f(M,>) — (N,p') is also an H-module map f : (M, >,) — (N,>).

(b) Show that this defines a tensor functor Fj, : H-Mod — H-Mod. Is it strict?

(c) Show that the maps p, : M — M, m +— g > m define a monoidal natural isomorphism
JU idH—Mod — Fg.

Exercise 59: A (A, ¢)-Frobenius algebra over F is a pentuple (A, m,n, A, ¢€) such that
(A,m,n) is an algebra, (A, A ¢) is a coalgebra over F and A : A — A®A is a morphism of
A®A modules, i. e. A(a-b) = (a®1) - A(b) = A(a) - (1®b) for all a,b € A.

A Frobenius algebra over F is a quadruple (A, m,n, k) such that (A, m,n) is an algebra over
F and k : AQA — T a non-degenerate linear map with x(a - b,¢) = k(a,b- c) for all a,b,c € A.

(a) Generalise the concepts of a Frobenius algebra and a (A, €)-Frobenius algebra to a
Frobenius algebra and an (A, ¢)-Frobenius algebra in a general monoidal category C and
describe their defining properties by diagrams.

(b) Show with a diagrammatical proof that every that every (A, e)-Frobenius algebra is a
Frobenius algebra with x = ¢ o m.

(c) Show with a diagrammatical proof that every that every Frobenius algebra is a (A, €)-
Frobenius algebra.
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Hint: In (a) the non-degeneracy of the Frobenius form x implies that there are diagrams of
the form

A A

A U 5 , m such that = | =
A A

Exercise 60:
Let C be a category with finite products and D a category with finite coproducts.

(a) Show that C and D have the structure of monoidal categories with the tensor product
given on objects by their (co)product and the empty (co)product as the tensor unit.

(b) Show that every object in C has the structure of a coalgebra object and every object in D
the structure of an algebra object.

Exercise 61: Let (C,®,e,a,l,r) be a monoidal category. Show that if ¢ : ® — ®% is a
braiding, then ¢’ : ® — @ with ¢y, = c‘_/lU :U®V — V®U is also a braiding.

Exercise 62: Let g, \ € F\ {0} and V' a vector space over F with an ordered basis (vy, ..., v,,).
Show that the linear map o : V®V — V&V with

A Uj®vi 1< j
o(1;QV;) = § AqU;Q; =]
Avj@u; + Mg — ¢ Hu®v; > 5

gives V' the structure of a braided vector space.

Exercise 63: Let G be a group. A crossed G-set is a triple (X, <, u) of a set X, a right
action <1: X x G — X and amap p : X — G such that u(x <1g) = g~ u(z)g for all x € X and
g € G. A morphism of crossed G-sets [ : (X, <x,ux) = (Y,<y,puy)isamap f: X - Y
with puy o f = pux and f(z <x g) = f(z) <y g for all z € X and g € G.

(a) Show that crossed G-sets and morphisms of crossed G-sets form a monoidal cate-
gory G-Set with the tensor product (X, <lx,ux)®(Y,<y,py) = (X x Y, <, u) with
(,y) Qg = (x <x g,y <y g) and p(x,y) = px () - py ().

(b) Show that cxy : X XY =Y x X, (z,y) — (y,2 <x puy(y)) defines a braiding in G-Set.

(c) Determine the morphisms cxxm xxn @ X*"@X*" — X*"@X*™ for a crossed G-set

(X, <, 1) and n, m € Ny and the images of the following braids under the braided monoidal
functor Fx : B — G-Set with F(1) = X.

(ii) )
ONY J
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(d) Show that there is a terminal object in G-set, i. e. a crossed G-set (T, <r, pur) such that
for every crossed G-set (X, <x,px), there is a unique morphism of crossed G-sets f :

<X7 <]X7,MX) — (T7 <]T>,MT>-

Exercise 64: Let B be the braid category and C a strict monoidal category.

A Yang-Baxter operator in C is a pair (X, o) of an object X in C and a morphism o : X®X —
X®X that satisfies the dodecagon identity. A morphism of Yang-Baxter operators f :
(X,0) = (Y,7) is a morphism f: X — Y with 7o (f®f) = (f®f) o 0.

(a) Show that Yang-Baxter operators in C and morphisms of Yang-Baxter operators in C form
a category YB(C).

(b) For a Yang-Baxter operator (X, o) in C, denote by Fi, ) : B — C the strict tensor functor
with Fix,) (1) = X and F(x,)(ci1) = 0. Show that monoidal natural transformations
n : Fixo) = Flv are in bijection with morphisms f : (X,0) — (Y, 7) of Yang-Baxter
operators.

(c¢) Denote by Fung(B,C) the category of strict monoidal functors F' : B — C and monoidal
natural transformations between them. Show that the categories Fung(B,C) and YB(C)
are equivalent.

(d) Suppose now that C is braided and denote by Fun,.(B,C) the category of strict braided
monoidal functors F': B — C and monoidal natural transformations between them. Show
that the categories Funy,(B,C) and C are equivalent.

Exercise 65: The centre construction associates to every strict monoidal category C a
strict braided monoidal category Z(C), defined as follows:

e objects of Z(C) are pairs (Z, c_ z) of an object Z € Ob(C) and a family of isomorphisms
cyz : Y®Z — ZQY for all objects Y in C such that:

(1) CXeY,7 = (CX,Z®1Y> o (1X®CY,Z) for all X,Y € ObC.
(ii) The family of morphisms c_ 7z is natural in the first argument: for all morphisms
f: X — Y the following diagram commutes

X®Z 2% 70X

f®1zl llz@f

e morphisms f: (Y,c_y) = (Z,c_ z) of Z(C) are morphisms f : Y — Z in C for which
the following diagram commutes for all X € ObC

CX)Y

XY ——=Y®X
1X®fL Lf®1x

(a) Show that Z(C) is a strict monoidal category with tensor unit (e,id_) and tensor product
(Y,eoy)®(Z,c-z) = (Y®Z, c_ygz), where

cxvez = (ly®cx z) o (cxy®1ly) : XQY®Z = YRZIRX
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(b) Show that the strict monoidal category Z(C) is braided with the braiding
Cee y)(Zoe.g) = Cy,z Y QZ — ZQY.

(c) Let A be a strict braided monoidal category and denote by II : Z(C) — C the strict
tensor functor with F((Z,c_ z)) = Z and F(f) = f: Y — Z for all objects (Z,c_ z) and
morphisms f: (Y,c_y) = (Z,c_ z) in Z(C). Suppose that F' : A — C is a strict monoidal
functor that is bijective on the objects and surjective on the morphisms. Show that there
is a unique braided monoidal functor F : A — Z(C) with IIF = F.

Exercise 66: Use the presentation of the cobordism category Cob, o to classify all 1d oriented
topological quantum field theories Z : Coby o — Vectf;m with Zx = 2.

Exercise 67: Let G be a group, F a field and A € F\ {0}. We consider the commutative
Frobenius algebra Fun(G,F) with the pointwise product and the Frobenius form

R(fh) =Y f(g)h(g)

geG

and the associated 2d topological quantum field theory Z : Coby; — Vectﬂ{im.

(a) Determine the corresponding (A, €)-Frobenius structure on Fun(G,F).
(b) Compute Z(S) for the case where S is an oriented surface of genus g € Np.
(c) Compute Z(S) for the case where S is the disjoint union of n € N tori.

Exercise 68: (Fukuma-Hosono-Kawai model)

Let ¥ be a triangulated oriented surface, i. e. an oriented surface obtained by gluing finitely
many triangles along their edges, I a finite set and F a field. We associate to ¥ a number
Z(%) € F defined as follows:

1. Assign to each edge in an oriented triangle ¢ an element of I, and to the oriented triangle
t = (abc) formed by edges labelled with a,b,¢ € I a number Cy,. € F, the triangle
constant, satisfying Cyp. = Crap = Cheq-

& szbc b

a

2. Each edge in the surface ¥ occurs in two adjacent triangles ¢,¢ and carries two labels
a,a’ € I. Assign to such an edge a number B € F, the gluing constant, such that the
matrix B = (Ba“')w/e 1 is symmetric and invertible.

c Cabc b

a

/

BCLCL

a/

d Cdea’ €
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3. Assign to the triangulated surface ¥ the number

R—V Z H Bee H Cefg

fiE=IXI eckE =(efg)eT

where R € F\ {0}, V is the number of vertices, E the set of edges and T the set of
triangles of the triangulated surface ¥, the sum runs over all assignments f: E — I x [
of pairs (a,b) € I x I to the edges in E and the products are taken over all labelled edges
and labelled triangles.

One can show that two triangulated surfaces are homeomorphic if and only if the triangulations
are related by a finite sequence of the two Pachner moves

If Z(¥) is invariant under the two Pachner moves P,y and P; 3, then Z(X) depends only on
the homeomorphism class of the oriented surface > and not on the choice of the triangulation,
i. e. Z(X) is a topological invariant.

Show that Z(X) is a topological invariant if and only if the constants C,. and B define a
Frobenius algebra (A, m,1,A,¢€) over F with eom o A = Re and ¢(1) = R™!|I]. Proceed as
follows:

(a) Derive the conditions on the constants Cyy., B%, By that are equivalent to the statement
that Z(X) is invariant under the two Pachner moves.

(b) Consider the free vector space A = (I)p with basis I, define a linear map x : AQA — F
and a multiplication map m : AQA — A by

a-b=m(a®b) = Y CuB d  r(c®d) =By Vabedel,

c,del

where B,, are the coefficients of the inverse matrix B~! = (Baa’)aarer- Show that the
conditions on the coefficients Cype, B%, B.q from (a) guarantee that (i) - is associative, (ii)
w satisfies k(a - b®c) = Kk(a®b - ¢) and (i) 1= R7' Y, o 1e; Cane B Bd is a unit for the
multiplication -.

(c) Show that the (A,e¢)-Frobenius algebra associated with the Frobenius algebra in (b)
satisfies the conditions eomo A = Re and €(1) = R~ |I|.

(d) Show that any (A, €)-Frobenius algebra that satisfies the two conditions in (c) gives rise to a
finite set I, triangle constants Cyp. and gluing constants B such that Z(X) is a topological
invariant.
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7.5 Exercises for Chapters [5| and []

Exercise 69: Let G be a finite group and F[G] its group algebra over F. Verify that the
Drinfeld double D(F[G]) is given by

(0,29) - (6,h) = 5u(gvg_1)5u®gh 1 =1®e = Y eq d,Re
S((5u®g) = 59—1u—1g®g_1
and that R = X c¢1®g®J,®e is a universal R-matrix for D(F[G]).

Exercise 70: Let G be a finite group.

(a) Show that a module V' over the Drinfeld double D(F[G]) is a module (V,>) over F[G]
together with a decomposition V = @,cqV; such that h >V, C Vg1 for all g, h € G.

(b) Let V = @4V, and W = @peeW), be modules over D(F[G]). Show that the maps
cyw @ VOW — WV defined by cywl|v,ew, 1 Vo@Wi — Wip@Vigp-1, v@W = w®h > v
for all g,h € G, v € V and w € W define a braiding for D(F[G])-Mod.

Exercise 71: A matched pair of groups is a pair (H, K) of groups together with a left
action > : K x H — H and a right action <: K®H — K such that

(k-K)Y<h=(k<(K>h)- (K<h) ex <h=eg
k> (h-h)=(k>h)-(k<h)>h) k>eg=en
for all h,h' € H and k, k" € K. Prove the following:

(a) If (H, K) is a matched pair of groups, then there is a unique group structure on the set
H x K, the bicrossproduct H < K, such that

(h, k) - (W, k) = (h(k > 1), (k < B)K).

(b) If G is a group and H, K C G subgroups such that p|gxx : H x K — G is a bijection,
then (H, K) is a matched pair of groups and G is isomorphic as a group to H 1 K.

(¢) Products and semidirect products of groups are special cases of bicrossproducts of groups.

Exercise 72: A matched pair of bialgebras is a pair (H, K) of bialgebras together with
a K-left module coalgebra structure > : K x H — H on H and a H-right module coalgebra
structure <: K®H — K on K such that

(k- K') <h = X,a) (k< (ky) > h)) - (ko) < h) I <h =e(h) 1k
k> (h-h') = Sy (ko) > hay) - (ko) <he) > h) ko ly =e(k)ln
Smw (kay <ha)@(ke) > hz) = Enyw (ke) < he)@(ka) > ha))

for all h,h' € H and k, K € K.

(a) Show that if (H, K) is a matched pair of bialgebras, then the following defines a bialgebra
structure on H®K

(h@k) - (WRK) = Saywh(k) > hia))@(k) < hig) K
A(h@k) = Em),m) ha)@ka)@he) @k().
This bialgebra is called the bicrossproduct of H 1 K.
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(b) Show that if H and K are Hopf algebras, then the bicrossproduct H < K is a Hopf
algebra as well.

(c) Show that every x € H > K can be factorised uniquely as = = (h®1) - (1®k) =
(1®K') - (F'®1). Determine k', ' in terms of h, k and h, k in terms of h', k.

(d) Show that tensor products of bialgebras and cross products of bialgebras are examples of
bicrossproduct bialgebras.

(e) Show that the Drinfeld double D(H) of a finite-dimensional Hopf algebra H is a bicrossprod-
uct A and H*“P,

Exercise 73: Express the following morphisms in the category 7 of ribbon tangles

i
(a) (b) (c) }
i

in terms of the generators

N A I

U: N: U N : X X1
@+ =0 —=40- +@-—=0 0= -+ ++=+®+ ++ = +@+
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A Algebraic background

A.1 Modules over rings

In this section, we assemble without proofs some basic facts about modules over rings. The
notion of a module over a ring R unites concepts such as vector spaces (modules over fields),
abelian groups (modules over Z), group representations (modules over the group algebra) and
representations of algebras (modules over an algebra) in a common framework.

Definition 1.1.1:

1. A left module (M,r>) over a ring R is an abelian group (M, +) together with a map
>:Rx M — M, (r,m)— r>m that satisfies for all .7’ € R and m,m’ € M

re>(m+m') = (rom)+(rom')  (r+r)om = (rom)+(r'om)  (rr)sm = re>(r'sm).
If R is unital, one also requires 1 > m = m for all m € M.

2. A morphism of left modules or an R-linear map from (M, >,/) to (N, >y) is a group
homomorphism ¢ : M — N with ¢(r >y m) =r >y ¢(m) for allm € M and r € R. If ¢
is bijective it is called a module isomorphism and the modules are called isomorphic.

Remark 1.1.2:

1. Analogously one defines a right module over R as an abelian group (M, +) together
with amap <: M x R — M, (m,r) — m<r that satisfies for all r,7" € R and m,m’ € M

(m+m/)<ar = (m<ar)+(m'<ar) m<a(r+r") = (m<r)+(m<r’) m<(r-r’) = (m<ar)<ar’.
If R is unital, one also requires m <t1 =m for all m € M.

2. Every right module (M, <1) over R has a canonical left module structure over the ring
R? with the opposite multiplication given by 7 >,, m = m < r, and every left module
(M, >) over R is a right module over R? with m <, r :=r>m.

3. An (R, S)-bimodule is a abelian group (M, +) together with an R-left module structure
> : Rx M — M and an S-right module structure < : M x S — M such that
(rom)<ds=r>(m<s)foralreR, seSand me M. Alternatively, we can view
an (R, S)-bimodule as a left module over R x S°.

4. If R is a commutative ring, then every R-left module is an R-right module and an (R, R)-
bimodule and vice versa.

In the following, we take the term module to mean left module. A right module over a ring is
either interpreted as a left module over R°P or explicitly referred to as a right module.

Example 1.1.3:

1. Every ring unital ring R is a left module over itself with the left multiplication
>:RXR— R, (r,s)— r-s and a right module over itself with the right multiplication
<J:RxR— R, (s,r) — s-r. Together, they give R the structure of an (R, R)-bimodule.
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. For any ring R and set M, the set of maps f : M — R has the structure of an R-left

module with the pointwise addition and pointwise left multiplication by R

(f + /)m) = f(m) + f'(m) — (r>f)(m) =r- f(m).

. For every ring R and R-left module M, the set Endgr(M) = Hompg(M, M) of module

endomorphisms f : M — M is a unital ring with the pointwise addition and composition.
This is called the endomorphism ring of M. The R-left module structures on an
abelian group (M, +) correspond bijectively to ring homomorphisms R — Endz(M).

. If ¢ : R — S is a unital ring homomorphism, then every S-module becomes an R-module

with the module structure given by r > m := ¢(r) > m. This is called the pullback of
the S-module structure on M by ¢.

. In particular, for any subring U C R, the inclusion map ¢ : U — R, u — u is a unital

ring homomorphism and induces a U-module structure on any R-module M. This is
called the restriction of the R-module structure to U

. A module over the ring Z is an abelian group. Any abelian group (M, +) has a unique Z-

module structure given by > : Zx M — M, (z,m) — zt>m, where z>m = (m+...+m) is
the z-fold sum of m with itself for = € N, 0>m = 0 and z>m = —(m+...4+m) for —z € N.

A module over a field ' is a vector space V over F. The F-action is given by the scalar
multiplication: A\>v = v forallv e V and XA € F.

The concepts of a linear subspace and of a quotient vector space of a vector space can be
generalised to modules over a ring. Their counterpart for modules over rings are submodules
and quotients of modules.

Definition 1.1.4: Let R be a unital ring and M an R-module. A submodule of M is a
subgroup (U,+) C (M, +) that is an R-module with the restriction of the action map, i. e. a
subgroup with r>u € U for all w € U and r € R.

Example 1.1.5:

1.

For every R-module homomorphism ¢ : M — N, the kernel ker(¢) = ¢~1(0) C M and
the image Im(¢) C N are submodules of M and N.

. For any subset U C M of an R-module M, the set

<U>M:{Z?:1n>ui|nEN,nER,uiE U}CM

is a submodule of M, the submodule generated by U. For any submodule U C N C M,
one has (U)y € N. If (U)yr = N one says that U generates N.

. If R=TF is a field, a submodule of an F-module V is a linear subspace U C V.
. If R =7, a submodule of an Z-module A is a subgroup of the abelian group A.

. If we consider a ring R as a left, right or bimodule over itself, then a submodule I C R

is a left, right or two-sided ideal in R.
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The quotient of an module M by a submodule N C M is constructed in a similar way as
the quotient of a vector space by a linear subspace. It has a canonical module structure and is
characterised by a universal property that generalises the universal property of quotients vector
spaces. In particular, the following proposition implies that every module homomorphism ¢ :
M — M’ induces a canonical isomorphism ¢ : M/ker(¢) — Im(¢). Similarly, for submodules
U CV C M, one obtains a canonical isomorphism (M/U)/(V/U) = M/V. (Exercise)

Proposition 1.1.6: Let R be a unital ring, M an R-module and N C M a submodule.

1. There is a unique R-module structure on the group (M/N,+) for which the canonical
surjection 7 : M — M /N, m — [m] is a module homomorphism. The group (M/N,+)
with this module structure is called the quotient module of M by N.

2. It has the following universal property: for any module homomorphism ¢ : M — M’
with ker(¢) C N, there is a unique module homomorphism ¢ : M/N — M’ such that the
following diagram commutes

M—¢>M’

M/N.

Example 1.1.7:

1. If R =TF is a field, a submodule of an F-module V' is a linear subspace U C V and the
quotient module is the quotient vector space V/U.

2. If we consider a ring R as a left, right or bimodule over itself, then a submodule I C R
is a left, right or two-sided ideal in R, and the quotient module is the abelian group R/I
with the induced module structure.

Although modules over general rings share many features with vector spaces, a fundamental
difference is that a module over a ring does not necessarily have a basis. Although the definition
of a basis can be generalised straightforwardly to modules over rings, the existence of a basis
for a given module is not guaranteed. Modules over a ring that have a basis are called free. For
every ring R and set M, there is a module with basis M, the free R-module generated by M.

Definition 1.1.8: Let R be a unital ring and M a set. The free R-module generated by M
is the set of maps (M)r = {f : M — R| f(m) = 0 for almost all m € M} with the pointwise
addition and the module structure > : R x M — M, (r> f)(m) =r- f(m).

Remark 1.1.9:

1. The maps d,, : M — R with 6,,(m) = 1 and §,,(m’) = 0 for m’ # m generate (M)g,
because any map f : M — R with f(m) = 0 for almost all m € M can be written as a
finite sum f = X,ep f(m) > .
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2. The free R-module (M) generated by a set M has the following universal property:
For every map f : M — N into an R-module N, there is a unique module homomorphism
¢: (M)r — N with ¢ o1 = ¢, where 1 : M — (M)g, m — m is the inclusion map.

3. If R =T is a field, then (M) is the free F-vector space generated by M. If R = 7Z, then
(M) is the free abelian group generated by M.

The free module generated by a set is a specific case of a more general construction, namely
the direct sum of modules. Direct sums of and products of modules over a ring are defined
analogously to direct sums and products of vector spaces. For a family (M;);e; of modules over
a ring R we consider the disjoint union U;c;M;. Its elements are families (m;);c; of elements
m; € M;. The R-module structure of U;c;M; is given by the module structure on M;, and the
elements (m;);c; with m; = 0 for almost all ¢ € I form a submodule.

Definition 1.1.10:
Let (M;);er be a family of modules over a ring R, indexed by a set I. Then

(my)ier + (M5)ier == (my +m5)ier T > (My)ier := (7 > My)ier
defines an R-module structure on the sets
M = {(m;)ier : m; € M;} M'" = {(m;)ier : mi € M;,m; =0 for almost all i € I} C M.

The set M with this R-module structure is called the product of the modules M; and denoted
IT,c; M;. The set M’ with this R-module structure is called the direct sum of the modules M;
and denoted @®;c;M;.

Just as in the case of vector spaces, direct sums and product of modules over a ring R have
universal properties that characterise them in terms of the inclusion and projection maps

L Mj — @iEIMia m— (méij)ig T HiEIMi — Mj, (mi)ief = m;.

This allows one to efficiently construct module homomorphisms between direct sums and prod-
ucts, without defining them explicitly.

Proposition 1.1.11: Let (M;);c; be a family of modules over a ring R. Then the direct sum
@icrM; and the product Il;c;M; have the following universal properties:

1. The inclusion maps ¢; : M; — @;erM;, m — (md;;);er are module homomorphisms. For
every family (¢;);er of module homomorphisms ¢; : M; — N there is a unique module

homomorphism ¢ : ®;c;M; — N such that the following diagram commutes for all j € I
M, _% N :
7

l -
L]' Ve 5
PR=1r)
DicrM;
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2. The projection maps 7, : ;e  M; — M;, (m;)ier — m; are module homomorphisms. For
every family (¢;)ic; of module homomorphisms ; : L — M; there is a unique module

homomorphism ¢ : L — Il;c; M; such that the following diagram commutes for all j € I

M~ L,

Ve
ﬂ—jT Ve 5
AL

ILicr M;

Remark 1.1.12:

1. If R = F, then the direct sum and the product of R-modules are simply the direct sum
and product of vector spaces.

2. For R = 7Z, the direct sum and product of R-modules coincide with the direct sum and
product of abelian groups.

3. If I is finite, then II;c; M; = @®;c; M;, but if I is infinite, then m;c; M; and @;c;M; are not
isomorphic.

4. The direct sum @;c; R is canonically isomorphic to the free R-module (I)g.

The last important construction that generalises directly from vector spaces to modules over a
general ring are tensor products. However, unless R is commutative, we cannot take the tensor
product of two left modules over R and obtain another left module over R. Instead, we combine
a left module over R with a right module over R and obtain an abelian group. Otherwise, the
construction is analogous to the one for vector spaces.

Definition 1.1.13: Let R be a ring, M a right module and N a left module over R. The
tensor product M®pgN is the quotient M@grN = (M X N)z/A, where A C (M x N)y is the
subgroup of the free abelian group (M x N)z that is generated by the elements

5m,n+5m’,n_5m+m’,na 5m,n+5m,n’ _5m,n+n’7 5m,r>n_5m<lr,n Vm, m' € Ma n, n' € N7 re R

The equivalence class of 0,,,, : M x N = R in M®gN is denoted m&n.

Remark 1.1.14:

1. Note that the tensor product M®@gN of an R-right module M and an R-left module N is
an abelian group, but in general not an R-module. However, if N is an (R, S)-bimodule
or M an (P, R)-bimodule, then M®pzN is an (P, S)-bimodule.

2. For a commutative ring R, every left or right module over R is an (R, R)-bimodule and
hence the tensor product M®zN is an (R, R)-bimodule. For left modules Mj, ..., M,, over
R, we can therefore define multiple tensor products by

M1®R"'®RMTL = (...<M1®RM2)®RM3)®R e ®RMn—1)®RMn~

This holds in particular for tensor products of vector spaces and of abelian groups.

194



3. If R = F is a field, the tensor product of R-modules is the tensor product of vector
spaces. In this case, for any bases B of M and C of N, the set D = {b®c|b € B,c € C}
is a basis of M®gN. This implies in particular dimp(M®pN) = dimg(M) - dimp(N),
where we take co-n=n-co=ocforn e Nand 0-co=00-0=0.

4. As every module over a ring R exhibits a unique Z-module structure, one can also form
the tensor product M®zN for any right module M and left module N over a ring R.
However, this is general very different from the tensor product M®z /N and the two should
not be confused.

Tensor products of modules can be characterised by a universal property that resembles the one
for tensor products of vector spaces. This universal property states that the R-bilinear maps
M x N — A for an R-left module N, an R-right module M and an abelian group A are in
bijection with group homomorphisms M®@zrN — A.

Proposition 1.1.15: Let R be a ring, M a right module and N a left module over R. Then
the tensor product M®xrN has the following universal property:

The map 7: M x N - M®gN, (m,n) — m®n is R-bilinear:
r(m+m',n) =7(m,n)+7(m’,n), 7(m,n+n’)=7(m,n)+7(m,n'), 7(m<r,n)=7(m,r>n)

for all m,m' € M, n,n" € N, r € R. For every R-bilinear map ¢ : M x N — A into an abelian
group A there is a unique group homomorphism ¢ : M®rN — A such that the following
diagram commutes

MxN2 A

7

7
T 7
L/aw

M®&gN.

Remark 1.1.16: The universal property of tensor allows one to define a tensor product of
module homomorphisms. If R is a ring, M, M’ are all right modules and N, N’ left modules
over R, then the maps 7: M Xx N — M®zrN and 7" : M’ x N' — M'®@rN' from Proposition
are R-bilinear. Moreover, for each pair of module homomorphisms f : M — M’ and
g : N — N' the map 77 o (f X g) : M x N — M'®gN’ is R-bilinear. By the universal
property of the tensor product, there is a unique linear map f®g : MRrN — M'®rN’" with
(f®g)oT =1"0(f % g). This map is called the tensor product of f and g and satisfies

f@g = (f®idy) o (idy®g) = (idm®g) o (f®idy).

Besides the universal properties of tensor products, some canonical linear maps between multi-
ple tensor products of vector spaces also have analogues for modules over a general ring. They
are obtained by replacing the field with the ring R and linear maps with module homomor-
phisms. The most important ones are the following.

Proposition 1.1.17: Let R, S be rings, M, M; right modules over R, N, N; left modules over
Rfor alli € I, P an (R, S)-bimodule and @ a left module over S. Then 0QrN = M®@zrN = 0,
and the following are module isomorphisms:
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e the maps M®rR — M, m®@r +— m <1r and RQrN — N, r@n +> r > n,
e the maps
(BierM;) QrN — @ier M;@rN, (M;)icr®@n — (M;@N);er
M®g (BierN;) = @ierMRpN;, m®(n;)ier — (MOn;)ier,

e the map (MRrP)RsQ — MRr(PRsQ), (mRp)Rq — m(pRq).

A.2 Categories and functors

In this section, we summarise the basics about categories, functors and natural transformations.
For more information we refer to the book [MclL] and [Kal, Chapter XIJ.

Definition 1.2.1: A category C consists of:

e a class ObC of objects,
e for each pair (X,Y) of objects a set Home(X,Y) of morphisms,
e for each triple (X, Y, Z) ob objects a composition map

o: Home(Y, Z) x Home(X,Y) — Home (X, Z), (f,g)— fog
such that the following axioms are satisfied:

(C1) The morphism sets Home (X, Y') are pairwise disjoint.

(C2) The composition is associative: fo(goh) = (fog)oh for all objects W, XY, Z of C and
morphisms f € Home(Y, Z), g € Home(X,Y), h € Home (W, X).

(C3) For each object Y there is a morphism 1y € Hom¢ (YY), the identity morphism on Y,
with foly = f and 1y o g = ¢ for all morphisms f € Hom¢(Y, Z) and g € Home(X,Y).

Instead of f € Home(Y, Z) one also writes f : Y — Z. The object Y is called the source and
the object Z the target of f.

A morphism f : Y — Z is called an isomorphism if there is a morphism f~!: 7 — Y with
flof=1y and fo f~! =1, Two objects Y, Z in C are called isomorphic Y = Z, if there
is an isomorphism f :Y — Z. A category in which all morphisms are isomorphisms is called a
groupoid.

The reason why it is not required in Definition that the objects of a category form a set
is that one wants to consider the category Set whose objects are sets and whose morphisms
f X — Y are maps from X to Y. The requirement that objects of a category form a set
would then force one to the consider the set of all sets, which does not exist. A category whose
objects form a set is called a small category. Important examples of categories are given in
Table [I} Additional examples are the following.

Example 1.2.2:

1. Every group G can be viewed as a groupoid with a single object e, elements g € G as
morphisms, the group multiplication as the composition of morphisms and the identity
morphism 1, = e € G.
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category | objects morphisms isomorphisms
Set sets maps bijections
Set/™ finite sets maps bijections
Grp groups group homomorphisms group isomorphisms
Ab abelian groups group homomorphisms group isomorphisms
URing unital rings unital ring homomorphisms | unital ring isomorphisms
Field fields field homomorphisms field isomorphisms
Vectp vector spaces over F | F-linear maps [F-linear isomorphisms
VectIFm finite-dimensional F-linear maps F-linear isomorphisms
vector spaces over [F
Algp algebras over [F algebra homomorphisms algebra isomorphisms
A-Mod left modules over A | left module maps left module isomorphisms
Mod-A right modules over A | right module maps right module isomorphisms
A—Mod’™ | finite-dimensional left module maps left module isomorphisms
left modules over A
Repp(G) representations homomorphisms isomorphisms
of G over F of representations of representations
Top topological spaces continuous maps homeomorphisms
Mfld smooth manifolds smooth maps diffeomorphisms

Table 1: Examples of categories
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2. The category Ord that has ordinal numbers 0 = ) and n = {0,1,...,n — 1} for n € N
as objects and maps f : {0,1,....,m —1} — {0,1,...,n — 1} as morphisms f : n — m.

Many constructions that are familiar in the context of sets, groups or rings have analogues for
categories. Examples are the following.

Definition 1.2.3: Let C, D be categories.

1. The opposite category C? is the category with the same objects as C, morphism sets
Homeor (Y, X) = Home (X, Y') and the reversed composition of morphisms go,, f = fog
for all f € Homeer(Z,Y) and g € Homeon (Y, X).

2. The cartesian product C x D is the category that has as objects pairs (C,D)
of objects ¢ € ObC and D € ObD, whose morphism sets are given by
Homeywp((C, D), (C",D")) = Hom¢(C,C") x Homp(D,D’) and whose composition
of morphisms is given by (f,h) o (g,k) = (fog,hok).

3. A subcategory of C is a category C' whose objects form a subclass ObC’ € ObC such
that Home/ (X,Y) C Home(X,Y) for all X, Y € ObC” and the composition in C" agrees
with the one in C. A subcategory C’ of C is called full if Home (X, Y) = Home(X,Y) for
all X,Y € Ob(".

As a category consists of both, objects and morphisms between them, the appropriate way
to relate different categories must take into account both, objects and morphisms, as well as
the category axioms. this forces one to consider assignments of objects and maps between
the morphisms sets that are compatible with the composition of morphisms and send identity
morphisms to identity morphisms.

Definition 1.2.4: Let B,C,D be categories. A functor F': C — D consists of

e an assignment of an object F'(C') € ObD to each object C' € ObC,
e for each pair of objects C,C’" € ObC a map

F : Hom¢(C,C") — Homp(F(C), F(C")), f+— F(f)
that are compatible with the composition of morphisms and the identity morphisms:
F(fog) = F(f)OF(g> Vfe Homc((]’, C’"),g S Homc(C, O/) F(lc) = 1F(C) vC € ObC.
A functor F': C — C is called an endofunctor of C and a functor F' : C°? — D a contravariant

functor from C to D. The composite of functors F' : C — D, G : B — C is the functor
FG : B — D with the assignment B — F(G(B)) for all objects B € Ob B and the maps

FG : Homg(B, B') — Homp(F(G(B)), F(G(B))), [+ F(G(f)).

It follows from the definition that any functor F' : C — D send isomorphisms in C to isomor-
phisms in D. This is essential since in many contexts one is not interested in the objects of a
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category but only in isomorphism classes of objects, such as vector spaces up to linear isomor-
phisms, groups up to group isomorphisms, modules up to module isomorphisms etc. The fact
that a functor maps isomorphisms to isomorphisms ensures that this is still consistent when
one considers relations between categories.

Example 1.2.5:

1. For every category C, there is a identity functor ids : C — C that assigns every object
and morphism in C to itself is an endofunctor.

2. The functors Vecty — Set, Grp — Set, Top — Set that assign to a vector space, a
group or a topological space the underlying set and to a an F-linear map, a group
homomorphism or a continuous map the underlying map. The functors Algy — Vectp,
A—Mod — Vectr that assign to an algebra over F or to a module over an F-algebra A
the underlying vector space. Functors of this type are called forgetful functors.

3. The functor * : Vecty — Vecty that assigns to every vector space V over F the dual
vector space V* and to every F-linear map f : V — W the dual map f*: W* — V*,
a — ao fis a contravariant endofunctor of Vectp.

4. The functor F' : Set — Vecty that assigns to a set X the free vector space F(X) = (X)r
with basis X and to a map f : X — Y the unique F-linear map F(f) : (X)r — (Y)r
with F(f)|x = f.

5. Every algebra homomorphism ¢ : A — B defines a functor F' : B-Mod — A-Mod
that assigns to a B-module (V,r>) the A-module (A,>') with a >’ v = ¢(a) > v and
to a B-module morphism ¢ : (V,>y) — (W, >y ) the associated A-module morphism
¢ (Viy) = (W, >y).

6. For every category C and object C' € ObC there is a functor Hom(C, —) : C — Set that
assigns to an object C” in C the set Hom¢(C,C") and to a morphism f : C" — C” the
map Hom(C, f) : Home(C,C") — Home(C,C"), g — f o g. Similarly, one has a functor
Hom(—,C) : C? — Set that assigns to an object C" € ObC the set Hom¢(C’, C') and to
a morphism f : " — C” the map Hom(f,C) : Hom¢(C”,C') — Home(C',C), g+ go f.
These functors are called Hom-functors.

7. Let G be a group, viewed as a category with a single object as in Example[1.2.2] 1. Then
a functor F' : G — Set is a pair (X,>) of a set X with a group-action > : G x X — X
and a functor F': G — Vecty is a representation (V, p) of G.

Just as a functor F' : C — D relates the categories C and D, there is another mathematical
structure that relates different functors F' : C — D. As a functor FC — D assigns to each object
in C an object in D a mathematical structure that relates functors F,G : C — D must relate
the objects F'(C) and G(C) for each object C' in C. Hence, we require a collection of morphisms
ne : F(C) — G(C) indexed by the objects in C. Two morphisms ne : F(C) — G(C) and
ne : F(C") — G(C') in this collection can be composed with the images F'(f) : F(C) — F(C")
and G(f) : G(C) — G(C") of a morphism f : C' — C’; either on the left or on the right. This
yields two morphisms G(f) one : F(C) — G(C") and ner o F(f) : F(C) — G(C"), and it is
sensible to impose that these morphisms agree for all morphisms f : C' — C’. This is called the
naturality condition.
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Definition 1.2.6: Let F,G : C — D be functors. A natural transformation n : F' — G
is an assignment of a morphism 7nc : F(C) — G(C) to each object C' € ObC such that the
following diagram commutes for all objects C, C" € ObC and morphisms f € Hom(C, C")

F(C) = G(C)
F(f)l jG(f)
F(C") 2~ ().

The morphisms 7 : F(C) — F(C") are called component morphisms of 7. A natural trans-
formation 7 : F' — G for which all component morphisms 7 : F'(C') — G(C') are isomorphisms
is called a natural isomorphism.

Example 1.2.7:

1. For every functor F' : C — C there is a natural transformation idp : ' — F with
component morphisms (idp)c = lp) @ F(C) — F(C). This is called the identity
natural transformation on F'.

2. Let % : Vectg — Vecty be the contravariant functor from Example 3. Then the
morphisms cany : V. — V** v — f, with f,(a) = «a(v) for all @ € V* define a natural
transformation can : idyeet, — **. It is not a natural isomorphism, but the associated

natural transformation can : idy, ,sin — ** is a natural isomorphism.
F

3. Let G be a group and g € G fixed. Then one has a functor F, : Repp(G) — Repgp(G)
that sends a representation (V,p) to (V,p') with p'(h) = p(ghg™) : V. — V for all
h € H and each homomorphism of representations to itself. Then the homomorphisms of
representations 7.,y = p(g) : V. — V define a natural isomorphism 7 : idgep, () — Fy.

4. Consider for n € N the functor GL,, : Field — Grp that assigns to F the group GL(n,F) of
invertible (n x n)-matrices with entries in F and to a field homomorphism f : F — G the
group homomorphism F(f) : GL(n,F) — GL(n,G) obtained by applying f to all entries
of a matrix. Then the determinant defines a natural transformation det : GL,, — idpjcq-

Natural transformations n : G — H between functors G, H : C — D can be composed with
both, functors F' : B — C and functors L : D — £ as well as with natural transformations
i H — K. These composites are obtained by applying the relevant functors to either the
component morphisms or the objects indexing the component morphisms and by composing
the component morphisms of the natural transformations.

Lemma 1.2.8: Let F:B—C, G, H, K:C—Dand L:D — &£ be functors and n: G — H,
i H — K natural transformations. Then:

1. The morphisms (Ln)c = L(nc) : LG(C) — LH(C) define a natural transformation
Ln: LG — LH.

2. The morphisms (nF)p = npp) : GF(B) = HF(B) define a natural transformation
nF:GF — HF.
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3. The morphisms (p o n)e = peone : G(C) — K(C) define a natural transformation
pon:G— K.

Proof:

One only has to check the naturality of these collections of morphisms, i. e. that the diagram
in Definition [1.2.6] commutes. In the first case, this follows by applying the functor L to the
diagram in Definition [1.2.6and using the compatibility of L with the composition of morphisms.
In 2. this follows by restricting the commuting diagram for 1 to objects F'(B) and morphisms
F(f) : F(B) — F(B') for objects B € ObB and morphisms f : B — B’. The third claim
follows by composing the commuting diagrams for n and u:

G(C) =~ H(C)—*+K(C)
jG(f) jH(f) lK(f)
G(C") e H(C") o K(C)

The fact that the composition of the component morphisms of two natural transformations is
associative implies that this also holds for the composition of the natural transformations. Sim-
ilarly, the fact that the identity natural transformation on F' has as component morphisms the
identity morphisms implies that composing a natural transformation with an identity natural
transformation does not change the natural transformation. This shows that functors between
two fixed categories and natural transformations between them form again a category.

Corollary 1.2.9: Let C be a small category and D a category. Then the functors F': C — D
and natural transformations between them form a category with the composition of natural
transformations as composition of morphisms and the identity natural transformations as iden-
tity morphisms. This category is called the functor category and denoted Fun(C, D).

As a functor relates different categories it is natural to ask what is the appropriate concept of
a reversible functor and under what criteria a functor can be reversed. The naive approach to
this would be to define a reversible functor as an invertible functor F' : C — D, i. e. a functor
such that there is a functor G : D — C with GF = id¢ and F'G = idp. However, it turns
out that there are very few examples of such functors and that this concept is of limited use.
Moreover, it is unnecessary to impose that GF' and F'G are equal to the identity functors ide
and idp since there are structures that can be used to relate them to identity functors. These
structures are natural isomorphisms and lead to the following concept of a reversible functor.

Definition 1.2.10: A functor F' : C — D is called equivalence of categories if there is a
functor G : D — C and natural isomorphisms 7 : id¢ — GF and € : FFG — idp. In this case,
the categories C and D are called equivalent.

This definition is well motivated, since it establishes the most general notion of a reversible
functor that can be defined with the concepts at hand. However, it is difficult to handle and
does not give a useful criterion under which conditions a functor is an equivalence of categories.
such a criterion is provided by the following theorem whose proof maxes use of the axiom of
choice and can be found in [Kal Prop.XI.1.15].
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Theorem 1.2.11: A functor F': C — D is an equivalence of categories if and only if it is

e essentially surjective: for every object D in D there is an object C'in C with D = F/(C).

e fully faithful: for all objects C, C” in C the map F' : Hom¢(C, C") — Homqp(F(C), F(C"))
is a bijection.

In each of the following Examples, it is much easier to prove the equivalence of the given
categories by guessing one the functors that forms the equivalence of categories and then arguing
that it is essentially surjective and fully faithful (Exercise).

Example 1.2.12:

1. The category Set/™ is equivalent to the category Ord from Example |1.2.2]

2. The category Vectf;m is equivalent to the category that has as objects numbers n € Ny
and as morphisms f : m — n matrices in Mat(m x n,F) with the matrix multiplication
as composition of morphisms and the unit matrices as identity morphisms.

3. For any pair of rings R, S the category (R x S)-Mod is equivalent to R-Mod x S-Mod.

4. A skeleton of a category C is a full subcategory D of C such that every object of D is
isomorphic to a unique object in C. If D is a skeleton of C, then the inclusion functor
t : D — C that sends every object and morphism of D to the corresponding object and
morphism in C is an equivalence of categories.

The notion of a skeleton and the associated equivalence of categories capture the notion of
a mathematical classification problem. Classifying the objects of a category C usually means
classifying them up to isomorphisms in C, e. g. vector spaces up to linear isomorphisms, groups
up to group isomorphisms, A-modules up to module isomorphisms, finite abelian groups up to
group isomorphisms etc. This amounts to giving a list of objects such that each object in C is
isomorphic in C to exactly one object in this list. This amounts to the construction of a skeleton
of C. One can show (Exercise) that if C’ is a skeleton of C and D’ a skeleton of D, then C and
D are equivalent if and only if C" and D’ are isomorphic.
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cocommutative, [I7]
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dual Lie bialgebra, Haar integral,
dual representation, Heisenberg ‘double,
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equivalence Hom-functors, {199
knots, [142 HOMFLY polynomial,
link diagrams, homomorphism
links, [142] of algebras, [5] [6]
of categories, [201 of bialgebras,
of cobordisms, [118 of coalgebras,
of framed links, [143 of Lie algebras, [9)
oriented links, [142 of modules,
ribbon diagrams, of algebra representations,
topological quantum field theories, [118 of comodules,
essentially surjective, [202 of group representations,
evaluation of Hopf modules, [64]
of g-binomials, of quasitriangular bialgebras, [124]
of g-factorials, homomorphism of G-graded vector spaces, (182
evaluation maps, [14] Hopf algebra, 22|
exterior algebra, over F[[A]],
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identity functor, [199 link diagram, [143
identity morphism, {196 link invariant, (145

identity natural transformation, 200 ’
inclusion map Maschke’s Theorem

tensor algebra, o gf;i; aglr;eirgs
matched pair of bialgebras, [18§
matrix algebra,

matrix elements,

modular element,

universal enveloping algebra, [9]
invariant, [60]
invariant of framed links, (145
invariant of framed oriented links, [145

isomorphic
objects, [196] modple, m
isomorphic modules, [[90] in monoidal category, [108
isomorphism module algebra,
category, [[99) module .coalgebm.7
module isomorphism, {190
Jacobi identity, [9] module object
Jones polynomial, in monoidal category, [108
monad,
Kauffman polynomial, monodromy element,
Kitaev model, monoidal category,
edge operators, monoidal equivalence, (105
extended Hilbert space, monoidal functor, [T05
face operator, strict, [T05]

ground state,
marked face,
marked vertex,
protected state,

monoidal isomorphism, {106

monoidal natural transformation, [105
morphism, [196]

morphism of crossed G-sets, [112

site, B1] morphism of left modules, [190
vertex operator, [82]
knot, Nakayama automorphism,
natural isomorphism, [200
Larson-Radford Theorem, [79] natural transformation, 200
left and right coevaluation maps, non-degenerate
left coideal, Frobenius form, [69]
left comodule, normalised,
left dimension
object, object,
left dual action, opposite algebra, [6]
left dualisable, [152] opposite category, [I98]
left Hopf module, opposite coalgebra,
left integral, orbit,
left module, [11] orbit space,
left regular action, ordinal numbers, (101
left rigid, oriented
left trace link,
morphism, [158 oriented link invariant,
Lie algebra, [9] oriented ribbon invariant,
Lie bialgebra, [47] overcrossing, [T43]
Lie bracket, [9] .
link, pentagon axiom, [97]

permutation category, [T03]
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permutation group, [I02] right trace

pivot, [16]] morphism, [158
pivotal category, [156 rigid,

pivotal Hopf algebra, [16]]

pivotal structure, [156 semisimple
Poincaré-Birkhoff-Witt basis, module,
primitive element, algebra,
product of modules, [I93 SeparaEihtyl 1d§mpt,
separable algebra,

pullback, shuffle permutations,
quantum Casimir, simple
quantum double, algebra,
quantum plane, module,
quantum Yang-Baxter equation, simplex category, [10]]
quasitriangular skein related,

bialgebra, skeleton, [202

Hopf algebra, small category, [196
quotient smash product,

of algebra, snake identities, [152

of module, [192] source
QYBE, morphism, [196

spherical

Radford’s formula, [74] category, [[53)
rational modules, Hopf algebra, [T61

Reidemeister moves,
for framed links, {144
for ribbons,

strict tensor category, [97]
strictification theorem, (106
structure constants, [J]

representation subalgebra,
of algebra, subcategory, [198
of group, subcoalgebra,
rescaled Kauffman polynomial, submodule, [197]
restriction ' generated by a subset,
of modules to subring, [191 Sweedler notation
of modules to subalgebra, Sweedler’s exampl,e
ribbon, symmetric
ribbon category, [163 Frobenius algebra,
ribbon element, braiding

ribbon Hopf algebra, [166

monoidal category, (110
ribbon invariant,

symmetric algebra,

ribbon tangle, symmetric monoidal functor, 115

right coideal,

right dimension Taft’s example,
object, tangle, [149

right dual, tangle category, [149

right dual action, target

right dualisable, morphism, [196

right Hopf module, tensor algebra, [7]

right integral, tensor category, [06|

right regular action, tensor functor,

right rigid, strict, [T05]
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tensor product weight,
of bialgebras, writhe,
of group representations,
of module morphisms, [195
of modules over a ring, (194
crossed G-sets, [112
monoidal category,
of algebras, [7]
of coalgebras,
of Hopf algebras,
of modules, [195]
tensor unit, [96]
topological bialgebra,
topological invariant,
topological quantum field theory, [118
triangle axiom, [97]
triangular
bialgebra,
Hopf algebra,
trivial
representation of group,
Hopf module, [64]
twist, [163]
twist equivalence, 140
twist equivalent,
twisted antipode,
twisted coproduct, [138
twisting
bialgebra, [13§
Hopf algebra, [13§]
of Frobenius algebra,

Yang-Baxter operator, (116

undercrossing, 143
unimodular,
unit constraints, [06|
universal R-matrix,
universal enveloping algebra, [9]
universal property
h-tensor product,
direct sum of modules, [193]
free module, [193]
product of modules,
quotient module, [192]
quotient of coalgebra,
tensor algebra,
universal enveloping algebra, [9]

Verma module, [94]
ankno,

Verma module,
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