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Chapter 1

Basic notions from category theory

1.1 Categories and functors

1.1.1 Categories

A category C consists of the following data:
e aclass |C| = Cy = C of objects, denoted by X, Y, Z, .. .;
e for any two objects X, Y, a set Home(X,Y) = Hom(X,Y) = C(X,Y’) of morphisms;
e for any three objects X, Y, Z a composition law for the morphisms:

o: Hom(X,Y) x Hom(Y, Z) — Hom(X, Z), (f,g) — go f;

e for any object X a unit morphism on X, denoted by 1y or X for short.
These data are subjected to the following compatibility conditions:

e for all objects X, Y, Z, U, and all morphisms f € Hom(X,Y), g € Hom(Y,Z) and h €
Hom(Z,U), we have

ho(go f)=(hog)of;
e for all objects X, Y, Z, and all morphisms f € Hom(X,Y') and g € Hom(Y, Z), we have
Yof=f goY=gy

Remark 1.1.1 In general, the objects of a category constitute a class, not a set. The reason behind
this is the well-known set-theoretical problem that there exists no “set of all sets”. Without going
into detail, let us remind that a class is a set if and only if it belongs to some (other) class. For
similar reasons, there does not exist a “category of all categories”, unless this new category is “of
a larger type”. (A bit more precise: the categories defined above are Hom-Set categories, i.e. for
any two objects X, Y, we have that Hom(X,Y) is a set. It is possible to build a category out of
this type of categories that will no longer be a Hom-Set category, but a Hom-Class category: in a
Hom-Class category Hom(X, Y) is a class for any two objects X and Y. On the other hand, if we
restrict to so called small categories, i.e. categories with only a set of objects, then these form a
Hom-Set category.)



Examples 1.1.2 1. The category Set whose objects are sets, and where the set of morphisms

10.

11.

12.

13.

between two sets is given by all mappings between those sets.

Let k£ be a commutative ring, then M} denotes the category with as objects all (right) k-
modules, and with as morphisms between two k-modules all k-linear mappings.

. If A is a non-commutative ring, we can consider also the category of right A-modules M 4,

the category of left A-modules 4.M, and the category of A-bimodules 4 M 4. If B is an-
other ring, we can also consider the category of A-B bimodules 4 M g. Remark that if A is
commutative, then M 4 and 4 M coincide, but they are different from 4 M 4 !

Top is the category of topological spaces with continuous mappings between them. Top, is
the category of pointed topological spaces, i.e. topological spaces with a fixed base point,
and continuous mappings between them that preserve the base point.

Grp is the category of groups with group homomorphisms between them.

Ab is the category of Abelian groups with group homomorphisms between them. Remark
that Ab = M3,

Rng is the category of rings with ring homomorphisms between them.

. Alg, is the category of k-algebras with k-algebra homomorphisms between them. We have

Alg, = Rng.

. All previous examples are concrete categories: their objects are sets (with additional struc-

ture), i.e. they allow for a faithful forgetful functor to Set (see below). An example of a
non-concrete category is as follows. Let M be a monoid, then we can consider this as a
category with one object %, where Hom(x, x) = M.

The trivial category * has only one object %, and one morphism, the identity morphism of x
(this is the previous example with M the trivial monoid).

Another example of a non-concrete category can be obtained by taking a category whose
class of objects is Ny, and where Hom(n, m) = M,, ,,,(k): all n x m matrices with entries in
k (where k is e.g. a commutative ring).

If C is a category, then C is the category obtained by taking the same class of objects as in
C, but by reversing the arrows, i.e. Homeer (X, Y) = Home(Y, X). We call this the opposite
category of C.

If C and D are categories, then we can construct the product category C x D, whose objects
are pairs (C, D), with C' € C and D € D, and morphisms (f,g) : (C,D) — (C'",D’) are
pairs of morphisms f: C' — C’"inCandg: D — D" inD.



1.1.2 Functors

Let C and D be two categories. A (covariant) functor I’ : C — D consists of the following data:
e for any object X € C, we have an object F'X = F(X) € D;
e for any morphism f : X — Y in C, there is a morphism F'f = F(f) : FX — FY in D;
satisfying the following conditions,
e forall f € Hom(X,Y) and g € Hom(Y, Z), we have F'(go f) = F(g) o F(f);
e for all objects X, we have F(1x) = 1px.

A contravariant functor I’ : C — D is a covariant functor F' : C°? — D. Most or all functors that
we will encounter will be covariant, therefore if we say functor we will mean covariant functor,
unless we say differently. For any functor ' : C — D, one can consider two functors F'? : C? —
D and F°P : C — D°. Then F'is contravariant if and only if F'°? and F'“°? are covariant (and visa
versa). The functor F°P:°P : CP — D is again contravariant.

Examples 1.1.3 1. The identity functor 1¢ : C — C, where 1¢(C) = C for all objects C' € C
and 1¢(f) = f for all morphisms f : C' — C"inC.

2. The constant functor C — D at X, assigns to every object C' € C the same fixed object
X € D, and assigns to every morphism f in C the identity morphism on X. Remark that
defining the constant functor, is equivalent to choosing an object D € D.

3. The tensor functor — ® — : M, x M, — M, associates two k-modules X and Y to their
tensor product X ® Y (see Section [I.3).

4. All “concrete” categories from Example-(l) —(8) allow for a forgetful functor to Set, that
sends the objects of the concrete category to the underlying set, and the homomorphisms to
the underlying mapping between the underlying sets.

5. m : Top, — Grp is the functor that sends a pointed topological space (X, ) to its funda-
mental group 71 (X, xo).

6. An example of a contravariant functor is the following (—)* : My — My, which assigns to
every k-module X the dual module X* = Hom(X, k).

All functors between two categories C and D are gathered in Fun(C, D). In general, Fun(C, D) is
a class, but not necessarily a set. Hence, if one wants to define ‘a category of all categories’ where
the morphisms are functors, some care is needed (see above).



1.1.3 Natural transformations

Let F,G : C — D be two functors. A natural transformation o : F — G (sometimes denoted by
a : F = (), assigns to every object C' € C a morphism «¢ : FC — GC'in D rendering for every
f: C — C"inC the following diagram in D commutative,

Ff
FC FC'
acl lac,
GO~ GC

Remark 1.14 If o : ' — G is a natural transformation, we also say that o : FC — GC'is a
morphism that is natural in C'. In such an expression, the functors F' and G are often not explicitly
predescribed. E.g. the morphism X ® Y* — Hom(Y, X), * ® f — (y — xf(y)), is natural
both in X and Y. Here X and Y are k-modules, z € X,y € Y, f € Y* = Hom(Y, k), the dual
k-module of Y.

If a¢ is an isomorphism in D for all C' € C, we say that o : F' — G is a natural isomorphism.

Examples 1.1.5 1. If F: C — Dis afunctor, then 1 : F' — F, defined by (15)x = 1px) :
F(X) — F(X) is the identity natural transformation on F.

2. The canonical injection tx : X — X™* ix(2)(f) = f(z), forallz € X and f € X*, from
a k-module X to the dual of its dual, defines a natural transformation ¢ : 15, — (—)**. If
we restrict to the category of finitely generated and projective k-modules, then ¢ is a natural
isomorphism.

1.1.4 Adjoint functors

Let C and D be two categories, and L : C — D, R : D — C be two functors. We say that
(equivalently)

e L is a left adjoint for R;
e RR1is aright adjoint for L;
e (L, R) is an adjoint pair;
e the pair (L, R) is an adjunction,
if and only if any of following equivalent conditions hold:
(i) there is a natural isomorphism
8¢.p : Homp(LC, D) — Home(C, RD), (1.1)

withC' € Cand D € D;



(i1) there are natural transformations 7 : 1 — RL, called the unit, and € : LR — 1p, called the
counit, which render the following diagrams commutative for all C' € C and D € D,

Lnc NRD

C LRLC RD RLRD
\ l&‘LC \ iRED
LC RD

This means that we have the following identities between natural transformations: 1; =
eLolLnand 1p = Re onR.

A proof of the equivalence between condition (i) and (ii) can be found in any standard book on
category theory. We also give the following list of examples as illustration, without proof. Some
of the examples will be used or proved later in the course.

Examples 1.1.6 1. Let U : Grp — Set be the forgetful functor that sends every group to the
underlying set. Then U has a left adjoint given by the functor F' : Set — Grp that associates
to every set the free group generated by the elements of this set. Remark that equation (L.1)
expresses that a group homomorphism (from a free group) is determined completely by its
action on generators.

2. Let X be a k-module. The functor — ® X : My — M, is a left adjoint for the functor
Hom(X, —) : My — M,.

3. Let X be an A-B bimodule. The functor — ®4 X : M4 — Mg is a left adjoint for the
functor Homp (X, —) : Mp — M.

4. Let . : B — A be a morphism of k-algebras. Then the restriction of scalars functor R :
M — Mg is aright adjoint to the induction functor — ®p A : Mg — M 4. Recall that
for a right A-module X, R(X) = X as k-module, and the B-action on R(X) is given by the
formula

x-b=xu(b),

forallz € X and b € B.

5. Let k— : Grp — Alg, be the functor that associates to any group G the group algebra kG
over k. Let U : Alg, — Grp be the functor that associates to any k-algebra A its unit group
U(A). Then k— is a left adjoint for U.

1.1.5 Equivalences and isomorphisms of categories

Let F' : C — D be a functor. Then F induces the following morphism that is natural in C, C’ € C,
FC,C’ . HOIl’lc(C, Cl) — HOIIlD(FC, FC/)
The functor is said to be

o faithful if Fio ¢ is injective,



o full if F v is surjective,
o fully faithful if F ¢ is bijective

forall C,C" € C.
If (L, R) is an adjoint pair of functors with unit 7 and counit ¢, then L is fully faithful if and only
if 7 is a natural isomorphism and R is fully faithful if and only if ¢ is an isomorphism.

Examples 1.1.7 1. All forgetful functors from a concrete category (as in Example (-
(8)) to g are faithful (in fact, admitting a faithful functor to E, is the definition of being a
concrete category, and this faithful functor to Set is then called the forgetful functor).

2. Lett : B — A be a surjective ring homomorphism, then the restriction of scalars functor
R: My — Mpgis full.

3. The forgetful functor Ab — Grp is fully faithful.

A functor ' : C — D is called an equivalence of categories if and only if one of the following
equivalent conditions holds:

1. F'is fully faithful and has a fully faithful right adjoint;
2. F'is fully faithful and has a fully faithful left adjoint;

3. F is fully faithful and essentially surjective, i.e. each object D € D is isomorphic to an
object of the form F'C, for C' € C;

4. F' has a left adjoint and the unit and counit of the adjunction are natural isomorphisms;
5. F'has a right adjoint and the unit and counit of the adjunction are natural isomorphisms;
6. there is a functor G : D — C and natural isomorphisms GF' — 1¢ and FG — 1p.

There is a subtle difference between an equivalence of categories and the following stronger notion:
A functor ' : C — D is called an isomorphism of categories if and only if there is a functor
G : D — Csuchthat GF = 1c and FG = 1p.

Examples 1.1.8 1. Let k& be a commutative ring and R = M, (k) the n X n matrix ring over k.
Then the categories M, and My are equivalent, (but not necessarily isomorphic if n # 1).

2. The categories Ab and M are isomorphic.

3. For any category C, we have an isomorphism C X % = C.



1.2 Abelian categories

1.2.1 Equalizers and coequalizers

Let A be any category and consider two (parallel) morphisms f, g : X — Y in A. The equalizer
of the pair (f, g), is a couple (£, ¢) consisting of an object £ and a morphism e : £ — X, such
that f o e = g o e, and that satisfies the following universal property. For all pairs (7,t : T' — X),
such that f ot = g o t, there must exist a unique morphism v : 7" — FE such thatt = e o w.

Y

The dual notion of an equalizer is that of a coequalizer. Explicitly: the coequalizer of a pair (f, g)
is a couple (C, ¢), consisting of an object C' and a morphism ¢ : Y — C, such that co f = cog.
Moreover, (C, ¢) is required to satisfy the following universal property. For all pairs (7,¢t : Y —
(), such that t o f =t o g, there must exist a unique morphism u : C' — T such thatt = u o c.

f C
X Y C
g :
=1
t v
T

By the universal property, it can be proved that equalizers and coequalizers, if they exist, are unique
up to isomorphism. Explicitly, this property tells that if for a given pair (f, ¢), one finds to couples
(E,e)and (£, ¢') such that foe = goeand f oe’ = goe and both couples satisfy the universal
property, then there exists an isomorphism ¢ : ' — E’in A, such that e = ¢’ 0 ¢.

Let (F,e) be the equalizer of a pair (f, g). An elementary but useful property of equalizers tells
that e is always a monomorphism. Similarly, for a coequalizer (C, ¢), ¢ is an epimorphism.

1.2.2 Kernels and cokernels

A zero object for a category A, is an object 0 in .4, such that for any other object A in A, Hom(A4, 0)
and Hom (0, A) consists of exactly one element. If it exits, the zero object of A is unique. Suppose
that A has a zero object and let A and B be two objects of .A. A morphism f : B — A is called
the zero morphism, if f factors trough 0, i.e. f = f; o fo where f; and f, are the unique elements
in Hom(0, A) and Hom(B, 0), respectively. From now on, we denote any morphism from, to, or
factorizing trough 0 also by 0.

The kernel of a morphism f : B — A, is the equalizer of the pair (f,0). The cokernel of f
is the coequalizer of the pair (f,0). Remark that in contrast with the classical definition, in the
categorical definition of a kernel, a kernel consists of a pair (K, ), where K is an object of A, and
k : K — B is a morphism in 4. The monomorphism x corresponds in the classical examples to
the canonical embedding of the kernel.

The image of a morphism f : B — A, is the cokernel of the kernel x : K — B of f. The coimage
is the kernel of the cokernel.



1.2.3 Limits and colimits

Limits unify the notions of kernel, product and several other useful (algebraic) constructions, such
as pullbacks. Let Z be a small category (i.e. with only a set of objects), and consider a functor
F:Z — A. Aconeon Fisacouple (C, cz), consisting of an object C' € A, and for each element
Z € Z amorphism cz : C' — F'Z, such that for any morphism f : Z — Z’, the following diagram
commutes

c—2 S py

T ]

FZ

The limit of F'is acone (L, ), such that for any other cone (C, cz), there exists a unique morphism
u : C — L, such that for all Z7 € Z, c¢; = lz o u. If it exists, the limit of F' is unique up to
isomorphism in .A. We write lim F' = lim F'(Z) = (L, 1)

Dually, a cocone on F, is a couple (M, myz), where M € Aand my : F(Z) — M is a morphism
in A, for all Z € Z, such that

myz = mg o F(f),

forall f: Z — Z'in Z. The colimit of F'is a cocone (C, ¢) on F satisfying the following universal
property: if (M, m) is a cocone on F', then there exists a unique morhism such that

f O0Cz = Mg,
for all Z € Z. If it exists, the colimit is unique up to isomorphism. We write colim F' =
colim F(Z) = (C, ¢).
Different types of categories Z give rise to different types of (co)limits.
1. Let Z be a discrete category (i.e. Hom(Z, Z') is empty if Z # Z' and exists of nothing but
the identity morphism otherwise), then for any functor F' : Z — A, limF =[], . F(Z),

the product in A of all F(Z) € Aforall Z € Z and colim F' = [[,.- F(Z), the coproduct
in Aofall F(Z) € Aforall Z € Z.

2. Let Z be a category consisting of two objects X and Y, such that Hom(X, X) = {X},
Hom(Y,Y) = {Y'}, Hom(Y, X) = () and Hom(X,Y) = {f, ¢g}. Then for any functor F :
Z — A, lim F is the equalizer in A of the pair (F'(f), F'(g)) and colim F' is the coequalizer
in A of the pair (F'(f), F(g)).

3. A category J is called filtered when

e it is not empty,

e for every two objects j and j' in J there exists an object k and two arrows f : j — k
and f': j/ — kin J,

e for every two parallel arrows u,v : ¢ — j in J, there exists an object £ and an arrow
w : J — k such that wu = wv.

Let I be a directed poset, the category associated to I/, whose objects are the elements of
I, and where Hom(i, 7) is the singleton if ¢ < j and the singleton otherwise, is a filtered
category. The (co)limit of a functor F' : J — A, where J is a filtered category is called a
filtered (co)limit.

10



1.2.4 Abelian categories and Grothendieck categories

A category is preadditive if it is enriched over the monoidal category Ab of abelian groups. This
means that all Hom-sets are abelian groups and the composition of morphisms is bilinear.

A preadditive category.A is called additive if every finite set of objects has a biproduct. This means
that we can form finite direct sums and direct products (which are isomorphic as objects in A).
An additive category is preabelian if every morphism has both a kernel and a cokernel.

Finally, a preabelian category is abelian if every monomorphism is a kernel of some morphism
and every epimorphism is a cokernel of some morphism. In any preabelian category .4, one can
construct for any morphism f : A — B, the following diagram

ker(f) = A ! B = coker(f)

y T

coim(f) —L—=im(f)

One can prove that A is abelian if and only if f is an isomorphism for all f.

The category Ab of abelian groups is the standard example of an abelian category. Other examples
are M, where £ is a commutative ring, or more general, M 4 and 3 M 4, where A and B are not
necessarily commutative rings.

In any abelian category (in particular in My,), the equalizers of a pair (f, g) always exists and can
be computed as the kernel of f — g. Dually, the coequalizer also exists for every pair (f, g) and
can be computed as the cokernel of f — g, which is isomorphic to Y/Im (f — g).

1.2.5 Exact functors

Abelian categories provide a natural framework to study exact sequences and homology. In fact
it is possible to study homology already in the more general setting of semi-abelian categories,
of which the category of Groups form a natural example. For more details we refer to the course
“semi-abelse categorieén” on this subject.

A sequence of morphisms

A—Tt g7 .0

is called exact if im(f) = ker(g). An arbitrary sequence of morphisms is called exact if every
subsequence of two consecutive morphisms is exact.

Let C and D be two preadditive categories. Then a functor F' : C — D is called additive if
F(f+g) = F(f)+F(g), for any two objects A, B € C and any two morphisms f, g € Hom(A, B).
Let C and D be two preabelian categories. A functor F' : C — D is called right (resp. left) exact if
for any sequence of the form

0 A B C 0 (1.2)

in C, there is an exact sequence

11



in D (respectively, there is an exact sequence

0

0 (1.3)

is exact in D.

If the functor F' is such that for any sequence of the form in C, this sequence is exact in C if
the sequence (1.3) is exact in D, then we say that F' reflects exact sequences.

Let A and B rings, and M an A-B-bimodule. Then the functor — ®4 M : M, — Mg is
right exact and the functor Homp (M, —) : Mp — M, is left exact. By definition, the functor
—®4 M : My — Ab is exact if and only if the left A-module M is flaz. A module is called
faithfully flat, if it is flat and the functor — ® 4 M : M4 — Ab moreover reflects exact sequences.
If Ais a field, then any A-module is faithfully flat. o

Let A be an abelian category, and consider a pair of parallel morphisms f, g : X — Y. Then (F, e)
[ f-g

is the equalizer of the pair ( f, g) in A if and only if the row ( E X

is exact (if and only if (£, e) is the kernel of the morphism f — g, see above). A dual statement
relates coequalizers, right short exact sequences and cokernels in abelian categories. Hence an
exact functor (resp. a functor that reflects exact sequences) between abelian categories preserves
(resp. reflects) also equalizers and coequalizers. A left exact functor only preserves equalizers (in
particular kernels), a right exact functor only preserves coequalizers (in particular cokernels).

1.2.6 Grothendieck categories
A Grothendieck category is an abelian category .4 such that
e A has a generator,
e A has colimits;
o filtered colimits are exact in the following sense: Let I be a directed set and
0—-A —- B, —C; —0
an exact sequence for each ¢ € I, then
0 — colim (A;) — colim (B;) — colim (C;) — 0
is also an exact sequence.

One of the basic properties of Grothendieck categories is that they also have limits.

Examples 1.2.1 e For any ring A, the category M 4 of (right) modules over A is the standard
example of a Grothendieck category. The forgetful functor M4 — Ab preserves and reflects
exact sequences.

12



e If a coring € is flat as a left A-module, then the category M of right €-comodules is a
Grothendieck category. Moreover, in this case, the forgetful functor M¢ — M 4 preserves
and reflects exact sequences (hence (co)equalizers and (co)kernels), therefore, exactness,
(co)equalizers and (co)kernels can be computed already in M 4 (and even in g).

1.3 Tensor products of modules

1.3.1 Universal property

Let k£ be a commutative ring, and let M}, be the category with objects (right) k-modules and
morphisms k-linear maps. We denote the set of all k-linear maps between two k-modules X and
Y by Hom(X,Y).

For any two k-modules X and Y, we know that the cartesian product X X Y is again a k-module
where

(v,y) + (',y) = (x+ 2",y +¢') and (z,y)-a = (za,ya)

forall z,2' € X, y,y € Y and a € k. For any third k-module Z, we can now consider the set
Bil,(X x Y, Z) of k-bilinear maps from X X Y to Z. The tensor product of X and Y is defined as
the unique £-module, denoted by X @Y, for which there exists a bilinearmap ¢ : X XY — X®Y,
such that the map

¢, :Hom(X ®Y,Z) - Bil(X xY,Z), ®z(f)=foo

is bijective for all k-modules Z. The uniqueness of the tensor product is reflected in the fact that
it satisfies moreover the following universal property: if 7" is another k-module together with a k-
bilinear map ¢ : X x Y — T such that the corresponding map ¥, : Hom(7', Z) — Bil(X x Y, Z)
is bijective for all Z, then there must exist a unique k-linear map 7 : X ® Y — T such that
1 = 7 0 ¢. Indeed, just take 7 = ®.' (1)).

Remark that this universal property indeed implies that the tensor product is unique. (Prove this as
exercise. In fact, many objects in category theory such as (co)equalisers, (co)products, (co)limits,
are unique because they satisfy a similar universal property.)

1.3.2 Existence of tensor product

We will now provide an explicit construction for the tensor product, which explicitly implies the
existence of (arbitrary) tensor products. Consider again k-modules X and Y. Let (X x Y')k be the
free k-module generated by a basis indexed by all elements of X x Y. Le. elements of (X x Y)k
are (finite) linear combinations of vectors ¢, ), where x € X and y € Y. Now consider the
submodule / generated by the following elements:

C(z+a,y) — Clay) — C(a'yy)>
Clay+y) — C(zy) — Clzy)s
e(xa7y) - e(x’y)a'7

€(z,ya) — E(z,y)A-
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We claim that X ® Y = (X x Y)k/I. Indeed, there is a map
P: X XY = XY, o(z,y) = eyy,

which is k-bilinear exactly because of the definition of /. Furthermore, for any k-module Z we
can define @' : Bil(X x Y, Z) — Hom(X ® Y, Z) as follows. For f € Bil(X x Y, Z), we put

O (f)(eay) = f(z,y)

and extend this linearly. Then it is straightforward to check that this defines indeed a two-sided
inverse for ®.

From now on, we will denote the elemente, , € X ®Y justby z®y € X ®Y. A general element
of X ® Y is therefore a finite sum of the form ) . z; ® y;, where z; € X and y; € Y. Moreover,
these elements satisfy the following relations:

(x+2)®y = 2y+1'®y
rRy+y) = rytry
(za) @y = 2® (ya) = (z®y)a.

1.3.3 Iterated tensor products

A special tensor product is the tensor product where ¥ = k (or X = k). Let us compute this
particular case. Since X is a (right) £-module, multiplication with % provides a k-bilinear map

m: X xk— X, m(x,a) = ma.

By the universal property of the tensor product, this map can be transformed into a linear map
m:X®k—X, m' >,z ®a;) =), x;a;. Now observe that the following map is k-linear:

r X —->X®kr(r)=2xx L.
Indeed, by the equivalence properties in the construction of the tensor product, we find that
r(rza) =2a®1=(xr® 1)a=r(z)a.

Finally, we have that r and m are each others inverse:

T o m(z T ®a;) = (Z ria;) @1 = Z((mlaz) ®1) = sz ® a;

7

mor(zx) = mz®l)=zl==z

So we conclude that X ® k£ = X. Similarly, one shows that k @ Y = Y.

Consider now three k-modules X, Y and Z. Then we can construct the tensor products X ® Y
and Y ® Z. Now we can take the tensor product of these modules respectively with Z on the
right and with X on the left. So we obtain (X ® V) ® Z and X ® (Y ® Z). We claim that
these modules are isomorphic. To prove this explicitly, we introduce the triple tensor product
space with a similar universal property as for the usual tensor product. Let Tri(X x Y x Z,U)

14



be the set of all tri-linear maps f : X x Y x Z — U, where U is any fixed k-module. Then the
k-module ®(X,Y, Z) is defined to be the unique k-module for which there exists a trilinear map
¢: X XY xZ— ®(X,Y,Z), such that for all k-modules U, the following map is bijective

&y - Hom(®(X,Y, Z),U) = Tri(X x Y x Z,U), &y (f) = f o ¢.

As for the usual tensor product, one can construct ®(X,Y, Z) by dividing out the free module
k(X xY x Z) by an appropriate submodule. It is an easy exercise to check that both (X ® V) ® Z
and X ® (Y ® Z) satisfy this universal property and therefore are isomorphic.

Of course, this procedure can be repeated to obtain iterated tensor products of any (finite) number
of k-modules. Up to isomorphism, the order of constructing the iterated tensor product out of usual
tensor products, is irrelevant.

1.3.4 Tensor products over fields

If k£ is a field, X and Y are vector spaces, then there is an easy expression for the basis of X ® Y.
Let {en}aca be a basis for X and {bs}scp be a basis for Y. Then X ® Y has a basis {e, ®
bs | « € A, € B}. The universal property in this case can also easily be obtained assuming
that X ® Y has this basis. In particular, if X an Y are finite dimensional, then it follows that
dim(X®Y)=dimX -dimY.

1.3.5 Tensor products over arbitrary algebras

Tensor products as a coequalizer

Let A be any (unital, associative) k-algebra. Consider a right A-module (M, 15/) and a left A-
module (N, ). The tensor product of M and N over A is the k-module defined by the following
coequalizer in M,

ur QN

MARQN Me N M &4 N.

Meupn

(here the unadorned tensor product denotes the k-tensor product.)

Some basic properties

Consider three k-algebras A, B, C. One can check that the tensorproduct over B defines a functor
—®p —: aMp x pMc — aMg,

where for all M € yMp and N € g M, the left A-action (resp. right C-action) on M ®pg N are
given by pan ®@p N (resp. M ®p tn o).

For any k-algebra A and any left A-module (M, p57), we have A ® 4 M = M. To prove this, it
suffices to verify that (M, /) is the coequalizer of the pair (14 @ M, A ® ppr). The statement
follows by the uniqueness of the coequalizer.

15



1.4 Monoidal categories and algebras

1.4.1 Monoidal categories and coherence

Definition 1.4.1 A monoidal category (sometimes also termed tensor category) is a sixtuple C =
(C,®, k,a,l,r) where

e C is a category;
e k is an object of C, called the unit object of C;
e —® —: CxC — Cisafunctor, called the (tensor) product;
e a: ®o(®xid) — ®o (id X ®) is a natural isomorphism;
o |: ®o(kxid) —idandr: ® o (id x k) — id are natural isomorphisms.
This means that we have isomorphisms
aynp: MON)®P — M® (N P);

lyy: k@M —>M ; ry: Mk — M

forall M, N, P, Q) € C. We also require that the following diagrams commute, for all M, N, P, () €
C:

(M®N)®P)® QMM e N) o (P Q™% @ (N (P® Q)) (1.4)
U«]\/I,N,P@Q\L TM®CLN,P,Q
(M&(N@P)®Q NERa M®((N@P)eQ)
(M®k)®N ey M® (k®N) (1.5)
m %
M®N

a is called the associativity constraint, and / and r are called the left and right unit constraints of C.

Examples 1.4.2 1) (Sets, x, {*}) is a monoidal category. Here {x} is a fixed singleton.
2) For a commutative ring k, (1M, ®, k) is a monoidal category.
3) Let G be a monoid. Then (yc M, ®, k) is a monoidal category

In both examples, the associativity and unit constraints are the natural ones. For example, given 3
sets M, N and P, we have natural isomorphisms

apynp: (MxN)xP—Mx(NxP), aynpr((m,n),p)=(m,(n,p)),

Iy {x} x M — M, ly(x,m)=m.
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In many, but not all, important examples of monoidal categories, the associativity and unit con-
straints are trivial.

If the maps underlying the natural isomorphisms a, [ and r are the identity maps, then we say that
the monoidal category is strict. We mention (without proof) the Theorem, sometimes referred to as
Mac Lane’s coherence Theorem that every monoidal category is monoidally equivalent to a strict
monoidal category. It states more precisely that for every monoidal category (C, ®, I, a,l,r), there
exists a strict monoidal category (C',®’,I',a’,l',r") together with an equivalence of categories
F : C — (C, where F is a strong monoidal functor. Since o/, I’ and " are identities, there is no
need to write them. Moreover, every diagram that is constructed out of these trivial morphisms
will automatically commute (as it consists only of identities). By the (monoidal) equivalence of
categories C ~ (', also every diagram in C, constructed out of a, [ and r will be commutative, this
clarifies the name ‘coherence’. As a consequence of this Theorem, we will omit to write the data
a,l,r in the remaining of this section, a monoidal category will be shortly denoted by (C,®, I).
We will make computations and definitions as if C was strict monoidal, however, by coherence,
everything we do and prove remains valid in the non-strict setting.

1.4.2 Monoidal functors

Definition 1.4.3 Let C, and Cy be two monoidal categories. A monoidal functor or tensor functor
from Cy — Cy is a triple (F, @q, p) where

e ['is a functor;
o ¢ : ky — F(ky) is a Co-morphism;

e p: ®o(F, F)— Fo® is anatural transformation between functors C; x C; — Cs - so we
have a family of morphisms

oun: FIM)®@ F(N) —» F(M ® N)

such that the following diagrams commute, for all M, N, P € C;:

(F(M)® F(N)) ® F(P)“"220p(M) @ (F(N) @ F(P)) (1.6)
@]W,N@F(P)l iF(M RpP.Q
F(M & N)® F(P) F(M)® F(N ® P)
wa,Pl iw Nor
F(M & N)® P)— %) gy (N @ P))
ke @ F(M) — P(M) P(M)@ k2w F(M)  (L7)
900®F(M)i TF(IM) F(M)®<poi TF(T‘M)
Fk) @ F(MY2Y% Pk, @ M) F(M) ® F(k) = F(M @ ky)
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If g is an isomorphism, and ¢ is a natural isomorphism, then we say that F' is a strong monoidal
functor. If ¢y and the morphisms underlying ¢ are identity maps, then we say that I is strict
monoidal.

A functor F' : C — D between the monoidal categories (C,®,1) and (D, ®, J) is called an op-
monoidal, if and only if F°P°P : CP? — D has the structure of a monoidal functor. Hence an
op-monoidal functor consists of a triple (F, 1y, 1)), where 1y : F(I) — J is a morphism in D and
Uxy : F(X®Y) — F(X)® F(Y) are morphisms in D, natural in X, Y € C, satisfying suitable
compatibility conditions.

A strong monoidal functor (F, ¢y, ¢) is automatically op-monoidal. Indeed, one can take 1y = ¢,

and ) = ¢~ 1.

Example 1.4.4 1) Consider the functor k— : Sets — ;M mapping a set X to the vector space
kX with basis X. For a function f : X — Y, the corresponding linear map k f is given by the

formula
k:f(z a,r) = Z a, f(x).

zeX zeX

The isomorphism g : k — kx is given by pg(a) = a*.
oxy: kX kY — k(X xY)

is given by o xy(z ® y) = (x,y), forz € X, y € Y. Hence the linearizing functor k— is strongly
monoidal.

2) Let G be a monoid. The forgetful functor U : oM — M is strongly monoidal. The maps
o: k—Uk)=Fkand pyn : UM)QUN)=MN - UM®N)=M® N are the
identity maps. So U is a strict monoidal functor.

3) Hom(—, k) : Set” — M is a monoidal functor.

1.4.3 Symmetric and braided monoidal categories

Monoidal categories can be viewed as the categorical versions of monoids. Now we investigate
the categorical notion of commutative monoid. It appears that there are two versions. We state our
definition only for strict monoidal categories; it is left to the reader to write down the appropriate
definition in the general case.

Definition 1.4.5 Let (C, ®, k) be a strict monoidal category, and consider the switch functor
7: CxC—CxC; 7(C,C")=(C",C), 7(f, ) =[]

A braiding on C is a natural isomorphism v : id = T such that v, ¢ = ¢ = C and the following
diagrams commute, for all C,C",C" € C.

Yo,clec!

CoC C" 20" C
C'0C®C"
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Yecec!,c!

C®C/®C// C’//®C®Cl

O ® O// ® O/
v is called a symmetry iffyalc, = yor.o, forall C,C" € C.

A monoidal category with a braiding (resp. a symmetry) is called a braided monoidal category
(resp. a symmetric monoidal category).

Examples 1.4.6 1. Set is a symmetric monoidal category, where the symmetry is given by the
swichmap yxy : X XY =Y x X, vxy(z,y) = (v, ).

2. My, is a symmetric monoidal category, where the symmetry is given by yxy : X ® Y —
Y ® X, vxy(z ®y) = y ® z (and linearly extended).

3. In general, there is no braiding on 4M 4, the category of A-bimodules.

Let (C,®,I,vand (D, ®, J,d) be (strict) braided monoidal categories. A monoidal functor (F g, ¢) :
(C,®,I) — (D,®,J) is called braided if it preserves the braiding, meaning that the following di-
agram commutes, for all X,Y € C:

1)
F(X)o F(Y)—2"0 P(y) o F(X)
¢X,Y\L i(by,x
FIX®Y) T~ FY ® X)
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Chapter 2

Hopf algebras

2.1 Monoidal categories and bialgebras

Let k£ be a field (or, more generally, a commutative ring). Recall that a k-algebra is a k-vector
space (a k-module in the case where we work over a commutative ring) A with an associative
multiplication A x A — A, which is a k-bilinear map, and with a unit 1 4. The multiplication can
be viewed as a k-linear map A ® A — A, because of the universal property of the tensor product.
Examples of k-algebras include the n x n-matrix algebra M, (k), the group algebra kG, and many
others.

Recall that kG is the free k-module with basis {o | ¢ € G’} and with multiplication defined on the
basic elements by the multiplication in GG. The group algebra kG is special in the sense that it has
the following property: if M and N are kG-modules, then M ® N is also a kG-module. The basic
elements act on M @ N as follows:

om®n)=om® on.

This action can be extended linearly to the whole of £G. Also k is a kG-module, with action

(Z U,0)T = Z ox.

oceG oceG
We will now investigate whether there are other algebras that have a similar property.
Now let A be a k-algebra, and assume that we have a monoidal structure on 4 M such that the
forgetful functor U : 4 M — ;M is strongly monoidal, in such a way that the maps ¢y and @/ n
are the identity maps, as in Example[I.4.4](2). This means in particular that the unit object of 4 M
is equal to £ (after forgetting the A-module structure), and that the tensor product of M, N € 4 M

isequal to M ® N as a k-module. Also it follows from the commuting diagrams in Definition
that the associativity and unit constraints in 4M are the same as in ;M.

A € 4M via left multiplication. Thus A ® A € 4 M. Consider the k-linear map

A A—- AR A Ala) =a(l®1).
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For a € A, we have that A(a) = ). a; ® a, with a;,a} € A. It is incovenient that the a; and
a; are not uniquelly determined: an element in the tensor product of two modules can usually be
written in several different ways as a sum of tensor monomials. We will have situations where the
map A will be applied several times, leading to multiple indices. In order to avoid this notational
complication, we introduce the following notation:

Ala) =) an) ®ag).
@

This notation is usually refered to as the Sweedler-Heyneman notation. It can be simplified further
by omitting the summation symbol. We then obtain

Ala) = a@) ® a(z).

The reader has to keep in mind that the right hand side of this notation is in general not a monomial:
the presence of the Sweedler indices (1) and (2) implies implicitly that we have a (finite) sum of
monomials.

Once A is known, the A-action on M ® N is known for all M, N € 4, M. Indeed, take m € M
and n € N, and consider the left A-linear maps

fm: A= M, funla)=am ; g,: A= N, gy(a) = an.

From the functoriality of the tensor product, it follows that f,, ® g, is a morphism in 4 M, i.e.
fm @ gn is left A-linear. In particular

a(m ® n) = a((fm ® gn)(l ® 1)) = (fm & gn)(a(l ® 1)) = (fm ® gn)(A(a))
= (fm © gn)lag) ® a) = a@ym ® a@gn.

‘We conclude that
alm®n) = aym & a@)n. 2.1

The associativity constraint ag 44 @ (A® A)® A - A® (A ® A) is also morphism in 4 M.
Hence
a(l® (1@ 1)) = an) @ag(1@1) = ag) © Ae)

is equal to
a(CLA,AA((l@l)@l)) = CLA,A7A(CL((1®1)®1)) = (ZA7A,A(CL(1)(1®1)®Q(2)) = aAyA,A(A(a(l))@)a(g)).

We conclude that
am) ® Ala) = Ala)) @ a@). (2.2)

This property is called the coassociativity of A. It can also be expressed as
(A A)oA=(A®A) oA
We also use the following notation:

a)y ® Alag) = Alaqy) ® a@) = A (a) = aq) @ a) @ ag).
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We also know that k£ € 4 M. Consider the map
e: A=k, ela) =a-1.
Since the leftunitmap 4 : k® A — A, la(x ® a) = za is left A-linear, we have
a=als(1; ®14) = la(a(ly ® 14) = la(e(aq)) ® a)) = e(aq))a)-

We conclude that
elam)ae) = a = ane(ag). (2.3)
The second equality follows from the left A-linearity of r4. This property is called the counit

property.
We can also compute

Aab) = (ab)(1® 1) = a(b(1 ® 1)) = a(bu) ® b)) = a@)ba) @ a)b);
A)=11®1)=1®1;

e(ab) = (ab) - 1y =a-(b-1x) = a-e(b) = e(a)e(b)

e(1)=1-1, =1,

These four equalities can be expressed as follows: the maps A and ¢ are algebra maps. Here A® A
is a k-algebra with the following multiplication:

(a®b)(d @V)=ad @ bb.
Theorem 2.1.1 Let A be a k-algebra. There is a bijective correspondence between

e monoidal structures on oM that are such that the forgetful functor , M — M is strict
monoidal, and o and oy v are the identity maps;

e couples of k-algebra maps (A : A — A® A, ¢ : A — k) satisfying the coassociativity
property (2.2)) and the counit property (2.3).

Proof. We have already seen how we construct A and ¢ if a monoidal structure is given. Conversely,
given A and ¢, a left A-module structure is defined on M ® N by (2.I). & is made into a left A-
module by the formula a - x = e(a)x. It is straightforward to verify that this makes 4M into a
monoidal category. 0

Definition 2.1.2 A k-bialgebra is a k-algebra together with two k-algebramaps A : A — A® A
and € : A — k satisfying the coassociativity property and the counit property (2.3). A is

called the comultiplication or the diagonal map. ¢ is called the counit or augmentation map.

Example 2.1.3 Let G be a monoid. Then kG is a bialgebra. The comultiplication A and the
augmentation ¢ are given by the formulas

Alo)=o®0 ; (o) =1

22



A k-module C together with two k-linear maps A : €' — C ® C' and e : C' — k satisfying the
coassociativity property (2.2) and the counit property (2.3) is called a coalgebra.

A k-linear map f : C' — D between two coalgebras is called a coalgebra map if ep o f = ¢¢ and
Apo f=(f® f)oAg,thatis

ep(f(c)) =ec(c) and f(c)a) ® flc)@) = [(cw) ® flew)

Thus a bialgebra A is a k-module with simultaneously a k-algebra and a k-coalgebra structure,
such that A and ¢ are algebra maps, or, equivalently, the multiplication m : A ® A — A and the
unitmap n : k — A, n(x) = x1 are coalgebra maps.

Let A and B be bialgebras. A k-linear map f : A — B is called a bialgebra map if it is an algebra
map and a coalgebra map.

2.2 Hopf algebras and duality

2.2.1 The convolution product, the antipode and Hopf algebras

Let C be a coalgebra, and A an algebra. We can now define a product * on Hom(C, A) as follows:
for f,g: C' — A, let f x g be defined by

frg=mao(f®g)oAc (2.4)

or

(f * g)(c) = flew)gle) (2.5)
* is called the convolution product. Observe that * is associative, and that for any f € Hom(C, A),
we have that

fraoec)=(macec)xf=f

so the convolution product makes Homy,(C, A) into a k-algebra with unit.
Now suppose that H is a bialgebra, and take H = A = C' in the above construction. If the identity
H of H has a convolution inverse S = Sy, then we say that H is a Hopf algebra. S = Sy is called
the antipode of H. The antipode therefore satisfies the following property: S« H = H*S =noe
or

h)S(h)) = S(ha)he) = nle(h)) (2.6)
forall h € H. A bialgebra homomorphism f : H — K is called a Hopf algebra homomorphism
lfSKOf:fOSH

Proposition 2.2.1 Let H and K be Hopf algebras. If f - H — K is a bialgebra map, then it is a
Hopf algebra map.

Proof. We show that Sk o f and f o Sy have the same inverse in the convolution algebra
Hom(H, K). Indeed, for all h € H, we have

((Sko f)*f)(h) = SK(f(h(l)))f(h(2)> = SK(f(h)(l))f(h)(z)
= ex(f()lk = en(h)lk.
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and

(f * (foSH))( ) = f(h)f(Su(hw)) = f(ha)Su(he)
flen(h)ln) = en(h)lk.

This shows that Sk o f is a left inverse of f, and f o Sy is a right inverse of f. If an element of
an algebra has a left inverse and a right inverse, then the left and right inverse are equal, and are a
two-sided inverse. Indeed, if za = ay = 1, then zay = x1 = x and xay = ly = y. 0

Example 2.2.2 Let G be a group. The group algebra kG is a Hopf algebra: the antipode .S is given

by the formula
S(Z ay0) = Z a0t

oeG oeG
Proposition 2.2.3 Let H be a Hopf algebra.
1. S(hg) = S(g9)S(h), forall g,h € H;
2..5(1) =
3. A(S(h)) = S(he)) ® S(hq)), forall h € H;
4. €(S(h)) = e(h).
In other words, S : H — H®P is an algebra map, and S : H — H® is a colagebra map.

Proof. 1) We consider the convolution algebra Hom(H ® H, H). Take F,G,M : H® H — H
defined by
F(h®g)=5(g9)S(h); G(h®g)=S(hg); M(h® g)=hg.

A straightforward computation shows that M is a left inverse for F' and a right inverse for GG. This
implies that /' = (G, and the result follows.

2) 1= 8(1)1 = 5(1(1))1(2) = S(l)

3) Now we consider the convolution algebra Hom(H, H ® H),and F,G : H — H ® H given by

F(h) = A(S(h)); G(h) = S(he) @ S(ha).

Then A is a left inverse for /" and a right inverse for G, hence F' = G.
4) Apply ¢ to the relation h(1)S(h(2)) = €(h)1. This gives

e(h) = e(h@))e(S(hw)) = e(S(e(hw)he)) = e(S(h)).
Proposition 2.2.4 Let H be a Hopf algebra. The following assertions are equivalent.
1. S(h(g))h(l) = €(h)1, fOl’ allh € H;

2. h(g)S(h(l)) = E(h)l, for allh € H;
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3. SoS=AH.

Proof. 1) = 3). We show that S? = S o S is a right convolution inverse for S. Since H is a (left)
convolution inverse of S, it then follows that So S = H.

= S(h1))S*(he) = S(S(hx)h)
S(e(h)1) = e(h)1.
3) = 1). Apply S to the equality S(hq))h(2) = e(h)1.

2) = 3). We show that S? = S o S is a leftt convolution inverse for .S.
3) = 2). Apply S to the equality 1)S(h(2)) = €(h)1. O

(5% 52)( )

Corollary 2.2.5 If H is commutative or cocommutative, then S oS = H.

2.2.2 Projective modules

Let V be a k-module. Recall that V' is projective if it has a dual basis; this is a set
{(esef) |iel}CV x V™

such that foreachv € V
#{i e I (ej,v) #0} <0

and

v = Z(ef, v)e; (2.7)

icl
If [ is a finite set, then V' is called finitely generated projective.
Let V and W be k-modules. Then we have a natural map

i VW = (Ve W)
given by
(1(v* @ w*),v @ w) = (v*,v)(w*, w)

If k is a field, then every k-vector space is projective, and a vector space is finitely generated
projective if and only if it is finite dimensional. If this is the case, then we have for all v € V' and

vt eV
<U*7 U> = Z<€f, U><U*7 €i>
hence
vt = Z(v*, e;)er. (2.8)
Proposition 2.2.6 A k-module M is finitely generated projective if and only if the map
t: M@ M*— End(M), «(m®@m*)(n) = (m",nym

is bijective.
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Proof. First assume that ¢ is bijective. Let .= (M) = >, e; @ e}. Then for all m € M,

m=uY e@e)m) =3 (e me,

7 7

so {(e;, )} is a finite dual basis of M.
Conversely, take a finite dual basis {(e;, ef)} of M, and define

k: End(M) - M ® M*

by
K(f) = Z flei) ®@ej.

Forall f € End(M), m,n € M and m* € M*, we have

(r()n) = Y (ef.n)f(e)

i

= fQ_(efme) = f(n);

%

rmem)) = Y dmem)(e) @

i

= Z(m*, e;)m® e;

)

= m® Z(m*,ei)e;" =m®m",

and this shows that « is the inverse of «. [l

Proposition 2.2.7 IfV and W are finitely generated projective, theni : V* @ W* — (V @ W)*
is bijective.

Proof. Let {(e;,e;) |i € I} CV x V*and {(f;, f{) | j € J} C W x W* be finite dual bases for
V and W. We define i ! by

) =D (e e ® e @ f

.3

A straightforward computation shows that i~ is the inverse of . U

2.2.3 Duality

Our next aim is to give a categorical interpretation of the definition of a Hopf algebra.

Definition 2.2.8 A monoidal category C has left duality if for all M & C, there exists M* € C and
two maps
coevy t k—>MOQM* 5 evyy: M*@ M — k
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such that
(M ®evy)o(coevy @ M) =M and (evy & M*) o (M* ® coevy) = M*

This means that the two following diagrams are commutative:

M coev QM M® M* ® M M M*®coev g M* ®M®M*
\ iM(X)eVM \\ \LGVM®M*
M M*

Example 2.2.9 ; M/, the full subcategory of ;M consisting of finitely generated projective k-
modules, is a category with left duality. M* = Hom(M, k) is the linear dual of M and the
evaluation and coevaluation maps are given by the formulas

evy(m* ®@m) = (m*,m) ; coev(ly) = Zei ® e,

where {(e;, €f)} is a finite dual basis of M.

Proposition 2.2.10 For a Hopf algebra H, the category y M/ of left H-modules that are finitely
generated and projective as a k-module has left duality.

Proof. Take a left H-module M. It is easy to see that M* is a right H-module as follows:
(m*—h,m) = (m*, hm,).
But we have to make M ™ into a left H-module. To this end, we apply the antipode:
h-m*=m"~S(h),

(h-m*,m) = (m*, S(h)m).

We are done if we can show that ev); and coev), are left H-linear. We first prove that ev), is left
H-linear:

evay(h - (m* ®@m)) = eva(hay - m* @ hym)
= (k) -m" hgym) = (m", S(ha))heym) = e(h)evy (m” @ m).

Before we show that coev,, is left H-linear, we observe that End(M) is a left H-module under
the following action:

(h- F)(n) = ha) F(S(hez)n)-
This action is such that . : M ® M* — End(M) is an isomorphism of left H-modules. Indeed,
for all m,n € M and m* € M*, we have
t(h(m @m*))(n) = t(haym & heym*)(n)
= (m", S(he))n)hym = (h-«(m @ m"))(n).
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Now it suffices to show that ¢ o coevy, : k — End(M) is left H-linear. For = € k, we have that
(1 o coevyy)(x) = xlpr, multiplication by the scalar = € k. Here we wrote [, for the identity of
M. Tt is now easy to compute that

((h-(vocoevy))(x))(m) = (h-xly)(m) = hayxS(he))m = ze(h)m,

hence
(h-(tocoevy))(x) =xe(h)Ip = (Lo coevy)(e(h)z),

as needed. [l

2.3 Properties of coalgebras

2.3.1 Examples of coalgebras

Examples 2.3.1 1) Let S be a nonempty set, and let C' = kS be the free k-module with basis .S.
Define A and € by
A(s) =s®s and &(s) =1

forall s € S. Then (C, A, ¢) is a coalgebra.

2) Let C be the free k-module with basis {c,, | m € N}. Now define A and ¢ by

m

Alen) =Y ¢ ® ey and e(cn) = So,m

=0

This coalgebra is called the divided power coalgebra.
3) k is a coalgebra; A and ¢ are the canonical isomorphisms.

4) Let M™(k) be free k-module of dimension n? with k-basis {e;; | i,j = 1,---,n}. We define a
comultiplication A and a counit € by the formulas

Aley;) = Z e @ ey and e(ei;) = 0y
k=1

M" (k) is called the matrix coalgebra.

5) Let C' be the free k-module with basis {g,,, d,, | m € N*}.We define a comultiplication A and
a counit ¢ by the formulas

A(dm) = gm @ dy + dpy @ Ging1 ; €<dm) =0
6) Let C' be the free k-module with basis {s,c}. We define A: C - C® Cande: C — kby

A(s)=s®c+c®s ; e(s)=0
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Ale)=c®c+s®s ; ec)=1

C is called the trigonometric coalgebra.

7) Let C = (C,A,¢). Then C°? = (C, AP = 70 A, ¢) is also a coalgebra, called the opposite
coalgebra. The comultiplication in C°°? is given by the formula

AP(c) = ¢rz) @ cqy
8) If C' and D are coalgebra, then C' ® D is also coalgebra. The structure maps are
ccgp =c ®ep and Acgp = (lc @ T® Ip) o Ac ® Ap
that is,
con(c®@d) = ec(c)ep(d) and Acep(c® d) = (cq) ® dn)) @ (c) @ d(z))

g € C is called a grouplike element if A(g) = g ® g and £(g) = 1 (see Example 1). The set
of grouplike elements of C' is denoted by G(C).

Let g and h be grouplike elements. = € C'is called (g, h)-primitive if A(z) = g ® v + = ® h and
e(z) = 0. A (1, 1)-primitive element is called primitive. The set of (g, h)-primitive elements of C
is denoted P, ;,(C).

Duality

Let C' be a coalgebra. Then C* is an algebra, with multiplication
me-=Aoi: C"C" = (C(C)" — C*
and unit . C* is called the dual algebra of C'. The multiplication is given by
(c**d*)(c) = (", cy){d”, c2))
This multiplication is called the convolution.

Conversely, let A be an algebra that is finitely generated and projective as a k-module. Then A* is
a coalgebra, with comultiplication

Agpe=itomi: A" - (AR A)* — A* @ A*

and counit
ea-(a*) = (a”, 1).

The comultiplication A 4+ can be described explicitly in terms of the dual basis {(e;, ef)} of A:

A(h*) = Z(h*, eiej)e; @ €j. (2.9)

0,
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Examples 2.3.2 1) Let S be a set, and consider the coalgebra k.S from Example 1). Then
(kS)* is isomorphic to Map(.S, k), the algebra of functions from S to k: to a morphism f € (kS)*,
we associate its restriction to S, and, conversely, a map f : S ® k can be extended linearly to a
map kS — k. The multiplication on Map(.S, k) is then just pointwise multiplication. If S is finite
then (k.S)* is isomorphic as an algebra to the direct sum of a number of copies of k indexed by S.
2) Consider the coalgebra C' from Example [2.3.1]2). The multiplication on C* is given by

m

(f*9)(em) = D fle)g(ems)

=0

As an algebra, C* = Ek[[X]], the algebra of formal power series in one variable. The connecting
isomorphism ¢ is given by

O(f)=>_ flen) X"

3) Consider the matrix coalgebra M" (k). Its dual is isomorphic to the matrix algebra M,, (k). This
can be seen as follows: define e, : M"(k) — k by

<€fj> Crt) = dirdji

Then It can be verified immediately that the e;; multiply under convolution as elementary matrices.
4) Let A be a finitely generated projective k-algebra. Then G(A*) = Alg(A, k).

2.3.2 Subcoalgebras and coideals

Let C' = (C,A,¢) be a coalgebra, and D a k-submodule of C. D is called a subcoalgebra of C'if
the comultiplication A restricts and corestricts to

Ap: D—-D®D
in this case, D = (D, A|p,e|p) is itself a coalgebra.

Exercise 2.3.3 Let (C;);c; be a family of subcoalgebras of C'. Show that )., C; is a again a
subcoalgebra of C'.

A k-submodule [ of C'is called

- a left coideal if A(I) C C' ® I,

- aright coideal if A(I) C I ® C}
-acoideal if A(/) CI®C+C®Iande(l) =0.

Exercise 2.3.4 Let k be a field,  be a left and right coideal of the coalgebra C'; show that [ is

a subcoalgebra. Use the following property. If X C V and Y C W are vector spaces, then
(VeY)N(XeW)=XQY.

The following result is called the Fundamental Theorem of Coalgebras; it illustrates the intrinsic
finiteness property of coalgebras.
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Theorem 2.3.5 Let C' be a coalgebra over a field k. Every element ¢ € C' is contained in a finite
dimensional subcoalgebra of C.

Proof. Fix abasis {¢; | i € I} of C'; we can write

I®A)A() =D a®1;@¢ (2.10)

1,j€1

Only a finite number of the x;; are different from 0. Let X be the subspace of C' generated by the
x;;. Applying e ® C' ® ¢ to (2.10), we find that

c= Ze(ci)s(cj) € X.

ihj

From the coassociativity of A, it follows that

Z C; X A(.’L‘Z]) X Cj = Z A(Cl) (024 .’L’ij X Cj

ijel ijel

Since {¢; | j € I} is linearly independent, we have, for all j € 1

Z ¢ @ Axy;) = Z A(c) @ x4

i€l i€l
It follows that ) ., ¢; ® A(z;) € C ® C ® X, and, because {c; | ¢ € I} is linearly independent,
Alz;) e C®X
In a similar way, we prove that A(z;;) € X ® C and it follows that
Az)) eCOXNXRC=X®X
and X is a finite dimensional subcoalgebra of C' containing c. 0

Exercise 2.3.6 Let f : C' — D be a morphism of coalgebras. Prove that Im ( f) is a subcoalgebra
of D and Ker (f) is a coideal in C.

Proposition 2.3.7 Let I be a coideal in a coalgebra C, and p : C — C/I the canonical projec-
tion.

1) There exists a unique coalgebra structure on C'/I such that p is a coalgebra map.

2)If f: C — D isa coalgebra morphism with I C Ker (f), then f factors through C/1: there
exists a unique coalgebra morphism f : C/I — D such that f op = f.

Corollary 2.3.8 Let f : C — D be a surjective coalgebra map. Then we have a canonical
coalgebra isomorphism C [Ker (f) = D.
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2.4 Comodules

The definition of a comodule over a coalgebra is a dual version of the definition of module over
an algebra. Let k£ be a commutative ring, and C' a k-coalgebra. A right C-comodule (M, p) is a
k-module M together with a k-linear map p : M — M ® C such that the following diagrams
commute:

M & MeC M L  ~M®C
pi lp@c Ml iM@s
MoC—"2 MeCsC M ™ M®k

We will also say that C' coacts on M, or that p defines a coaction on M. We will use the following
version of the Sweedler-Heynemann notation: if M is a comodule, and m € M, then we write

p(m) = mp ® myy

(p®Ic)p(m) = (Iny ® A)p(m) = mig) @ mpyy @ myy

and so on. The second commutative diagram takes the form
€<m[1])m[0] =m
A morphism between two comodules M and N is a k-linear map f : M — N such that

p(f(m)) = f(m)g @ f(m)p) = f(my)) @ mpy

for all m € M. We say that f is C'-colinear. The category of right C'-comodules and C'-colinear
maps will be denoted by M. We can also define left C-comodules. If p defines a left C-coaction
on M, then we write

p(m) = mp—1 @ mpo € CoM

Let C and D be coalgebras. If we have a left C-coaction p' and a right D-coaction p” on a k-module
M such that

(0@ Ip)op = (Ic®p)op
then we call (M, p, p") a (C, D)-bicomodule. We then write

(0" @ Ip)p"(m) = (Ic @ p")p!(m) = my_y) @ myg) @ my

Examples 2.4.1 1) (C, A) is a right (and left) C-comodule.
2) Let V be a k-module. Then (V ® C, Iy ® A) is a right C-comodule.

Let S be a set. An S-graded k-module is a k-module M together with a decomposition as a direct
sum of submodules indexed by S
M = @SGSMS

This means that every m € M can be written in a unique way as a sum m = ) ___omg with m,
in M. my is called the homogeneous component of degree s of m, and we write deg(m,) = s. A
map between two S-graded modules M and N is called graded if it preserves the degree, that is
f(M,) C N,. The category of S-graded k-modules and graded homomorphisms is denoted gr”.
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Proposition 2.4.2 Let S be a set and k a commutative ring. The category gr® of graded modules
is isomorphic to the category M*S of right kS-comodules.

Proof. We define a functor F' : gr® — MP* as follows: F'(M) is M as a k-module, with coaction

given by
o) = Y m, @5
sesS
if m = ) _sm, is the homogeneous decomposition of m € M. F is the identity on the mor-
phisms. Straightforward computations show that F' is a well-defined functor.
Now we define a functor G : M*S — gr®. Take a right kS-comodule M, and let

My ={me M| p(m)=m® s}

Let m € M, and write p(m) = > o m, ® s. From the coassociativity of the coaction, it follows

that
Zp(m5)®322ms®s®s

ses seS

in M ® kS ® kS. Since S is a free basis of £S5, it follows that p(m,) = m, ® s for every s € S,
hence m, € M,. Therefore

m= Iy ®@¢)p(m) = sts(s) = st € ZMS

seS seS seS

and this proves that M = _ M. This is a direct sum: if m € M, N M, then p(m) = m ® s =
m ® t, and from the fact that k.S is free with basis S, it follows that m = 0 or s = ¢. Thus we have
defined a grading on M, and G(M) will be M as a k-module with this grading. G is the identity
on the morphisms.

G is a well-defined functor, and F' and G are each others inverses. ]

Proposition 2.4.3 Let C' be a coalgebra over a commutative ring k. Then we have a functor F' :
MC — o M. If C is finitely generated and projective as a k-module, then F is an isomorphism
of categories.

Proof. Take a right C-comodule M, and let F/(M) = M as a k-module, with left C*-action given
by

*

c*-m = (c",mp;)my.

It is straightforward to verify that this is a well-defined C*-action. Furthermore, if f : M — N is
right C-colinear, then f is also left C*-linear; so we define F'(f) = f on the level of the morphisms,
and we obtain a functor F'

Suppose that C'is finitely generated and projective, and let {(c;,¢;) | ¢ = 1,---,n} be a finite dual
basis for C. We define a functor G : o~ M — MY as follows: G(M) = M, with right C-coaction

pm) =Y - m e
=1

A straightforward computation shows that (G is a functor, which is inverse to F'. U
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Theorem 2.4.4 Let C be a coalgebra over a field k, and M € MC. Then any element m € M is
contained in a finite dimensional subcomodule of M.

Proof. Let {c; | i € I} be a basis of C, and write
/
p(m) = Zmi ® ¢,
i€l

where only finitely many of the m,; are different from 0. The subspace N of M spanned by the m;
is finite dimensional. We can write

Ale) = Z AijkCj & Cp,

.k
and then
Zp(mi> ® ¢ = Z m; @ aijrCj Q Ck,

i i,k
hence

p(my) = Zmi ® agre; € N @ C,

,J

so N is a subcomodule of M. O

Proposition 2.4.5 Let C be a coalgebra. Then the categories M and " M are isomorphic.
Proposition 2.4.6 If N C M is a subcomodule, then M /N is also a comodule.

Proposition 2.4.7 Let f : M — N be right C-colinear. Then Im (f) is a C-comodule. If C is flat
as a k-module, then Ker f is also a C-comodule.

Proof. The first statement is straightforward: for any m € M, we have

pn(f(m)) = (f @ C)(pa(m)) € Im f @ C.
To prove the second statement, we proceed as follows. We have an exact sequence of k-modules

0— Ker f — M-LsN
Since (' is flat, the sequence
0—>Kerf®C’—>M®C’@N®C’
is also exact, hence Ker f @ C' = Ker (f ® C). If m € Ker f, then
f(mp) @ mpy = pn(f(m)) =0,

hence pp(m) € Ker (f ® C') = Ker f ® C, as needed. O
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Proposition 2.4.8 Assume that C' € M is flat, and let f : M — N in MC. There exists a unique
isomorphism f : M /Ker f — Im f in M such that the diagram

f

M N
pl . Tz
M /Ker f Im (f)

commutes, where p is the canonical projection, and i is the inclusion.

Proposition 2.4.9 The category M has coproducts.

Proof. Let {M; | i € I} be a family of right C-comodules, with structure maps p;. Let ®;c;M; be
the coproduct of the M; in M, and ¢; : M; — @,crM; the canonical injection. By the definition
of the coproduct, there exists a unique k-linear map p : @;e;M; — DierM; ® C such that for
every j € I, the diagram

M; z Dicr M,

o

DierM; @ C

commutes. It is easy to check that p is a coaction on &;¢;M;, and that &, ; M, is the coproduct of
the M, in M. O

Corollary 2.4.10 If C is flat, then M is an abelian category. In particular, if k is a field, then
M is an abelian category.

Troughout the rest of this Section, & will be a field. Let C be a coalgebra, and M a vector space.
We have a k-linear map

¢ Hom(M, M ® C') — Hom(C* @ M, M)

defined as follows: if w(m) = ). m; ® ¢;, then

@ij(C* ® m) = Z(C*, C,>m,

Proposition 2.4.11 (M, w) is a right C-comodule if and only if (M, 1),,) is a left C*-module.
Proposition 2.4.12 The map
pr : M ®@C — Hom(C*, M), py(m® c)(c’) ={(c",c)m
is injective.
Proof. Let {c; | i € I} be abasis of C, and let ¢; : C' — k be the projection defined by

(ci,ci) = dij.
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If > .m; ®¢; € Ker jupy, then for all j € I:

0= (D mi ®e)(e)) = 3 (¢, cihmi = mj,
hence m; = 0,and ), m; ® ¢; = 0. O
Let M be a left C*-module, with action ¢ : C* ® M — M. Consider the map

prv : M — Hom(C*, M), py(m)(c) = c"'m.

We say that M is a rational C*-module if p,, factorizes through fiy/, thatis, pp (M) C py(MC).
This means that, for all m € M, there exists

Zml(@CZEM@C

such that

c'm = Z(c*,ci>mi,
i

for all ¢* € C*. It follows from the fact that j), is injective that Y . m; ® ¢; € M ® C is unique.
Rat(c+«M) will be the full subcategory of ¢+ M consisting of rational left C*-modules.

Theorem 2.4.13 Let k be a field. Then the categories MC and Rat(c+«M) are isomorphic.

Proof. We know from Proposition m that we have a functor F' : M® — .M, and it follows
immediately from the construction of F' that F'(M) is a rational C*-module if M is a right C-
comodule.

Now let M be a rational left C*-module. Then the map py; : M — Hom(C*, M) factorizes
through a unique map p: M — M ® C. Then

Y,(c" ®@m) = Z(c*, c)ym; = c'm,
and it follows from Proposition 2.4.11| that (M, p) is a comodule. We define G(M) = (M, p).
Then observe that p(m) = m ® my if and only if

c'm = (", mp;)myo, (2.11)

forall ¢* € C*.
Let f : M — N be a C*-linear map between two rational left C*-modules, and let us show that f
is right C'-colinear. This is equivalent to

p(f(m)) = f(mi) ® mpy,
for all m € M; using (2.11)), this is equivalent to

¢ f(m) = {c*, mp) f(myg)),
for all m € M and ¢* € C*. This is easily verified:

c f(m) = f(c'm) = f({c",mu)ymyo)) = (", mpu)) f(m[g))-
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2.5 Examples of Hopf algebras

Proposition 2.5.1 Let H be a bialgebra that is finitely generated and projective as a k-module.
Then H* is also a bialgebra.

Proof. We have seen that H* is an algebra and a coalgebra. Let us show that Ay« = m* respects
the convolution product, that is,

Indeed, for all h, k € H, we have
(Ap=(h") % A= (K*), h @ k) = (Ag=(R7), hay @ kay) (D= (K), hia) @ k)

(h*, haykay) (K", hiaykay) = (", (hE)@y) (K™, (hk)2))
— (KRR = (Age (B %K), h @ k).

O

Proposition 2.5.2 Let H be a Hopf algebra which is finitely generated and projective as a k-
module, then H* is a Hopf algebra with antipode S*.

Proof. We have to show that

Indeed, for all h € H, we have

(S™(h{1)) * hiays ) = (S (h{1))s b)) (Biays h2y) = (ays S(hay)) (Bizy s ezy)
= (W, S(ha)he) = (h*,e(h)1) = (h*, 1)e(h)

Let H be a Hopf algebra. g € H is called grouplike if A(g) = g ® g and £(g) = 1. The product
of two grouplike elements is again grouplike. If g is grouplike, then ¢S(g) = S(g)g = 1, hence
G(H), the set of grouplike elements of H, is a group.

Example 2.5.3 Let GG be a group. Then the groupring £G' is a Hopf algebra. The comultiplication
and counit are given by
Alg) =g®g and £(g) = 1,

for all ¢ € G. The antipode is given by

S(g)=g"

If G is a finite group, then we can consider the dual Hopf algebra (kG)* = Gk. We have that

(kG)" = EB kvg,

geG
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with v, : kG — k the projection onto the g-component:
<Ug7 h> - 597h

The v, form a set of orthogonal idempotents in (kG)*:

ng = ¢ and v, * vy = dg 0.

geG
The comultiplication on (kG)* is given by the formula

Avy) = va ® Vy-1g4.
zeG

The antipode is
S*(vg) = vg-1.

If G is a finite abelian group, then G'k is again a group ring, if the order of G is invertible in %, and
if k£ contains enough roots of unity. Before we show this, let us recall the following elementary
Lemma.

Lemma 2.5.4 Let k be a commutative ring in which the positive integer n is not a zero-divisor. If
k contains a primitive n-th root of unity 7, then

IT=nA—=n)--1-n""=n (2.12)

i—1

If the greatest common divisor of n and i equals 1, then 1 +n + n? + - - - +n'~L is invertible in k.

Proof. In k[z|, we have that
2" —l=(@—1@—n)(z—n"")

and
"l =(z—n) (="

(2.12) follows after we take x = 1. If (n, i) = 1, then

{Ln? o™ = {1 0, o)

and
(@ =@ —=n)-(x =" = (& =D& —=n)-- (x =90
and
I_nix_n%“.x_n(n—l)i .,
r—mn x—n? x — ol
Take x = 1. The first factor of the left hand side is 1 + 7 + n? + - - - + n*~!, and divides 1. O

Theorem 2.5.5 Let k be a connected commutative ring, and G a finite abelian group such that
|G| is invertible in k, and such that k has a primitive exp(G)-th root of unity. Then we have an
isomorphism

kG = k(G") = Gk
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Proof. Recall that G* = Hom(G, G,,,(k)). If k has enough roots of unity, then G = G*. Consider
the map
fi KRG = (kG)"

defined as follows: for o* € G*, we define f(u,+) by

<f(ua*>7u7'> = <0-*7T>'

We will show that f is an isomorphism of Hopf algebras. It is clear that f is a Hopf algebra ho-
momorphism. Indeed, it preserves multiplication, and also comultiplication, since u,~ and f(uq+)
are both grouplike elements. f(u,~) is grouplike because it is a multiplicative map. It suffices now
to show that f is bijective, in the case where G = C, the cyclic group of order ¢, where ¢ is a
primary number. Indeed, since G is a finite abelian group, we have

G=Cpy xCyx---xCyp  kG=kC,®kC,®---®kC,,

G = O x Oy x G 1 (KG) = ()" @ (KCp) @ - © (KC,, )
From now on, let us assume that G = C, =< ¢ >, with ¢ a primary number. Let 7 be a
primitive ¢-th root of unity in %, and define 0* € G* by (¢*,0) = 1. In the sequel, we will write
u= f(uy+) € (RG)*. Itis clear that G* =< 0* >= G.
To show that f is bijective, it will be sufficient to show that {u’|i = 0,1,...,¢ — 1} is a basis of

the free k-module Gk = (kG)*, or, equivalently, that every v,» may be written in a unique way as
a linear combination of the u°. This comes down to showing that the equation

q—1
E U’ = Uk
i=0

has a unique solution for every k. This is equivalent to showing that the linear system

[y

—
Qi (U Ugi) = (Vgk, Ugi )

S
Il
o

or
q—1
S = 6, (2.13)
1=0

has a unique solution for every k£ € {0,1,...,q — 1}. The determinant D of (2.13) is a Vander-
monde determinant and is equal to

D= 11 & -w)
0<i<y<q

To show that D is invertible, it suffices to show that every factor of D is invertible. Dividing by the
powers of 7, it follows that it suffices to show that forall i = 1,2,...,q — 1, 1 — 1" is invertible,

or, equivalently, that
[[Ta-n)=4

0<i<q

is invertible. ¢ is invertible by assumption. U
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Example 2.5.6 (Tensor algebra) Let M be a k-module. Recall the definition of the tensor algebra
-
n=0

with T°(M) = k and 7" (M) = T"(M) ® M. The multiplication is the following: if x =
m - @m, €T"(M)andy =hy ® --- ® h, € T"(M), then

Toy=mi®--@m, @hy @@ h, € T (M).

(M) is
(M)

The multiplication of two arbitrary elements is then obtained by linearity. 1 € k =
the unit element, and we have a k-linear map i : M = T (M) — T (M), and i(M)

generates T'(M) as a k-algebra.

The tensor algebra can be defined using its universal property: if A is a k-algebra,and f : M — A
is a k-linear map, then there exists a unique algebra map f : T(M) — A such that the following
diagram commutes:

T°

Another way of introducing 7" is the following: T': M — Alg is a functor, and is the left adjoint
of the forgetful functor U : Alg — M. -

We will show that 7'(M) is a Hopf algebra. The tensor product of 7'(M ) with itself will be denoted
by T'(M)®T(M). Using the universal property, we can extend the k-linear map

i: M —-TM)RT(M), i(m)=m®1+ 1m

to a k-algebra map
A:T(M)—TM)RT(M).

Let us show that A is coassociative, or
(AQRT(M))RA = (T(M)RA)RA.

The maps on both sides are algebra maps, so it suffices to show that they are equal on a set of
algebra generators of 7'(M ), namely M. For m € M, we have

(ATT(M))(A(m)) = (ABT(M))(m@1 + 18m)
= mPIBL + 18mS1 + 1818m
= (T(M)BA)(mB1 + 13m)
= (T(M)®A)(A(m)).

The counit ¢ : T(M) — Fk is obtained by extending the null morphism 0 : M — k using the
universal property. Let us show that

(e@T(M)) o A = T(M).
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The maps on both sides are algebra maps, so it suffices to show this on M. For m € M, we have

(eQT(M))(A(m)) =e(m)®1 +e(1)@m = 1®m = m,
as needed. In a similar way, we prove that

(T(M)®e)o A =T(M).
We now construct the antipode. Consider the k-linear map
g: M —T(M)® g(m)=—m.
From the universal property, it follows that there exists an algebra morphism
S:T(M)—T(M)*>®

such that S(m) = —m, for every m € T*(M). Form; ® --- ® m,, € T"(M), we have S(m; ®
e ®@my) = (—=1)"m; @+ @ m,. Form € T'(M), we have

meay ® mez) = m®1 + 1@m and e(m) = 0,
hence
S(may)me) =ma)S(m)) = e(m)l.

The property for the antipode thus holds for a set of algebra generators, hence for the whole of

T(M), by Lemma[2.5.7

Lemma 2.5.7 Let H be a bialgebra, and S : H — H an algebra antimorphism. Let a,b € H. If
a and b satisfy the equation

S(ew)re = xwS(re) = ()1,
then ab also satisfies this equation.

Example 2.5.8 (Symmetric algebra) Let M be a k-module. We recall the definition of the sym-
metric algebra S(M). Consider the ideal I of T'(M) generated by elements of the form z®y—y®z,
and let S(M) = T(M)/I(M). Themap j = poi: M — T(M) — S(M) is injective. S(M)
satisfies the following universal property: if A is a commutative algebra, and f : M — A is
k-linear, then there exists a unique algebra map f : S(M) — A such that foj = f.

S is a left adjoint of the forgetful functor from commutative k-algebras to k-modules.

We will show that S(M) = T'(M)/I is a Hopf algebra. It suffices to show that / is a Hopf ideal.
We have to show that

Az) € IRT(M) +T(M)®I, e(x) =0, S(x) el

for all x € I. Since A and ¢ are multiplicative and S is antimultiplicative, it suffices to show this
for the generators of /. Indeed, for m,n € M, we have

Am®@n—n®@m)=A(m)A(n) — A(n)A(m)
= (m®1+ 1®&m)(n®1 + 1®n) — (n®1 + 1®n) (M1 + 1®@m)
(mMen—nme@m)@l+18(men—ne@m) € IRT(M)+T(M)RI.
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Moreover,

and
Sme@n—n®@m)=_SMn)S(m)—S(m)S(n)=(—n)®@(—m) — (—m)® (—n) € 1.
Observe that S(M) is a commutative and cocommutative Hopf algebra.

Example 2.5.9 (Enveloping algebra of a Lie algebra) Let L be a Lie algebra. The enveloping
algebra of the Lie algebra L is the factor algebra U(L) = T'(L)/I, where [ is the ideal generated
by elements of the form [z, y] — x ® y + y ® x, with z, y € L. We can then show that

A([z, y|—z@y+y®z) = ([7, y|—2@y+y@r)1 = 18([7, y|—r0y+y®r) € IQT(M)+T (M)

ey —z@y+y®x)=0
Syl —rey+yer)=—(ryl-r0yt+tyor) el
Hence I is a Hopf ideal and U (L) is a (cocommutative) Hopf algebra.

Example 2.5.10 (Sweedler’s 4-dimensional Hopf algebra) Let & be a field of characteristic dif-
ferent from 2. Let H be generated as a k-algebra by = and ¢, with multiplication rules

We define a comultiplication and counit on H as follows:
Alc)=c®c, Alz)=c®@z+2®1

e(c) =1, ¢(z)=0.

i.e. cis grouplike and z is (¢, 1)-primitive. Then H is a bialgebra. The antipode of H is given by
the formulas
S(c) =¢, S(x)=—cuz.

Example 2.5.11 (Taft algebra) Let n > 2, en k£ a field with characteristic prime to n, and with a
primite n-th root of unity 1. Let H be the algebra with generators ¢ and =, and multiplication rules

=1, 2" =0, xc= Acz.

Comultiplication:
Alc)=c®c, Alz)=c®@z+2®1
Counit:
e(c)=1, e(z)=0
Antipode:
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Example 2.5.12 Let k£ be a commutative domain, with 2 # (0. Assume that we have a factorization
2 = ab in k. Consider the commutative k-algebra

H, = k[X]/(X? + aX)
with comultiplication and counit
Alz)=1@z+21+br®@x, ¢(x)=0

Observe that u = 1 + bx is grouplike.
S(z) = .

Exercise 2.5.13 Let £ be a field. Classify all Hopf algebras of dimension 2.

Sketch of solution. Let H be Hopf algebra of dimension 2. Then H = k & Kere. Hence
dim Kere = 1. Take a basis {x} of Kere. Since Ker ¢ is an ideal, 2? = ax.
We can write

Alz)=al®@1+0r1+yl@r+dr@x

Applying the counit property, we find that
a=0, f=v=1
Now from A(z?) = A(z)A(x) = A(ax), it follows that
a0 =—1 or ad = —2

From S(z(1))x(2) = 0, it follows that a6 = —1 is impossible, hence ad = —2.

1) chark # 2. Thena # 0,and 1 and 1— %x are two distinct grouplike elements of H, so H = k().
2) chark = 2. Then ad = 0.

a)a = 0,0 # 0. Then 1 and 1 + dx are grouplike elements of H, so H = kC.

b) a = 6 = 0. Then 2% = 0, and x is primitive:

Alz)=1®z+r®1

The antipode is given by S(x) = z. This Hopf algebra is selfdual.
c)a # 0, = 0. Replacing x by z/a, we may assume that « = 1. Thus we have a Hopf algebra
with

=1 Al@)=1r+z2®1, ¢(x)=0

This Hopf algebra is the dual of k(5.
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Chapter 3

Hopf modules and integral theory

3.1 Integrals and separability

Let A be a k-algebra. A Casimir elementis an element e = ¢! ®e? € A® A (summation implicitely
understood) such that
ael @ e = el @ e2a 3.1

for all a € A. The k-module consisting of all Casimir elements will be denote by W .
A is called a separable if there exists e € W, such that

ele? = 1. (3.2)

In this situation, e is called a separability idempotent. It is an idempotent element of the algebra
A ® A°P. Indeed, in A ® A°P, we have

ce=(e'®e?) (B'@E*) =e'B'@ F**=FE'® E*'¢? =E'Q E* =¢.

Here e = E' @ E? is a second copy of e.
A is called a Frobenius algebra if there exists e € Wy and v € A* such that

etv(e?) = v(ehe? = 1. (3.3)
Let A be a k-algebra. Then A* is an A-bimodule:
(a-a*-b,c)=(a",bca).
Proposition 3.1.1 For a k-algebra A, the following assertions are equivalent
1. Ais Frobenius;

2. a) Alis finitely generated and projective as a k-module;

b) A and A* are isomorphic as right A-modules;

3. a) Alis finitely generated and projective as a k-module;

b) A and A* are isomorphic as left A-modules.
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Proof. 1) = 2). For all a € A, we have that
e'v(e*a) = ae'v(e?) = a,
so {(e',v(e?*—))} is a finite dual basis for A. Define
b1 AT A, g(a7) = (0", éh)e

v A— A (YP(a),b) = (v,ab).
v and 1) are right A-linear:

p(a* -a) = (a*,ae')e? = (a*, e')e?a = ¢(a*)a;

(¢¥(ac), b) = v(ach) = (¢(a), cb) = ((a) - ¢, b).

¢ and 1) are inverses:
(@ ov)(a) = (¥(a),e')e* = v(ae')e* = v(e')e’a =a
(W o9)(a),a) = (v,6(a)a) = (v, (a",e')e*a))
= (a*,e") (v, e%a) = (a*,ae* (v, e?))) = (a*,a).

2) = 1). Suppose that ¢ : A* — A is an isomorphism in M 4, with inverse 1. Let {(e;, e}) | i =
1,--+,n} be afinite dual basis of A. Let v = ¢(1), and y; = ¢(e}). Thene = ¥ (y;) = (1) -y, =
v -y;. For all a € A, we have

a = Z€i<€:>a> = Zei<l/7 yia).
Taking a = 1, we obtain that
Z ei<V7 yz> =1

Since A is finitely generated and projective, we have an isomorphism
i: A® A" — Endi(A), i(a®a”)(b) = (a*,b)a.

The inverse of 7 is given by the formula
i) =) _fle)@e

Now consider the isomorphism
d=io(A®vY): A® A — End,(A).

® and ! are described by the following formulas:

®(a®b)(c) = av(be) ; ©7'(f) =Zf<e,~>®yi.
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For all a,b € A, we have

a@b=(d'od)(a®b) = Z av(be;) @ y; = Za ® v(be;)y;.

Taking a = b = 1, we find
11=1® Zy(ei)yi,

and it follows that 1 = ) v(e;)y;. We are done if we can show thate = ). e; ® y; is a Casimir
element. We compute that

@(Z ae; ® y;)(b) = Z ae;v(y;b) = ab;
CID(Z e; @ya)(b) = Z e;v(y;ab) = Z ae;v(y;b) = ab.

It follows that ®(> ", ae; ® v;) = P(D_,e; ® ya), and Y ae; ® y; = >, €; ® y;a, since P is
injective.
1) <= 3) is proved in a similar way. U

Integrals can be used as tools to discuss when a Hopf algebra is separable or Frobenius.
t € H is called a left (resp. right) integral in H if

ht =e(h)t resp. th=ce(h)t

forallh € H. | 151 (resp. |, 1:1) denote the k-modules consisting respectively of left and right integrals
in H. In a similar way, we introduce left and right integral in /7* (or on H). These are functionals
@ € H* that have to verify respectively

h*x@=(h",1)p resp. pxh" = (h", 1)p

for all h* € H*. The k-modules consisting of left and right integral in H* are denoted by | Il{ and
f];* .

Proposition 3.1.2 Let H be a Hopf algebra. We have the following maps
!
p: Wi — / ; ple) =e'e(e?)
H
O
H
!
i: / — Wy 5 i(t) =ta) @ S(te)
H

i’ / — Wy ; (t)=S(tn)) @t
H

satisfying
(pod)(t) =t ; (poi)(t)=t
for every left (resp. right) integral t.
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Proof. We will show that i(t) € Wy if ¢ is a left integral, and leave all the other assertions to the
reader.

htay @ S(te)) = hayta) ® S(te))S(he))hs)
= (hyt)ay @ S((hwyt)@)he
= (e(h@)t) ® S((e(hw)t)@)he)
= 1) @5S(te)h

O

Corollary 3.1.3 A Hopf algebra H is separable if and only if there exists a (left or right) integral
t € H such that £(t) = 1.

Proof. If ¢ is a left integral with £(¢) = 1, then e = i(t) € Wy satisfies ) e'e? = Y t(1)S(t(2))
g(t) = 1. The converse is similar: if Y ele? = 1, then e(p(e)) = > e(ete?) = 1.

oo

Proposition 3.1.4 A separable algebra A over a field k is semisimple.

Proof. Lete = > e' @ e? € A® A be a separability idempotent and N an A-submodule of a right
A-module M. As k is a field, the inclusion ¢ : N — M splits in the category of k-vector spaces.
Let f : M — N be a k-linear map such that f(n) = n, forall n € N. Then

f: M—N, f(m) :z:f(mel)e2

is a right A-module map that splits the inclusion ¢. Thus N is an A-direct factor of M, and it
follows that M is completely reducible. This shows that A is semisimple. 0

Corollary 3.1.5 A finite dimensional Hopf algebra H over a field k is semisimple if and only if
there exists a (left or right) integral t € H such that £(t) = 1.

Proof. One direction follows immediately from Corollary and Proposition Conversely,
if H is semisimple, then H = I @ Ker () for some left ideal I of H. We claim that [ C | [l{:
For z € I,and h € H, we have h — £(h) € Ker (¢), so (h — g(h))z € I N Kere = {0}, hence
hz = e(h)z, and z is a left integral. Choose z # 0 in [ (this is possible since I is one-dimensional).
e(z) # 0 since z & Ker (¢), and t = z/e(z) is a left integral with e(t) = 1. O

3.2 Hopf modules and the fundamental theorem
A Hopf module is a k-module together with a right /{-action and a right //-coaction such that

p(mh) = mgha) @ mpuh), (3.4)

for allm € M and h € H. A morphism between two Hopf modules is a k-linear map that is
H-linear and H-colinear. M1 is the category of Hopf modules and morphisms between Hopf
modules.
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Let N € M. Then N ® H, with H-action and H-coaction induced by the multiplication and
comultiplication on , namely

(m@h)k=n®hk ; p(n®h)=n® haq) @ ha),

is a Hopf module. This construction is functorial, so we have a functor

F=—®H: M— ML
If M is a Hopf module, then

Mt ={me M|pm)=me1}

is a k-module. This construction is also functorial, so we have a functor

G = (=) M- M.
Proposition 3.2.1 (F,G) is a pair of adjoint functors.
Proof. The unit and the counit of the adjunction are defined as follows. For M € M, let

ev: FGM)=M" @ H— M, ep(m® h) =mh.

It is obvious that €, is right H-linear; it follows from (3.4) that €, is right H-colinear. For
N e M, let
nv: N — (N@ H)" ny(n)=n® 1.

An easy verification shows that

enggonNN @ H=N® H;

591 o nppeorr = M©H
forall M € MI and N € M, and this proves that (F, () is an adjoint pair of functors. O

Theorem 3.2.2 (Fundamental Theorem for Hopf modules) (F, G) is a pair of inverse equiva-
lences. In other words, 1 and € are natural isomorphisms.

Proof. Let M be a Hopf module. For any m € M, mgS(mp)) € M<H, since

p(moS(mpuy)) = m)S(mp)a) @ mnSmu)e)
= mygS(myz) @ mpuS(mp)) = mS(mpy)) ® e(mp) 1
= m[O]S(m[l]) ®1

Now define oo : M — M<H @ H as follows:
a(m) = m[o]S(m[l]) & myg
« 18 the inverse of €;,: for all m € M, we have

(e 0 a)(m) = mS(mpuy)mp =m,
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and, for m’ € MH,
a(en(m' ® h)) = migha)S(mihe) © mighe) = m'ha)S(he) © he) =m' @ h.
Now take N € M, and ¢ = >, n; ® h; € (N ® H)“H. We then have that

Zznz‘@)hm)@hi(z)=q®1=Zni®hi®1.

We apply N ® € ® H to both sides of this equation. We then find that
= nm@h=Y noclh

Now define
ﬁ . (N@H)COH — N, Q(Zn, ®hl) = an®€(hl)

[ and ny are inverses. For all n € N, we have

(Bonn)(n)=pBne1)=
andforallg = >, n; @ h; € (N ® H)®H, we have

o B0 = Ym0 c(h) o1 =0

An immediate application is the following:

Proposition 3.2.3 Let H be a finitely generated projective Hopf algebra. H* is a left H*-module
(by multiplication), and therefore a right H-comodule. It is also a right H-module, we let

(W*—h, k) = (h*, kS(h))

forall h* € H*, and h,k € H. With these structure maps, H* is a right-right Hopf module, and
(H*)oH = | Il{* Consequently we have an isomorphism

!
a:/ QH — H" ; alp®h)=p—h (3.5)
H*

of right-right Hopf modules. In particular, it follows that f Il{ is a rank one projective k-module.
Similar results hold for the right integral space.

Proof. Remark that the right //-action on 7™ is not the usual one. Recall that the usual /7-bimodule
structure on ™ is given by
(h-h* k1) = (h" klh)
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an we see immediately that
h*~—h = S(h) - h*

Also observe that the right H/-coaction on H* can be rewritten in terms of a dual basis {(h;, h}) | i =
1,---,n}of H:

p(h*) => hixh*@h
The only thing we have to check is the Hopf C(:mpatibility relation for H*, i.e.
p(h*=h) = hjg—hq) © hiyhe)
forall h € H, h* € H*. It suffices to prove that
((h*=h)p), k) (" =h)py = (hjoy—hq), K)hinhe) (3.6)
for all k € H. We first compute the left hand side:

p(h*—h) = (hf * S(h) - h*) ® h;

i
SO

(B +=h)g, k) (h*=h)py =Y (b7 * S(h) - h*, k)b

)

= > B k@) (B ke S(R)hs = (h*, k@) S(h)) k)

(2

The right hand side of (3.6) equals

D (b b7 kS (hy)Yhibgy = (B, kayS (ha)) (B, k@S (hay)hil)

2

= (1", kyS(hw))) k) S(he)hE) = (A" k@) S (h))ka)
as needed. U

As an application of Proposition [3.2.3] we can prove that the antipode of a finitely generated
projective Hopf algebra is always bijective.

Proposition 3.2.4 The antipode of a finitely generated projective Hopf algebra is bijective.

Proof. We know from Proposition that J = [ Il{ is projective of rank one. This implies that
we have an isomorphism
J@J—k ; p®p—plp)

Let ), p1 @ ¢; be the inverse image of 1:

> milp) =1
l
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The isomorphism « of Proposition [3.2.3]induces another isomorphism

a: H-J@H ; ah)=> p@alp@h)=Y p@S(h)-¢
l l

If S(h) = 0, then it follows from the above formula that &(h) = 0, hence h = 0, since « is
injective. Hence .S is injective.

The fact that S is surjective follows from a local global argument. Let () = Coker (S). For
every prime ideal p of k, Coker (S,) = @),, since localization at a prime ideal is an exact functor.
Now H,/pH, is a finite dimensional Hopf algebra over the field k,/pk,, with antipode induced
by S, the antipode of the localized k,-Hopf algebra H,. The antipode of H,/pH, is injective,
hence bijective, by counting dimensions. Nakayama’s Lemma implies that .5, is surjective, for all
p € Spec (k), and it follows that S is bijective. O

Here is another application of Proposition [3.2.3}

Proposition 3.2.5 Let H be a finitely generated projective Hopf algebra. Then there exist p; €
fIl{ and h; € H such that
> g hy) =1

J

D byt =1

J

Proof. Take a™'(g) = 3 p; ® S~'(h;) (the antipode is bijective by Proposition |3.2.4). Then

L = (em, 1n) = Z<4Pj;5_1(hj)a ly) = Z(‘Pjahj>

J J

andt; € fé{ and b € H* such that

the second statement follows after we apply the first one with H replaced by H*. U
The main result is now the following:

Theorem 3.2.6 For a Hopf algebra H, the following assertions are equivalent:
1) H/k is Frobenius;

2) H is finitely generated and projective, and H* | k is Frobenius;

3) H is finitely generated and projective, and | Il{ is free of rank one;

4) H is finitely generated and projective, and f ;I is free of rank one;

5) H is finitely generated and projective, and [ Il{ is free of rank one;

6) H is finitely generated and projective, and [ ITI is free of rank one.

Proof. 1) = 3). There exist v € H* and e € W, such that v(e')e? = e'v(e?) = 1. Take

t = ple) = e(e?)e! € fIl{ We claim that fll{ is free with basis {t}. Take another left integral
ue [ ;I Then



and it follows that the map k — | 151 sending x € k to xt is surjective. This map is also injective: if
ot = ze(e?)e! =0

then
0 = v(ze(e?)e!) = v(e')we(e?) = ze(e®v(e')) = o

5) = 2)and 5) = 1). Assume that | ;1 = k¢, with ¢ a left integral, and consider the Hopf module
isomorphism

a: kp® H— H”
from Proposition [3.2.3] We first consider the map

©: H—-H" ; Oh)=alp®h)=Sh)- ¢

« and O are right H-colinear, hence left H*-linear. O is therefore an isomorphism of left H*-
modules, and it follows that H* is Frobenius.
A slightly more subtle argument shows that H is Frobenius: we consider the map

p=00S5"1: H— H* ie. o(h) =h-p

We know from Proposition that S is bijective, so ¢ is well-defined, and is a bijection. ¢ is
left H-linear since

¢(kh) = (kh) -0 =k-(h-¢) =k-¢(h)
All the other implications follow after we apply the above implications 1) = 3) an 5) = 1) with

H replaced by H* (H is finitely generated and projective) or by H°P (the Frobenius property is
symmetric). 0

Assume that H is Frobenius and that we know a generator ¢ for [ Il{ We want to answer the
following questions.

1. How do we find a generator ¢ for | Il{?
2. Can we explicitly describe a Frobenius system for H?
3. What is the inverse of the isomorphism ¢ : H — H*?

Before answering this question, we make two observations that are valid in any Hopf algebra.

Lemma 3.2.7 Let H be a Hopf algebra with invertible algebra ¢ € |, Il{ andt € [, 151 For every
h € H, we have that

(0, h(2)) S~ (hary) = (w, )1 (3.7)
Moreover, tio) @ S~ (t)) € Wh.

Proof. If ¢ € f;[, then (p, h(2))ha) = (@, h)1, for all h € H, hence

(0, h2)) S (b)) = (9, B)S™H(1) = (@, h)1.
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From Proposition we know that (1) @ S(t2)) € Wha. Applying this property to the Hopf
algebra H°P, and keeping in mind that the antipode of HP is S~', we find that ¢5) ® S™'(¢(1)) €
Wy . This can also be proved directly: for all h € H, we have

ht(2)®5 (tu) h)t( >®5 Ht)) S~ he)hay
(hiyt) ) @ S™Hh@t)w)ha

= (&, M)t “Htay)ha

= 23(2)®5 (tu )h.

O

Recall from the proof of 5) = 1) in Theorem 3.2.6|that we have an isomorphism of left H-modules
¢: H—H"; ¢(h)=h-¢
Let ¢~ '(g) = t, this means that ¢(t) =t - ¢ = ¢, or
p(ht) = e(h)

for all h € H. In particular, we have that
(p.t) =1. (3.8)

We claim that ¢ is a free generator for [ Il{
First, t is a left integral, since

(p(ht), k) = ((ht) -, k) = (t- @, kh)
= e(kh) = e(k)e(h) = e(h)((t), k)

for all h, k € H, implying that ¢(ht) = £(h)¢(t), and ht = €(h)t, and ¢ is an integral.
If w 1s another left integral, then

<¢(u)>h> = <u'907 > <
= (o, hp(u)t) =

implying ¢(u) = ¢(p(u)t) and u = p(u)t.

Assume that zt = 0, for some = € k. Then ¢~ '(ze) = 0, hence z¢ = 0, and z = 0. This proves
that ¢ is a free generator for | 151

In the proof of 5) = 2) of Theorem [3.2.6] we constructed a left 4 *-linear isomorphism © : H —
H*. We write down this map, but for the Hopf algebra /7* instead of /. Since ¢ is a free generator
of [ Il{, we find a left H-linear isomorphism

hu) = e(h){p,u) = (¢, ht){(p,u)
(%

((p(u)t) - @, h) = (d(p(w)t), k)

A H = H, A(R) = S*(h*) et = (h*, S(tey))t ).

Now take this isomorphism, applied to the Hopf algebra H°P. Since the antipode of HP is S~*
and the left [-action on H and H* only involves the algebra action on H, we find a left /-linear
isomorphism

Q: H — H, Q(h*) = <h*, S_l(t(l))>t(2).
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We now show that ¢ is left inverse of €). Indeed, for all h € H and h* € H*, we have

Since ¢ and € are isomorphisms, ¢ is also a right inverse of (2, and we conclude that Q = ¢ 1. In
particular,

1= (Qo¢)(1) = Q(p) = (v, 5™ (tw))te)- 3.9)
It now follows that (t2y ® S~'(f(1)), ¢) is a Frobenius system for H. Indeed, we have seen in

Lemmathatt ® S~ (t@y) € Wy. From (3.713.8), it follows that (¢, ¢(2))S ™' (t@)) = 1,
and finally we have (3.9). We summarize our results as follows.

Theorem 3.2.8 Let H be a Frobenius Hopf algebra, and assume that ¢ is a free generator of |, Il{*
Then

¢: H—H"; ¢(h)=h-¢
is a left H-linear isomorphism. t = ¢~ () is a free generator for fIl{, and
¢_1 c H — H, ¢_1(h*) = <h*,S_1(t(1))>t(2).
Moreover (¢, t) =1, and (t(2) ® S~ (t(1)), ) is a Frobenius system for H.

Theorem 3.2.9 A Hopf algebra H (with bijective antipode) is Frobenius if and only if there exist
te ffl{ and ¢ € fIl{ such that (p,t) = 1.

Proof. One application already follows from Theorem [3.2.8] Conversely, assume that there exist
te fll{ and p € f[l{ such that (p, t) = 1. It follows from |j that

(p.t@) S Htw) = 1. (3.10)

We will show that S~!(¢) is a free generator of f - Then the proof will be finished after we apply
Theoremu For v E f > We have

(3-10) _ (%)
= (p,t2) S (ta))v="{p, vt2)) S~ (t))

(g elte)) S (t) = (#,0) ST (D),

(¥): we used Lemma (sx): ¢ is a right integral. This shows that the map k — [, mapping =
to 25! (t) is surjective. Let us show that it is also injective. If zS~!(¢) = 0, then

- S(wS’ (t)):a: < )t
0 = ale, S (tw)) (¢, t) = e, 1) = z.
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Remark 3.2.10 1) It follows from the preceding Theorem that any finite dimensional Hopf algebra
over a field & is Frobenius.

2) In Proposition [3.1.2, we have seen that we have amap p : Wy — | Il{, with a right inverse .
The map p is not an isomorphism. To see this, take a Frobenius Hopf algebra H (e.g. any finite
dimensional Hopf algebra over a field).

First we observe that, if H is finitely generated and projective, we have an isomorphism

W4 = Homy(H*, H).

Actually, this isomorphism is used implicitly in the proof of Proposition [3.1.1f To see this, we
define first
¢ : Wy — Hompy(H* H), o' @) (h*) = (h* e)es.

Let us check that p(e! ® €?) is right H-linear:
o' @ e?)(h* - h) = (h*, he)ey = (h*, e1)esh = (e' @ €?)(h*)h.

Next we define
2 Homy(H*, H) — Wa, ¥(f) =Y hi— f(h}),

where {(h;, hf) | i =1,---,n} is a finite dual basis of H. Let us show that ¢)(f) € W 4. Since
> halhy, hk) = hk =) hhi(h
for all h, k € H, we have, forall h € H:

> hi@hi-h=Y hhi®h,

hence

Zhh ® f(h) = Zh ® f(hi-h)=> h;@ f(hi)h

Now 9 and ¢ are inverses:

(Y o p)(e' @ e) Zh@ Dey =e! @ ey;

(o) (N(R) = (Y hi® f(h))(hT) = Z(h* ha) f(hi)) = f(h7).
Using the fact that H* = H as right H-modules (see Proposition [3.1.1]), we now find
W4 = Homy(H*,H) = Homy(H,H) = H

and the rank of W, equals the rank of H as a k-module.
As we have seen, the rank of f 151 is one.
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3) Assume that H is Frobenius, and that ¢/ is a free generator of [ 13 . Then we have a right H-linear
isomorphism
V: H— H* VY(h)=1"h.

U~!(e) = u is then a free generator of [}, and (1, u) = 1. Now let ¢ and ¢ as in Theorems m
and Then take u = S(t) and ¢ = p o S~1. Tt is clear that u and 1) are right integrals, and
that (¢, u) = 1. We also have a commutative diagram

H—°
1 e
H LN

We can easily compute ¥~
WHRT) = (S0 ¢ ) (h" 0 8) = (W™, t1)) S(t) = (b7, 87" (ugz)))uq)-
(ta) @ S(t) = S Hue) @ uay, ¢ o S~' = 1) is a Frobenius system for H.
We generalize the definition of integrals as follows: take o € Alg(H, k) and g € G(H ), and define

!
/:{teH\ht:a(h)t, forallh € H}
/:{t€H|th:a(h)t,forallhEH}

I
/z{gpéH*]h**gpz(h*,g)gp, forall h* € H*}
9

/ ={pe H |pxh*=(h",g)p, forallh* € H"}
g

Of course we recover the previous definitions if & = € and ¢ = 1. We have the following general-
ization of Theorem

Proposition 3.2.11 Let H be a Hopf algebra, and assume that H/k is Frobenius. Then for all
a € Alg(H, k) and g € G(H), the integral spaces fi, fci, fgl and fgr are free k-modules of rank
one.

Proof. Take t = a(e!)e?. Arguments almost identical to the ones used in the proof of 1) = 3) in
Theorem [3.2.6| prove that ¢ is a free generator of fi The statements for the other integral spaces
follow by duality arguments. U

Now assume that H is Frobenius, and write [ ;1 = kt. It is easy to prove that th € [ Il{, for all
h € H. Indeed,
k(th) = (kt)h = e(k)th

for all k € H. It follows that there exists a unique «(h) € k such that

th = a(h)t
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«a : H — k is multiplicative, so we can restate our observation by saying that ¢ € f; We call o
the distinguished element of H*. If o = ¢, then we say that H is unimodular.

Proposition 3.2.12 Let H be a Frobenius Hopf algebra, and o« € H* the distinguished element.
Then [} = [ 151 and H is unimodular if and only if

r l
=,
Proof. We know from Proposition [3.2.11|that fof = kt' is free of rank one. For all h € H, we have
that ht' € f; hence we find a unique multiplicative map 3 : H — k such that

ht' = B(h)t'
for all h € H. Now we have that t = zt’ for some x € k, since t € f; Thus
e(h)t = ht = zht' = zB(h)t' = B(h)t

for all h € H. This implies that § = ¢, since ¢ is a free generator of |’ Il{ It follows that t’ € |, Il{,
proving the first statement.

If o = ¢, then it follows that [}, = [},. Conversely, if [; = [+, thent € [;, and this means that
the distinguished element is equal to €. 0
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Chapter 4

Galois Theory

4.1 Algebras and coalgebras in monoidal categories

Let C = (C, ®, k) be a monoidal category. An algebra in C is a triple A = (A, m,n), where A € C
andm: A®A — Aandn : k — A are morphisms in C such that the following diagrams
commute:

ARARA—T"2 A9 A koAl 4042 Ak

T %

A A A

A coalgebra in C is an algebra in the opposite category C°P.

Example 4.1.1 Let k& be a commutative ring. An algebra in M, is a k-algebra, and a coalgebra in
My is a k-coalgebra.

Example 4.1.2 An algebra in Sets is a monoid. Every set X has a unique structure of coalgebra
in Sets. The comultiplication A : X — X x X is the diagonal map A(z) = (x, z), and the counit
is the unique map € : X — {x}.
It is easy to see that (X, A, ¢) is a coalgebra. Conversely, let (X, A, ¢) is a coalgebra. Then ¢ is the
unique map X — {x}. Take x € X, and assume that A(z) = (a, b). From the left counit property,
it follows that

r=((e x X)oA)(z) =b.

In a similar way, we find that z = a, hence A(z) = (x, z).

A (co)algebra in C is also called a (co)monoid in C

Example 4.1.3 Let A be aring with unit. The category of bimodules 4M 4 is a monoidal category;
the tensor is given by the tensor product ® 4, and the unit object A. An algebra in 4 M 4 is called
an A-ring, and a coalgebra in 4 M 4 is called an A-coring. Corings will be studied in Section 4.2
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Example 4.1.4 Let H be a bialgebra. We know that 5 M is a monoidal category. An algebra A in
uM is called a left H-module algebra. Then A is a left H-module, and a k-algebra such that the
multiplication and unit maps are left /-linear, which comes down to

h - (ab) = (h(l) . a)(h(g) : b) ) h - 1A = E(h)lA.

A coalgebra in in gy M is called a left H-module coalgebra.
For a monoid G, a left kG-module algebra is a left G-module algebra in the classical sense, that is,
it is an algebra with a left G-action such that

o-(ab)=(c-a)(o-b) ; o-14=14.
Of course, we can also consider right //-module (co)algebras.

Example 4.1.5 Let H be a bialgebra, and consider the category of right H-comodules M. It is
also a monoidal category, with tensor ®j, and unit object k. For M, N €¢ M M ® N is again a
right H-comodule, with right /-coaction

p(m @ n) = myo) @ njo) & mpynp].

k € MH with right H-coaction p(1;) = 1; ® 14.
An algebra A in M is called a right H-comodule algebra. Then A is a right H-comodule, and a
k-algebra, such that the multiplication and unit maps are right H-colinear, which comes down to

p(ab) = a[g]b[o] X ambm ; p(lA) =1,2®1§g.

For a monoid G, a kG-comodule algebra A is a G-graded ring A, that is,

A= A,

oeG

with
AA; CAyr ; 14 € A,

A coalgebra in M is called a right H-comodule coalgebra. Of course, we can also consider right
H-comodule (co)algebras.

4.2 Corings

Let A be a ring with unit. An A-coring is a triple C = (C, Ac, ec), where
e Cis an A-bimodule;
e Ac: C— C®4 Cisan A-bimodule map;

e ¢c: C — Aisan A-bimodule map
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such that
(Ac ®a Ic) 0 Ac = (Ic ®a Ac) 0 Ag, 4.1)

and
(I(C ®A E(c) o A(C = (E(c ®A [(c) o A(c = [(c. (42)

Sometimes corings are considered as coalgebras over noncommutative rings. This point of view
is not entirely correct: a coalgebra over a commutative ring k is a k-coring, but not conversely: it
could be that the left and and right action of & on the coring are different.

The Sweedler-Heyneman notation is also used for a coring C, namely
Ac(c) = ¢y ®a c2),
where the summation is implicitely understood. can then be written as
eclemy)e@) = cayee(ee) = ¢

This formula looks like the corresponding formula for usual coalgebras. Notice however that the
order matters in the above formula, since ¢ now takes values in A which is noncommutative in
general. Even worse, the expression C(2)€(C<C(1)) makes no sense at all, since we have no well-
defined switch map C ® 4 C — C ®4 C.

A morphism between two corings C and D is an A-bimodule map f : C — D such that

Ap(f(e)) = fleq) ®a fle) and ep(f(c)) = ec(c),

for all ¢ € C. A right C-comodule M = (M, p) consists of a right A-module M together with a
right A-linear map p : M — M ®4 C such that:

(p®alc)op=(Iy®alAc)op, (4.3)

and
<[M®A€(C)OPZIM- (44)

We then say that C coacts from the right on M. Left C-comodules and C-bicomodules can be
defined in a similar way. We use the Sweedler-Heyneman notation also for comodules:

p(m) = mp) ® 4 mp)-

(4.4) then takes the form myyec(mp)) = m. A right A-linear map f : M — N between two right
C-comodules M and N is called right C-colinear if p(f(m)) = f(m)) ® mp), forallm € M.

Example 4.2.1 Let:: B — A be aring morphism; then D = A ®p A is an A-coring. We define
ADI D—>D®ADgA®BA®BA

and
Ep - D:A®BA—>A
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by
Ap(a®pb) =(a®p1a) @4 (la®pb) Za®pls®pb

and
ep(a®p b) = ab.
Then D = (D, Ap,ep) is an A-coring. It is called the Sweedler canonical coring associated to the

ring morphism .

Example 4.2.2 Let k& be a commutative ring, G a finite group, and A a G-module algebra. Let
C = By eqAv, be the left free A-module with basis indexed by G, and let p, : C — A be the
projection onto the free component Av,. We make C into a right A-module by putting

Ve = 0(a)v,.
A comultiplication and counit on C are defined by putting

Ac(ava) = E av; QA Vr-14 and €c = Pe,
TEG

where e is the unit element of G. It is straightforward to verify that C is an A-coring. Notice
that, in the case where A is commutative, we have an example of an A-coring, which is not an
A-coalgebra, since the left and right A-action on C do not coincide.

Let us give a description of the right C-comodules. Assume that M = (M, p) is aright C-comodule.
Forevery m € M and 0 € G,leta(m) = my, = Iy @4 ps)(p(m)). Then we have

p(m) = ng ® 4 Vg

€ is the identity, since m = (I); ®4 €c) o p(m) = m.. Using the coassociativity of the comultipli-
cation, we find

Zp(ma) RV = Z My QA Vr QA Vp—15 = Z mrp ®aVr ®a Ups

ceG o,7eG p,TEG

hence p(m,) = Y . .cMro ®a Uy, and T(G(m)) = m., = To(m), so G acts as a group of
k-automorphisms on M. Moreover, since p is right A-linear, we have that

p(ma) = Zﬁ(ma) ®AV, = Zﬁ(m) ®A Vo = Zﬁ(m)a(a) ®A Vo

oeG ceG ceG

so 7 is A-semilinear: &(ma) = a(m)o(a), forall m € M and a € A. Conversely, if G acts as a
group of right A-semilinear automorphims on M, then the formula

p(m) = 7(m) ®a v,

oeG

defines a right C-comodule structure on M.

61



Example 4.2.3 Now let £ be a commutative ring, G an arbitrary group, and A a G-graded k-
algebra. Again let C be the free left A-module with basis indexed by G

C= @UEGAUU

Right A-action, comultiplication and counit are now defined by

Us & = ZaTuO'T ; AC(UU) = Uy P4 Us €C<u0) = 1.
TEG

C is an A-coring; let M = (M, p) be a right A-comodule, and let M, = {m € M | p(m) =
m ®a Uy . It is then clear that M, N M, = {0} if 0 # 7. For any m € M, we can write in a
unique way:

p(m) = Zma ®A Uy

Using the coassociativity, we find that m, € M,, and using the counit property, we find that
m = ZU My. SO M = @,eqM,. Finally, if m € M, and a € A, then it follows from the right
A-linearity of p that

p(ma) = (M ®4 uy)a =ma @4 Ugr,

soma € M,,,and M,A, C M,,, and M is a right G-graded A-module. Conversely, every right
G-graded A-module can be made into a right C-comodule.

Example 4.2.4 Let H be a bialgebra over a commutative ring %, and A a right H-comodule alge-
bra. Now take C = A ® H, with A-bimodule structure

a' (b ® h)a = d'bay) @ hap.

Now identify (A ® H) ®4 (A® H) = A® H ® H, and define the comultiplication and counit
on C, by putting A¢ = Iy ® Ay and e¢ = I4 ® e. Then C is an A-coring. The category MC is
isomorphic to the category of relative Hopf modules. These are k-modules M with a right A-action
and a right H-coaction p, such that

p(ma) = mygap ®4 mpyap

forallm € M and a € A.

Duality

If C is an A-coring, then its left dual *C = sHom(C, A) is a ring, with (associative) multiplication
given by the formula

J#Hg=go e ®a f)oAc or (f#g)(c) = glcu)flcw))), 4.5)

for all left A-linear f,g : C — A and ¢ € C. The unit is ec. We have a ring homomorphism
i: A—*C, i(a)(c) = ec(c)a. We easily compute that

(i(a)#[)(c) = f(ca) and (f##i(a))(c) = f(c)a, (4.6)
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forall f € *C,a € A and ¢ € C. We have a functor F' : M — M.¢, where F'(M) = M as a
right A-module, with right *C-action given by m - f = myo) f(mp)), forallm € M, f € *C. If C is
finitely generated and projective as a left A-module, then F’ is an isomorphism of categories: given
aright *C-action on M, we recover the right C-coaction by putting p(m) = _.(m- f;)®ac;, where
{(¢;, f;) | 7 =1,---,n} is a finite dual basis of C as a left A-module. *C is a right A-module, by
(4.6): (f - a)(c) = f(c)a, and we can consider the double dual (*C)* = Homy(*C, A). We have a
canonical morphism i : C — (*C)*, i(c)(f) = f(c), and we call C reflexive (as a left A-module)
if ¢ is an isomorphism. If C is finitely generated projective as a left A-module, then C is reflexive.
For any ¢ € (*C)*, we then have that o = i(3_; ¢(f;)¢;).

Grouplike elements

Let C be an A-coring, and suppose that C coacts on A. Then we haveamapp: A - A®4C =C.
The fact that p is right A-linear implies that p is completely determined by p(14) = x: p(a) = za.
The coassociativity of the coaction yields that A¢(z) = x ® 4 x and the counit property gives us
that ec(z) = 14. We say that z is a grouplike element of C and we denote G(C) for the set of all
grouplike elements of C. If x € G(C) is grouplike, then the associated C-coaction on A is given by

pla) = za.
If x € G(C), then we call (C, z) a coring with a fixed grouplike element. For M € MC, we call

M ={m & M| p(m) =m®,x}

the submodule of coinvariants of M ; note that this definition depends on the choice of the grouplike

element. Also observe that
ACC ={be A|bx = zb}

is a subring of A.

An adjoint pair of functors

Leti: B — A be aring morphism. i factorizes through A if and only if
€ GC)P ={reG(C)|xb=br, forallbc B}.

We then have a pair of adjoint functors (F, G) between the categories M g and M. For N € Mp
and M € MC,
F(N)=N®gA and G(M) = M**.

The unit and counit of the adjunction are
vy: N —= (N®@g A, vy(n)=n®pl;

v M @p A— M, (yim®ga)=ma.

We want to discuss when (F, 7) is a category equivalence. We will do this first in the case where
C is the Sweedler canonical coring, and z = 1 ®p 1.
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4.3 Faithfully flat descent

Leti : B — A be aring morphism. The problem of descent theory is the following: suppose
that we have a right A-module M. When do we have a right B-module N suchthat N = M ®p A?

Let D = A ®p A be the associated Sweedler canonical coring. Let M = (M, p) be a right D-
comodule. We will identify M ® 4D = M ® g A using the natural isomorphism. The coassociativity
and the counit property then take the form

p(m[o}) @ mp = my) Op 14 ®p mp and migmp = m. 4.7

14 ®p 14 is a grouplike element of D. As we have seen at the end of Section4.2] we havea pair
of adjoint functors, between M g and M?, which we will denote by (K, R). The unit and counit
of the adjunction will be denoted by 1 and €. K is called the comparison functor. If (K, R) is an
equivalence of categories, then the “descent problem” is solved: M € M 4 is isomorphic to some
N ®p A if and only if we can define a right D-coaction on M.

Proposition 4.3.1 If A € gM is flat, then R is fully faithful, that is, ) is bijective, for all
M e MP.

Proof. Consider the map
@w: A{-—%Af@%g/h iM(Ww :7ﬂ&@31.
Then MP = {m € M | p(m) = m ®p 1} fits into the exact sequence

j P

0 MeoD M : M®p A
M
Since A € g M is flat, we have an exact sequence
QA pPRBA
0—>= MP @, A—120 » Mop A M®p A®p A
iMRBA

Now p corestrictstop: M — M D &5 A. Indeed, for all m € M, we have, using |i
(p @B A)(mjg @ mpy) = mig @ 1 ®p mp) = (i @p A) (Mg @ mpy).

This corestriction of p is the inverse of £,: (€, 0 p)(m) = m by the counit property (4.7), and for
all m € M°P and a € A, we have that

(poem)(m®pa) = p(ma) = my @p mpja =m Sz a.

Proposition 4.3.2 Assume that A € g M is flat. Then the following assertions are equivalent.

1. A € g M is faithfully flat;
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2. (K, R) is a pair of inverse equivalences.

Proof. 1) = 2). We know form Proposition that R is fully faithful, so we only need
to show that K is fully faithful, that is, ny is bijective for all N € g M. We will show that
in : N — N ®p A is injective. Since A € M is faithfully flat, it suffices to show that
in®pA: N®gA— N ®p A®p Aisinjective. Assume that

O = (ZN ®B A)(an ®B CLZ‘) = an ®B 1 ®B a;.

Multiply the second and third tensor factor. It then follows that ) .n; ®5 a; = 0. We have a
commutative diagram

N "IN (N Rp A)coD
\\\\\‘\\\\\A lc
iN
N®p A

and it follows that 7 is injective. In order to prove that ny is surjective, take a = ZZ n; Qp a; €
(N ®@p A)*°P. Then

pa) =Y mi®pa;©sl=Y n®plesa. 4.8)

Now let P = (N ®p A)/i(N),and let 7 : N ®p A — P be the canonical projection. Apply

m®p Ato @.8):
7(q)®pl=Y m(n;®p1)®pa;=0€ P @y A

Since ip is injective, it follows that 7(¢) = 0, so ¢ € Im (i ).

2) = 1). If A € gpM is flat, then D = A ®p A € 4 M is flat, and MP is an abelian category,
in such a way that the forgetful functor MP — M 4 is exact. The proof is similar to the proof of

Corollary Now let
N/ f N 9 N//

be a sequence in p M and assume that

fepA g®BA

N ®p A

N®p A N"®p A

is exact in M 4. Then this sequence is also exact in MP, since the forgetful functor is faithfully
exact. Now (K, R) is a pair of inverse equivalences. In particular, R is a right adjoint of K, so R
preserves kernels. R is also a left adjoint of K, so R also preserves cokernels (see prref3.3.3). So

R is exact, and

0—>N—T N T 0

is exact in M p. O
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Proposition 4.3.3 Let (F, G) be a pair of adjoint functors between the categories C and D. Then
F preserves cokernels and G preserves kernels.

Proof. One of the equivalent characterizations of adjoint functors is the following: for C' € C and
D € D, we have isomorphisms

ac,p : Homp(F(C), D) — Home(C,G(D)),

natural in C' and D. The naturality in C' and D means the following: for f : C' — " in C, and
g: F(C)— D,h: D— D"inD, we have

acrp(hogoF(f)) =G(h)oacn(g)o f. 4.9)

Take f : C' — (" in C, with cokernel & : " — K. We will show that the cokernel of F'(f) is
F (k). Itis clear that F'(k) o F'(f) = F(ko f) = 0.
Assume that g : F'(C") — D issuchthat go F(f) = 0:

(k)

F(C) F(K)
D

.

Then 0 = acp(g o F(f))aC/,D(g) o f. Since k is the cokernel of f, there exists a unique
[ K — G(D) such that the diagram

c—!1 o— % .k
\ lﬂ!l
ac/,D(g)
G(D)

commutes. Now
_ _ @) _

s0 vy (1) makes the following diagram commute:

P(f) F(k)

F(O)

F(C")

We still have to show that this is the unique map that makes the diagram commutative. Assume
that m : F(k) — D is such that g = m o F'(k). Then
.9
lok = Oéc/’D(g) aK,D(m) ok.

From the uniqueness of [, it follows that [ = ok p(m), and oz;(}D(l) =m. O
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The commutative case

Now we consider the special case where A and B are commutative. In this situation, an alternative
description of the category M?P can be given. For M € M 4, we consider A ®p M and M ®@p M
as right A ® g A-modules.

Lemma 4.3.4 We have an isomorphism o : Homa (M, M ®@p A) — Homag,4(A®p M, M ®p
A).

Proof. For p: M — M ®p A, a(p) = g is given by
g(a ®p m) = mpja ®p my),
where we denote p(m) = m ® myp. Conversely, given g € Homug,4(A ®@p M, M @p A), we

let a~!(g) = p given by p(m) = g(1 ®5 m). O

For g € Hom g 4(A ®p M, M ®p A), we can consider the three following morphisms of A ®p
® g A-modules:
51 :A®Bgi A®3A®BM—>A®BM®BA

G3=9gRpA: ARp M ®pA— MepARp A
go: AQp ARp M — M Qg AR A
g 1s given by the formula
g(a®@pd @z m) =mpa®pad Qpmy
Lemma 4.3.5 Take p € Homu (M, M ®@p A), and let g = a(p).

1. pis coassociative if and only if go = g3 © g1;

2. p has the counit property if and only if (¢¥pr 0 g)(1 ®p m) = m, forallm € M. ¥y :
M ®p A — M is the right A-action on M.

Proof. 1) We easily compute that
92(1 ®pl®p m) = Mo Rpl®p m)
(g3 © g1)(m) = g3(1 ®p my) @p mpy) = p(my)) @p myy

and the first assertion follows.
2) is obvious. O

If the conditions of Lemma are satisfied, then (M, g) is called a descent datum. Let Desc(A/B)
be the category with descent data as objects. A morphism (M, g) — (M’,¢') consists of a mor-
phism f: M — M’ in M4 such that the diagram

g

AR M Mg A
A®Bfl J{f@BA
Ao M g M @5 A

commutes.
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Proposition 4.3.6 The categories Desc(A/B) and MP are isomorphic.
Proof. (M, p) € MPissentto (M,a(p)) € MP.If f : M — M’ is a morphism in MP, then it
is also a morphism in Desc(A/B). O

Proposition 4.3.7 Assume that g € Homag,a(A @5 M, M ®p A) satisfies the condition g, =
g3 © g1. Then condition 2) of Lemma is satisfied if and only if g is a bijection.

Proof. =>. The inverse of g is given by the formula
g (m ®p a) = my ® mpa

Indeed:

og)(a®pm)= g_l(m[o]a ®p myp)

Mo)[1)@ Q@B Mo][0] 721

(g

= a®pmpmp
= a®pm
(gog ) (m®pa) = g(mp ®p mpa)
miojjo] M 1] ®B Mo]1]¢
= mmp s a

= Mmpa
<. We compute that

9(1 ®p mgmpy) = Mmoo ®5 Mo M1y
= mp @z mp = g(1®pm).

Since g is bijective, it follows that

L ®p mmuy =1&pm
and myymp; = m. ]
If (M, g) is a decent datum, then the descended module M <P is given by the formula

M“P ={me M|g(legm)=mepl}.

4.4 Galois corings

Let (C, ) be an A-coring with a fixed grouplike element z, and let i : B — A®C be a ring
morphism. Then we have a morphism of corings

can: D=A®pA—C, can(a®pd’) = axd.

Recall from Section |4.2|that we have a pair of adjoint functors (F, G') between Mz and MC.
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Proposition 4.4.1 1) If F is fully faithful, theni : B — A°C is an isomorphism;
2) if G is fully faithful, then can is an isomorphism.

Proof. 1) vg = ¢ 1s an isomorphism.
2) (C, A) is aright C-comodule. The map

f: A—=C, flax)

is an (A, B)-bimodule isomorphism; the inverse g is the restriction of € to C*°C. Indeed, (gof)(a) =
e(ax) = ag(z) = a. If ¢ € C°, then A(c) = ¢ @4 z, s0 e(c)x = £(c(1))c@) = ¢. Then we find
that

(fog)(c)= f(e(e)) =e(c)xr = c.
Now we compute that

(Ceo(f@pA))(a®pad)=_{(ax ®pa")=azra = can(a ®@pd’),

so can = (¢ o (f ®p A) is an isomorphism. U
Proposition leads us to the following Definition.

Definition 4.4.2 Let (C, x) be an A-coring with a fixed grouplike, and let B = A°C. We call (C, x)
a Galois coring if the canonical coring morphism can : D = A®p A — C, can(a ®p b) = azb
is an isomorphism.

Leti: B — A be aring morphism. If x € G(C)?, then we can define a functor
s MP— MC, T(M,p) = (M, )

with p(m) = mp ®4 xmp) € M ®4 Cif p(m) = my) ®p mp) € M ®p A. It is easy to see that
['o K = F, and therefore we have the following result.

Proposition 4.4.3 Let (C, x) be a Galois A-coring. Then T is an isomorphism of categories. Con-
sequently R (resp. K) is fully faithful if and only if G (resp. F) is fully faithful.

Proposition 4.4.4 Let (C,x) be an A-coring with fixed grouplike element, and B = A°C. Assume
that A is flat as a left B-module. Then the following statements are equivalent.

1. (C,x) is Galois;
2. G is fully faithful.

Proof. 1) = 2) follows from Propositions and 2) = 1) follows from Propositionm
0

Proposition 4.4.5 Let (C,x) be an A-coring with fixed grouplike element, and B = A°C. Assume
that A is flat as a left B-module. Then the following statements are equivalent.

1. (C,x) is Galois and A is faithfully flat as a left B-module;
2. (F, Q) is a pair of inverse equivalences.

Proof. The equivalence of 1) and 2) follows from Propositions 4.3.2|and 4.4.3] U
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4.5 Morita Theory

Definition 4.5.1 Let A and B be rings. A Morita context connecting A and B is a sixtuple
(A, B, P,Q, f,g) where

o P e aMp Q€ pMy;
o f: P®BQ—>AinA/\/lA,g: Q R4 P — BingMy;
e the following two diagrams are commutative:

Q®AP®BQM>B®BQ PRpQ®s P J@al ARy P

Qe ) l= e lg

Q®asA = Q P®p B — P

or
af(p®@pd)=gla®ap)p’ ; pg(a®ap) = flp®s )y, (4.10)
forall p,p’ € P and q,q € Q.

Recall that M € oM is called a generator of 4 M if there exist m; € M and f; € sHom(M, A)
such that ). fi(m;) = 14.

Theorem 4.5.2 Let (A, B, P,Q, f, g) be a Morita context, and assume that f is surjective. Then
we have the following properties.

1. f is bijective;

2. P € sMand () € My are generators;

3. P € Mpand Q) € gM are finitely generated projective;

4. P = gHom(Q, B) in aAMp and Q) = Homp (P, B) in pMy;
5. A= gEnd(Q)°® = Endg(P) as rings;

6. (F=—®4P,G=—®gzQ) is a pair of adjoint functors between M 4 and Mg;

N

M ®@p Q = M ®p Homp(P, B) = Homp(P, M), for all M € Map; in other words, the
functor G is isomorphic to Homp(—, M).

Proof. Since f is surjective, we know that there exist p; € P, ¢; € Q (¢ = 1,---,n) such that

> fpi @5 4:) = 1a. @.11)
=1

70



DIf) . p); ®p q; € Ker (f), then
-4.11
> Py @pd; = > 1@ ¢ f(pi ®p )
j ij

(.10
= > P, @pg(d;@ap)ai =Y 0i9(d; ®ap:) @5 a;
1,7

, 1,3
(4.10)
= Z f(v; ®p ¢;)pi ®p ¢ = 0.

i,J

2)Fori=1,---,n,define f; € 4Hom(P, A) by f;(p) = f(p ®5 ¢;). Then
& & &)
Z filp) = Z f(pi @ @) =14,
i=1 i=1

so P € 4M is a generator.

3) For all p € P, we have

(4.10)
p= F(p:®5 )0 = pigla; @4 p).

and it follows that {(p;, 9(¢; ®4 —) | i = 1,---,n} is a finite dual basis of P € M.
4) pgHom(Q, B) € 4M g, with the following left A-action and right B-action:
(a-@-b)(q) = ¢(qa)d,
foralla € A,b € B,q € @ and v € gHom(Q, B). Now we define
a: P — gHom(Q, B)

as follows:
a(p)(q) = 9(¢ ®ap).

a is an (A, B)-bimodule map since

a(apb)(q) = g(q @4 apb) = g(qa ®4 p)b = (a(p)(ga))b = (a - a(p) - b)(q).

« is injective: if a(p) = 0, then
p=> fpi®sa)p=> pgla®ap) =Y pia(p)(@) =0.
« is surjective: for ¢ € gHom(Q, B), we have

plq) = Z o(qf(pi ®B Gi))
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= 2_¢l9la@api)a)
= ig(q@@wi)@(qi)
= QECI®Zpi‘P(CIi))
= a(;p;ﬁ(qi))@-

hence ¢ = (3, pip(q:))-
In a similar way, Homg(P, B) € g M4 via

(b-1-a)(p) = bip(ap),
and the isomorphism 5 : () — Hompg(P, B) is given by the formula

B(q)(p) = 9(q ®a p).

5) The map
7 A= pEnd(Q), ~(a)(q) = qa
is a ring morphism:

v(ab)(q) = qab = (y(b) © v(a))(q)-
7 is injective: if y(a) = 0, then

a= f@saa=) f(p@sqa) =) f(p@5(a)()) =0,
y is surjective: for k € zEnd(Q)°P, we have
kla) = D klaf(pi @5 a:)
— > Holasa )
= Z 9(q ®a pi)k(q)

%

= > af(pi @5 k(g:)

= ’Y(Z f(pi @B k(q:)))(q),
sok =~ f(pi @B k(g)))-
The other ring automorphism is

d: A— Endg(P), d(a)(p) = ap.

72



6) The unit and the counit of the adjunction are defined as follows:
IN=n@af 't NON@aP@pQ ; ey =M®pg: M @pQas— M,

for N € My and M € Mp. F'is fully faithful since 7y is bijective.

7) For M € M p, we have an homomorphism
ay - M ®@p Homp(P, B) — Homp(P, M), ay(m®p f) =,

with ¢(p) = mf(p). Now we know that P € M is finitely generated projective, with finite dual
basis {(pi, fi = 9(¢; ®4 —) | i = 1,---,n}. The inverse of ay, is now given by the formula

ay (@) = Z ©(pi) ®B fi-

O

A left (resp.) right A-module that is finitely generated and projective and a generator is called a
left (resp. right) A-progenerator A Morita context (A, B, P, Q, f, g) is called strict if f and g are
surjective. In this case, both f and f and g are injective, and P and () are A- and B-progenerators.
In this case the adjunction (F , G’) of Theorem 6) is a pair of inverse equivalences.

The Morita context associated to a module

Let B be aring, and P € Mp. We construct a Morita context as follows. Let A = Endg(P),
() = Homp(P, B). Then P is an (A, B)-bimodule, with left A-action

a-p=a(p);

@ is a (B, A)-bimodule with actions

(b-q)(p) =bq(p) ; q-a=qoa.
Then the maps
frPop@Q— A, flpesq)®)=rpid);
9: Q®aP — B, g(q@ap)=g(p)
are well-defined bimodule maps.
Proposition 4.5.3 With notation as above, (A, B, P, Q, f, g) is a Morita context.
The map f is surjective if and only if P € Mg is finitely generated projective.

The map g is surjective if and only if P € Mg is a generator.
Consequently, the Morita context is strict if and only if P is a right B-progenerator.
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Proof. The proof of the first statement is straightforward.

If f is surjective, then it follows from Theorem[4.5.2]3) that P € M is finitely generated projec-
tive. Conversely, assume that {(p;,¢;) | ¢ = 1, -+, n} is a finite dual basis of P. For all p’ € P, we
have that

f(z pi®pq)p) = f(z pi @p q)p = Zpig((]i Rap) = Zpi%(p/) =p,

hence (). pi ®p ¢;) = 14, and f is surjective.
If ¢ is surjective, then it follows from Theorem [4.5.2]2) that P € M is a generator. Conversely,
if P is a generator, then there exist p; € P, and ¢; € Q = Homp(P, B) such that

lp = Z%’(Pi) = Q(Z G @A Pi);
and it follows that g is surjective. U

Progenerators are faithfully flat
Proposition 4.5.4 Let M € M 4 be finitely generated projective. Then M is a flat left A-module.

Proof. Let {(m;, f;) |1 =1,---,n} is a finite dual basis of M. Let ¢ : P — ( be a monomor-
phism in 4 M. We have to show that p @4 M : PRy — () ® 4 M is a monomorphism of abelian
groups. Take ), n; ®4 p; € Ker (¢ ®4 M). Then

0=r(p®a M)(Z nj ®apj) = ij ®a (pj)-

J J

It follows that we have, for all f € Hom (M, A):

0= fm)elps) = (3 f(ms)py),

and, since ¢ is injective,

Z f(my)p;) = 0.

We now conclude that
E n; Qap; = E m; fi(n;) ®ap; = E m; Q4 E fi(n;)p; = 0.
J ,J i J

U

Proposition 4.5.5 Let M € M, be a generator. Then M Q4 — : M — & reflects exact
sequences.
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Proof. Since M is a generator, there exist m; € M, f; € Hom4 (M, A) such that ), fi(m;) = 1.
Consider a sequence
P2Q-YSR (4.12)

in M 4, and assume that

Mo P M e, Mea R

is exact in Ab. Then we have to show that (4.12) is exact.
We first show that ¢ o ¢ = 0. For all p € P, we have

0=((M®av)o(M®ap))(m;®ap)=m; a4 (o p)(p),

hence

(Wowp)(p) = Z fema) (1 o ) (p) = 0.

Next, assume that ¢ € Ker (¢). Then (M ®4 1)(m; ®4 q) = 0, so there exists > ;n; ®4 p; €
M ® 4 P such that

m; ®4q= (M ®a 30)(2 nj ®ap;j) = an ®a (p;)-
J J

Then

q= Z filmi)q = Z fi(ng)e(p;) = sO(Z fi(n;)p;) € Im ().

Corollary 4.5.6 If M € M 4 is a progenerator, then M € M 4 is faithfully flat.

Progenerators over commutative rings

Let M be a finitely generated projective module over a commutative ring k. We will show that M
is a generator if and only if M is faithful. We introduced the following ideals of k:

Anng (M) ={z € k| Mz =0}
Try (M) = {Z(m*,m) | m; € M,m; € M*}
Anny (M) is called the annihiliator of M, and Try(M) is called the trace ideal of M. Clearly M
is faithful if and only if Anng (M) = 0, and M is a generator if and only if Try (M) = k.
Proposition 4.5.7 Let I be an ideal of k, and M a finitely generated k-module. Then

MI=M <= I+ Amng(M) =k
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Proof. <. There exist z € [ and y € Anny(M) such that x + y = 1. Then for all m € M we
have that m = mz + my = mz € M.

=. Let {my, ma, - - - m,} be a set of generators of M. Fori=1,--- n,let

be the submodule of M generated by {m;, m;;1,---,my,}. Let M, 1 = 0. We will prove the
following statement:

Vie{l,---,n+1}: 3z, €1: M(l—mz)C M. (4.13)

We construct the x; recursevely. Let z; = 0. Assume that we have found z; € I such that (#.13) is
satisfied. Then

so there exist z;; € I such that
n
ml(l — ‘T,L) = ijl’ji,
j=i

and .
m,(l — X; — l'“) = Z mjxji € Mi+1-
J=i+l
Then it follows that

or

Then z;, 1 = 2z; + x5 — 22 — 2324 € I satisfies (4.13).
Now M (1 — 1) C Myyq =0,hence 1 = 2,41 + (1 — 2501) € T + Anng(M). O

Corollary 4.5.8 (Nakayama Lemma) Let M be a finitely generated k-module. If Mm = M for
every maximal ideal m of k, then M = 0.

Proof. If M # 0, then Anny (M) # k, so there exists a maximal ideal m of & containing Anny(M).
Then m + Anny (M) = m # k, and it follows from Proposition that Mm # M. O

Proposition 4.5.9 Let M be a finitely generated projective k-module. Then

Consequently M is a generator if and only if M is faithful.
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Proof. Let {(m;,m}) | i = 1,---n} be a finite dual basis of M. For all m € M, we have
m = Z(mf,mﬁni € Trp,(M)M,
i=1

so M = Try(M)M, and it follows from Proposition that
Try(M) + Anng (M) = k.

We are left to show that this sum is direct. For all z € Anng (M), m € M and m* € M*, we have
(m*,m)x = (m*,mz) =0,

so Try(M)Anng (M) = 0. There exist t € Trg(M) and a € Anng(M) such that ¢t + m = 1. If
x € Trg(M) N Anng (M), then
r =zt +zu=0.

The Eilenberg-Watts Theorem

We have seen that a strict Morita context connecting two rings A and B gives rise to a pair of
inverse equivalences between the categories of modules over A and B. We will now prove the
converse result: every pair of inverse equivalences between module categories comes from a strict
Morita context. First we need a few classical results from category theory.

We first recall one of the characterizing properties of pairs of adjoint functors. Let F' : A — B
and G : B — A be two functors. Then (F, G) is an adjoint pair of functors if and only if for every
A € A, B € B, we have an isomorphism

04 : Homg(F(A), B) — Homy(A, G(B))

that is natural in A and B. The naturality means the following: for all f : A" — A in A and
g: B — B’in B, we have

Oap(gopoF(f))=Glg)obap(p)of. (4.14)

We also recall the definition of the coproduct. Let (A;);c; be a family of objects in the category. A
coproduct [ [, A; is an object A = [[..; A; € A together with morphisms p; : A; — A such that
the following universal property holds: given A’ € 4 and a collection of morphisms ¢; : A; — A/,
there exists a unique [ : A — A’ such that the diagram

A -2 A (4.15)

commutes.
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Proposition 4.5.10 Let (F, G) be an adjoint pair of functors between the categories A and B. If
(A;)icr is a family of objects in A such that the coproduct | [, A; exists in A, then the coproduct

;e F(A;) exists in B, and

[TFA) =F(J] A

iel el
Proof. Let A = [],.; A;. We will show that the family of morphisms F(p;) : F(A;) — F(A)
in B satisfies the necessary universal property. Take B € B, and assume that we have a family of
morphisms ¢; : F(A;) — Bin B. Letr; = 04, 5(q;) : A; — G(B). By the universal property of
the coproduct [],_, A;, there exists a unique [ : A — G/(B) making the diagram

AZ,L)A

N

G(B)

Then

@14, _
EDg 1) 0 F(py),

g =04 (ri) =05 5(lop)
so the diagram

F(A) 2L pa)

x l%}m

B

commutes. We are done if we can prove the uniqueness of the map making the diagram commuta-
tive. Assume that k : F(A) — B issuch that k o F'(P,) = ¢;, forall i € I. Then

@14)
T = eAi,B(Qi)HA,B(k) O i,
and, by the uniqueness in Ib | =04p(k),and k = 92713(1). O

Proposition 4.5.11 Let (F,G) and (F', G') be two adjoint pairs of functors between the categories
A and B, and let (A;)icr be a family of objects in A such that the coproduct A =[], A; exists
in A. If v : F — F'is a natural transformation such that ~y 4, is an isomorphism for each i, then
va: F(A) — F(A') is also an isomorphism.

Proof. For all 1 € I, we consider the commutative diagram

YA;

F(A) ———F'(4)

Since F'(A) = I1,.; F'(A;), there exists a morphism ¢ : F'(A) — F(A) in B such that

Yo Fl(pi) = F(pi) o7a;-
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Then
F(pi) =1 o F'(pi) ova, = ¥ o ya 0 F(pi).
From the uniqueness in the universal property of the coproduct F'(A) = [[,.; F/(A;), it follows
that ¢ o y4 = F(A).
We also have

Yaoo F'(pi) =40 F(p;) ova = F'(pi) o va, 0va, = F'(pi).

From the uniqueness in the universal property of the coproduct F'(A) = [[..; F"(4;), it follows
that y4 o b = F'(A). O

We have seen in Proposition that left adjoints preserve coproducts. Similar arguments show
that they also preserve cokernels.

Proposition 4.5.12 Let (F,G) be an adjoint pair of functors between the categories A and B.
Let f : Ay — Ay be a morphism in A with cokernel u : Ay — f. Then Coker (F(f)) =
F(Coker (f)) = F(u): F(Ay) — F(E).

Proof. 1Tt is clear that F'(u) o F(f) = F(uo f) = 0, so it suffices to show that the universal

property of cokernels holds. Let g : F'(As) — B be a morphism in 3 such that g o F'(f) = 0. Let

h =04, 5(g). Then
’ E13)

ho f=0,5(9) 0 10,4, 5090 F(£)) =0,

so there exists a unique morphism /' : E — G(B) in A making the diagram

Ay

commutative. Then

hence the diagram

commutes. We still have to prove the unicity. Suppose that v’ : F'(E) — B is such that v’ o F'(u) =
g. Then
@13)
h = 0A2,B(g)9E,B(U/) o u,

and it follows from the unicity of 2’ that ' = 0 (v') and v = 0 5(I'). O
Proposition 4.5.13 Let (F,G) and (F', G') be two adjoint pairs of functors between the categories
Aand B, and vy : F — F' a natural transformation such that ~y 4, is an isomorphism (i = 1, 2).

Let f: Ay — Ay be a morphism in A with cokernel u : Ay — f. Then yg : F(E) — F(E') is
also an isomorphism.
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Proof. Consider the commutative diagram

lﬁ’Al \L’YAZ i'yE
F/(Al) F'(f) F/(AQ) F'(u) F/(E)

Then
F(u) oy, o F(f) = F(u) o F(f) o ya, =0,
hence there exists ¢ : F'(E) — F(F) such that

F(u) oy, =voFu),

hence
F(u) =y o F(u') oy)Ay = ¢ oyp o F(u),

and it follows from the uniqueness in the universal property of the cokernel that
Y oyg = F(E).
We also have
ve oo F(u) =vpo F(u) oy, = F(u) oya, 0y, = F(u),
and it follows, again using the uniqueness in the universal property of the cokernel, that
Vp o = F'(E).
O

Theorem 4.5.14 (Eilenberg-Watts) Suppose that A and B are rings, and that F' : M, — Mg
is a functor with a right adjoint G. Then F(A) = M € 4 Mg and there is a natural isomorphism
between the functors F' and — @4 M.

Proof. F(A) = M € Mp. We have an isomorphism
l: A— Homu(A, A), l(a)(b) = ab.
It is clear that [(a) o [(a’) = l(aa’). Now since F’ is a functor, we also have a map
F: Homy(A, A) — Hompg(F(A), F(A)) = Endg(M).
We define am = F(I(a))(m), foralla € A, m € M. This makes M an (A, B)-bimodule since
a(mb) = F(l(a))(mb) = (F(I(a))(m))b = (am)b;

(aa’ym = F(l(aa’))(m) = F(l(a) o I(a"))(m) = (F(I(a)) o F(I(a')))(m) = a(a'm).
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Now take X € M 4. We have an isomorphism

€: X — Homu(A, X), &(z)(a) = za,
and &(axa’) = l(a) o £(x) o l(a’). We also have

F: Homy(A, X) — Hompg(M, F(X)).

We define
Bx + X — Homp(M, F(X)), Bx(z)=F((z)).

[ is right A-linear:

Px(xa) = F(&(xa)) = F(&(x) o l(a)) = F(&(x)) o F(l(a)) = Bx(x) o F(I(a)),

hence
Bx(za)(m) = Bx(z)(am)
and

Bx(za) = fB(x)a.

Now we claim that (3 is an natural transformation from the identity functor on M 4 to the functor
Homp(M, F(—)). Let f : X — X' in M 4. It is easy to see that, for all z € X, we have
foé(x)=&(f(x)). Now we show that the diagram

X ! X

N v

Homp (M, F(X)) Homp(M, F(X"))

(f)o—

commutes: for all z € X, we have
F(f) o Bx(2) = F(f) o F(E(x)) = F(f 0 &(x)) = FE(f(2))) = Bro(f ().
Now Homp (M, —) : Mp — M4 is aright adjoint of — ®4 M, so we have a isomorphism
Hom 4 (X, Hompg(M, F(X))) = Homp(X ®4 M, F(X))
that is natural in X. The image of Fx is a map
Yx 1 X®4 M — F(X)
in Mp, and 7y is natural in X. v is given by the formula
Tx(z @am) = Px(x)(m) = F(§(x))(m).
So we have a natural transformation

vy —®4 M — F.
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We find that
vala ®am) = F(l(a))(m) = am,

s0v4: A®a M — M is the natural isomorphism. It follows from Proposition that v 4r) 18
an isomorphism, for every index set /. Now for X € M4 arbitrary, we can find a exact sequence

AD 5 AD X 0.

It then follows from Proposition that yx is an isomorphism, hence v : — ®4 M — Fisa
natural isomorphism. ]

Theorem 4.5.15 Suppose that A and B are rings, and that (F, G) is a pair of inverse equivalences
between M 4 and M g. Then (F,G) is induced by a strict Morita context connecting A and B.

Proof. 1t follows from Theorem [4.5.14|that F' = — ®4 M, and G = ®pN, with M = F(A),
N = G(B). Consider the unit 77 and counit € of the adjunction (F, G):

Nx : X—>X®AM®BN, Ey - Y®BN®AM—>Y

For x € X, consider the A-linear map &(x) as in the proof of Theorem 4.5.14] From the naturality
of 1, we have a commutative diagram

A 1 AR4 M@ N
£(w)i J{ﬁ(m)@AM@BN
X—2 > X®,M®gN

Taking X = A, and x = a in this diagram, we see that 1) is left A-linear. It follows that nx(x) =
x ®a na(l), hence nx = X ®4 na. In a similar way, we prove that 5 is right B-linear, and
ey =Y ®p ep. Because (F, (7) is an adjoint pair, we have two commutative diagrams, for every
XeMyandY € Mpg:

NG (y)

o) paRX)  G(Y) GFG(Y)

\ lsm) \ lc;(sy)

F(X) G(Y)

F(X)

Take X = Aand Y = B:

MM e Noa M N—2A" N, Moy N

\ lM@@BaB \ iaB@aBN

M N

It follows that (A, B, M, N,n,",ep) is a strict Morita context. O
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4.6 Galois corings and Morita theory

Let (C, ) be an A-coring with a fixed grouplike element. We let B = A°C. We consider the left
dual *C = 4Hom(C, A). Recall (4.544.6) that *C is an A-ring. As before, D = A ®p A is the
Sweedler canonical coring. Now consider the left dual of the canonical map

can: D — C, can(a®pd’) = axd.

*can: *C — *D = 4Hom(A ®@p A, A), *can(f)(a ®@pa’) = (f ocan)(a ®@p a’) = f(axd’).

Let us give an easy description of *D.
Lemma 4.6.1 We have an isomorphism of A-rings
A "D — gEnd(A)°P, A(¢)(a) = o(1 ®@p a).

Proof. 1t is straightforward to see that A is an isomorphism of abelian groups: the inverse of A is
defined by

A Hp)(a®p d') = ap(d).

Let us next show that A\ transforms multiplication into opposite composition. For ¢, W € *D, we
have

(0#V)(a ®p ') = ¥(a ®@p ¢(1 @5 d)),

hence
ANo#V)(a) = (¢#¥)(1 ®p a) = V(1 @p ¢(1 ®p a)) = (A(¥) o A(¢))(a),
and A\(¢o# V) = A(V) o A(¢).

Finally, we show that \ is an isomorphism of A-rings.
r: A— gEnd(A)®, r(a)(d) =da
is a ring morphism, making sEnd(A)°P into an A-ring. Also recall that
i: A—"*D, i(a)(d @pd") =ep(d ®@pa")a=dd"a
is a ring morphism. Now
A(i(a))(@") = i(a)(1 ®p a') = d'a = r(a)(a),
so A o7 = r, as needed. O
The composition A o *can will also be denoted by *can. So we obtain a morphism of A-rings
*can : "C — pEnd(A)°P, *can(f)(a) = f(za).

The following result is now obvious.
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Proposition 4.6.2 If (C, x) is a Galois coring, then *can is an isomorphism. Conversely, if C, D €
AM are finitely generated projective, and *can is an isomorphism, then can is an isomorphism,
and (C, z) is a Galois coring.

If A € gM is finitely generated projective, then D = A ®g A € 4, M is finitely generated
projective.

Our next aim will be to associate a Morita context to a coring with a fixed grouplike element. This
Morita context will connect B and *C.

Lemma 4.6.3 The abelian group

Q={q€"C|cuylcy) =qlc)z, Yecel}
is a (*C, B)-bimodule.
Proof. For all f € *C, q € () and ¢ € C, we have

cay(f#a)(c@) = cayale fle))
= (cayfle@))mallcayflee)) @)
= qlcqyflew))r = (f#q)(c)z,

so f#q € @, and () is a left ideal in *C. For b € B, we have
cy(#i(b)) () = cyalc)b = q(c)ab = q(c)bx = (g#i(b))(c)z,

so g#i(b) € @, and @ is a right B-module. The fact that ) is a bimodule follows immediately
from the associativity of #. U

Lemma 4.6.4 A is a (B, *C)-bimodule.
Proof. A € MC via p(a) =1 ®, za. Hence A € M-¢ via

a-f= f(za).

Clearly is a left B-module, via left multiplication. Finally

ba- f) = bf(va) = f(bra) = f(aba) = (ba) - f.
Lemma 4.6.5 The map

T: A®w Q — B, 7'<a®*CQ):a'q:q<xa)

is a well-defined morphism of (B, B)-bimodules.
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Proof. 7 is well-defined: foralla € A, ¢ € (Q and f € *C, we have

T(a- f®@q) =7(f(za) ® q) = q(zf(za)) = (f#q)(a) = T(a ® (f#q))-

7 is left and right B-linear: foralla € A, g € Q and b € B, we have
T(ba ®«c q) = q(xba) = q(bxa) = bg(za) = br(a R«¢ q);

7(a @-c g#i(b)) = (g#i(b))(za) = g(ra)b = 7(a @-c ¢)b.

Lemma 4.6.6 The map

p: QepA—"C, ulg®pa) = q#ia)
is a well-defined morphism of (A, A)-bimodules.
Proof. 1 is well-defined: forall ¢ € ), a € A and b € B, we have

u((q#i(b)) @ a) = q#i(b)#i(a) = g#i(ba) = (g @ bay).

s left *C-linear: forall g € @), a € A and f € *C, we have

((f#q) ® a) = fH#q#i(a) = fH#ulq®p a).

Finally we show that y is right *C-linear. We have to show that

1(q®p (a-f)) = plg®p f(za)) = q#i(f(za))
is equal to
(g @p a)#f = q#ti(a)#f.
q#i(a)#f = q#i(f(za)).

Indeed, for all ¢ € C, we have

(g#ti(a)#f)(c) = flew(azti(a))(c@)) = fleaa(ce)a)
= [flglc)za) = q(c) f(xa) = (q#i(f(za)))(c).

Proposition 4.6.7 With notation as above, (B,*C, A, Q, T, i) is a Morita context.

Proof. Let us first show that

(g ®p a)#q = q#i(T(a @+ ¢

We easily compute that

g @p a)#q = q#i(a)#q
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and
g#i(1(a @c ¢ = q#i(a-q') = q#i(d (za)),
and we have already computed that these are equal, see (4.16). Finally we compute that

a-p(q@nd) =a-(q#i(a)) = (q¢#i(d’))(za)
= q¢(ra)d = 71(a R« q)d.

O

Proposition 4.6.8 Let (C,x) be an A-coring with a fixed grouplike element, and consider the
Morita context (B,*C, A, Q, T, u) from Proposition Then the following assertions are equiv-
alent.

1. 7 is surjective;
2. dA € Q: A(x) = 1;

3. the map
wiy: M &« @Q — M€, wy(m®q) =m-q

is bijective, for every M € M.

Proof. 1) = 2). Since 7 is surjective, there exist a; € A, ¢; € () such that

L=70>_a;@q) =Y gwa;) = () i(a;)#q;) ().
Now let A =3 i(a;)#q; € Q.
2) = 3). M "¢ is defined as follows:

MC¢={meM|m-f=mf(x), forall f€*C}.

The map

Orr 2 M€ — M ®-¢Q, Oy(m)=m®.cA
is the inverse of w,,. Indeed, for all m € M ¢, we have
wyr o Opy)(m) =m-A=mA(x) =m.
For all m € M and ¢ € (), we have
(Mo war)(m ®c q) = Op(m-q) =m-q@«c A =m @« q#A =mR:cq,
where we used the fact that g#A = ¢. Indeed, for all ¢ € C:
(@A) (€) = Alcalee)) = Aa(Or) = g(A@) = glc).

3) = 1). It suffices to observe that 7 = w. O
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Proposition 4.6.9 For all M € MC, we have that M C M C. If T is surjective, then M ¢ =
McoC.

Proof. Take m € MC. Then p(m) = m ®4 x, hence m - f = mf(z), forall f € *C.
Conversely, assume that 7 is surjective. Then there exists A € () such that A(x) = 1. Take
m € M €. Then

m =mA(x) =m- A = mgA(mpy),

hence
p(m) = p(mpA(mpy))
= mjo] ®a muA(mp)
= my ®a A(mp))z (since A € Q)
= O]A( )®A$—m®A9€
hence m € M, [l

Proposition 4.6.10 We have that

QCQ ={qe"Cla#f =q#i(f(x)), forall f € "C}.
If C € 4 M is finitely generated projective, then () = Q'
Proof. Take ¢ € Q. Then c(1yq(c(2)) = q(c)z, for all ¢ € C, hence

(q#f)(c) = flecwa(ew)) = flg(e)r) = q(e) f(x) = (g#i(f(x)))(c),

and it follows that ¢ € @’.
Conversely, assume that C € 4M, and take a dual basis {(¢;, f;) | j = 1,---,n} of C. If ¢ € /',
then

cq Z fileayalew))
= Z(Q#fj)<c)cj

J

- Z(q#’i(fj(x)))(C)Cj
= Z fila(e)x)e; = qlc)z.

O

We have a pair of adjoint functors (F = — ®p A, G = (—)°C) between M and M (see the end
of Section 4.2)).

We also have a pair of functors (F = —®zAG= —®:+¢) between Mp and M. (F, G’) is an
adjoint pair if 7 is surjective (see Theorem §.5.26)).
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If C € 4M is finitely generated projective, then the categories MC€ and M. are isomorphic. If,
moreover, T is surjective, then G(M) = G(M), for all M € M® = M.

Mp M€ 4.17)
N
Mp - Mc

G

This proves the following.

Proposition 4.6.11 IfC € 4 M is finitely generated projective and T is surjective, then (F , é) is
a pair of inverse equivalences (i.e. the Morita context associated to (C,x) is strict) if and only if
(F, G) is a pair of inverse equivalences.

We now consider the Sweedler canonical coring D = A ®p A. We assume that A € gM is
faithfully flat, and compute the Morita context associated to (D, 1 ®p 1).

It follows from Proposition thatnp: B — AP ={be A|b®p1=1®p b} is bijective.

Recall from Lemma4.6.1| that we have an isomorphism of A-rings
A "D = jHom(A®p A, A) — S = gEnd(A)®?, A(¢)(a) = ¢(1 ®p a).
We will write A\(¢) = ¢.

We first show that

MQ) = Q = pHom(A, B).
Indeed, take ¢ € ), and let § = A\(q). Then for all a,a’ € A, we have
a ®pq(l®pa)=(d ®@p1)¢g(1®pa)=q(d @pa)(l®pl)=q(d @pa)Rp1.

Take a = 1. Then we find
1®p¢(a) = q4(a) ®p 1,
hence G(a) € B,and¢: A — B.

Ais a (B,*D)-bimodule (Lemma 4.6.4), hence A is also a (B, .S)-bimodule, with right S-action

a-p=a-¢=¢(1@pa)=p(a)

Q is a (*D, B)-bimodule (Lemma 4.6.3)), hence ) = gHom(B, A) is an (S = pEnd(A)°, B)-
bimodule. We compute the left S-action and the right B-action:

©-G=No#q) =Goy

q-b= Mq#i(D))

88



Now
(a#i(b))(a @5 0)Pa(d @p )b,
hence
(7-0)(a) = g(a)b.
We have a (B, B)-bimodule map

7~'=TO(A®)\71): A®SQ~—>A®*DQ—>B.
We compute that
Ta®q) =7(a®q) = ¢l ®a) = q(a)
We have an (5, .S)-bimodule map
fi=XopoAN'®A): QRpA—Q®zA—*D—S.
We compute that
(G ®p a)(d) = Au(g @ a))g) =pg@a)(l®d)
. / " /! ~ /
= (q#i(a))(1®d)=q(1®d)a = qa

We then obtain a Morita context (B, gEnd(A)°?, A, gHom(A, B), 7, f1), that is isomorphic to the
Morita context (B,*D, A, Q, T, 1) associated to (D, 1 ®p 1). This Morita context is precisely the
Morita context associated to the left B-module A. From Proposition it follows that this
Morita context is strict if and only if A is a left B-progenerator.

Proposition 4.6.12 Let i : B — A be a ring morphism, and assume that A € gM is faithfully
flat. Then the Morita context associated to the coring (A®p A, 1®p1) is isomorphic to the Morita
context associated to A considered as a left B-module. This Morita context is strict if and only if
A is a left B-progenerator.

Proposition 4.6.13 Let i : B — A be a ring morphism. If A € gM is faithfully flat, and
D =A®p A€ s M is aprogenerator, then A € g M is a progenerator.

Proof. Consider the diagram

Mp K MP

|

Mg K Map 2 M paagayer

The functor MP — M.p is an isomorphism of categories, since D is a left A-progenerator.
K = — ®p A is an equivalence of categories (by Proposition 4.3.2] and because A € pM is
faithfully flat. Then K = —®p Ais also an equivalence of categories, and then A € pM is a
progenerator. U

Theorem 4.6.14 Let (C, z) be an A-coring with a fixed grouplike element. We assume that C is a
left A-progenerator. Let B = A°C andi : B' — B a ring morphism. Let D' = A ®p A, and
can’ : D' — C, can’(a ®pr ') = axd’. Then the following assertions are equivalent.
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1. e can’ is an isomorphism (of A-corings);

A is faithfully flat as a left B'-module;

2. e *can’ is an isomorphism (of A-rings);

Ais a left B'-progenerator;

3. e i: B — B isanisomorphism (hence we can take B = B’');

e the Morita context associated to (C, x) is strict;

4. e i: B — Bisanisomorphism;

e the adjunction (F,G) between Mg and MC is a pair of inverse equivalences.

Proof. 1) = 2). If can’ is an isomorphism, then its dual map *can’ is also an isomorphism.
Since can’ D’ — C is an isomorphism of corings, and hence of left A-modules, D’ is a left A-
progenerator, and it follows from Proposition |4.6.13|that A is a left B’-progenerator.

1) = 3). We have that
B = ACOC _ ACOD’ _ B/.

The second equality follows from the fact that C and D’ are isomorphic A-corings, and the third
equality from the fact that A € g/ M is faithfully flat.

Since A is a left B-progenerator, the Morita context associated to (D, 1 ®p 1) is strict (see Propo-
sition[4.6.12). Since C and D are isomorphic corings, the Morita contexts associated to (C, x) and
(D, 1 ®p 1) are isomorphic, hence The Morita context associated to (C, z) is strict.

3) == 4). The Morita context (B, *C, A, @), T, ) associated to (C, x) is strict, and it follows from
Theorem that A is a left B-progenerator, and then from Corollary that A is faithfully
flat as a left B-module.

It follows from Proposition that (F, ) is a pair of inverse equivalences.

4) = 1). It follows from Proposition that can = can’ is an isomorphism. Since C € s M is
finitely generated projective, M¢ = M... Since — @5 A : pM — MC is an equivalence, A is a
left B-progenerator, and it follows from Corollary that A is faithfully flat as a left B’-module.
O

4.7 Hopf-Galois extensions

Let H be a Hopf algebra with a bijective antipode, and A a right H-comodule algebra. Recall (see
Example[#.2.4) that C = A® H is an H-coring. © = 14®1y is a grouplike element of A® H. This
makes A into a right A ® H-comodule, and the A ® H-coaction coincides with the right H-action
in the following sense: p: A - A —4 A®H = A® H, p(a) = ap ®a (1 ® ap) = ajg @ ap.
Then

ACARH — Lo c Al pla) =a® 1y}
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Definition 4.7.1 A is called a Hopf-Galois extension of B if (A® H,14 ® 1y) is a Galois coring,
or, equivalently,

can: A®pA— A® H, can(a®pad’) = a(la ® lg)d' = aajy @ ajy
is an isomorphism of corings.
Proposition then specifies to the following result.

Proposition 4.7.2 Let A be right H-comodule algebra, and B = A, Assume that A is flat as a
left B-module. Then the following statements are equivalent.

1. A'is a Hopf-Galois extension of B and A is faithfully flat as a left B-module;

2. (F=—-®pA,G= (=) is apair of inverse equivalences between M g and the category
of relative Hopf modules M.

Let A be aright H-module algebra. The smash product H# A is defined as follows: as a k-module,
itis equal to H ® A, with multiplication given by the formula

(h#a)(k#b) = hk(l)#(a : k(g))b.

A straightforward computation shows that this is an associative multiplication. 15#1 4 is a unit
for this multiplication, so H# A is a k-algebra. The maps

A— H#A, a— lg#a ; H— H#A, h— h#l,

are algebra morphisms.

Now we assume that H is a k-progenerator, and let A be a right H-comodule algebra. Then A ® H
is a left A-progenerator. Let {(h;,h}) | i = 1,---,n} be a finite dual basis for H. A is a right
H-comodule algebra, hence it is a left H*-module algebra, and a right (H*)°P-module algebra,
and we can consider the smash product (H*)°P# A. We have isomorphisms of k-modules

H*® A — Hom(H,A) - sHom(A® H, A).
The composition of these two compositions will be called «. Then we have
a(h* ®a)(a ®b) = (h*, h)d a.
Proposition 4.7.3 o : (H*)®#A — sHom(A ® H, A) is an isomorphism of A-rings.
Proof. Take h*, k* € H*, a,b € A. Let ¢ = a(h*#a), v = p(k*#b). Then
(") (K #b) = Ky + 4@ - gy )b = Ky % b4 (K, agyagb,
hence

a((h#a) (k" #0)) (a' @ h) = (kfy) * 1", h) (K, apd'aopb
= <k‘2<1), h(1)> <h*, h(2)> <k‘2<2), a[1]>a'a[0]b
= <k3*, h(l)a[1]> <h*, h(2)>a’a[0]b.
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(p#Y)(d @ h) = ¥((d’ © ha))p(1© hz))
= ¢((a'®h1)<h h(2)>)
= Y((h", hzy)d'ag @ hayap)

= (h,h >< h(1 [1]>aa[0}b,

and it follows that « preserves the multiplication. Now let us also show that « respects the algebra
morphisms

i: A— sHom(A® H,A), i(a)(d'oth) =ec(a’ @ h)a = e(h)d'a;

i A— (H*)P#A, i'(a) = e#a.

indeed,
d'(i(a))(d' @ h) = a(e#a)(d'#h) = e(h)d'a = i(a)(a’ @ h).

so o o4 = 1, as needed. O
Recall that the dual of the mapcan: ARp A —-C=A® H is
n: 'C=,Hom(A® H, A) - sHom(A ®p A, A) = gEnd(A)°®

given by
“can(f)(a) = f(za’) = f(ajg) @ afy).
Let us compute
“can = "cano v : (H™)’#A — gEnd(A)®

(R ) (@) = a(h* #a)(dly ® ay) = (0", alyalya = (& - B*)a.
Recall from Proposition #.6.10] that
Q=Q ={q€"Cla#f = q#i(f(z)), forall f € *C}.
We compute Q = o~ 1(Q) C (H*)P#A.

y=> h#acQ < q=a(y) €Q =Q

q#f = q#i(f(x)), Vfe'C
y(h*#a) = yi'((h*,1)a), Vh* € H*,a € A

Zh*#al (h*#a) = Zh*#a, )(e#(h*,1)a)
Zh* « hi#(h az[1]>al[0a—2h* #(h* Vaa, Yh* € H*,a € A

Zh*l) * hi #( 2),CL2[1] aifo] = Zh* h* al’ Vh* € H*

y(h*#l) = (h*, 1)y, Vh* € H".

IIIIIIMIV
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We conclude that
Q = {y € (H)P#A | y(W"#1) = (", 1)y, VA" € H"}.
Consider the maps
F=70(A®qa): A#erpaQ — A®cQ — B, T(a®y) = "can(y)(a);
fi=po(a®A): QepA—Q®pA— B, uly®a)=ylc#a).
Then (B, (H*)P#A, A, Q,7, [1) is a Morita context.
Applying Theorem [4.6.14] we now obtain the following result.

Theorem 4.7.4 Let H be a Hopf algebra, and assume that H is a progenerator as a k-module. Let
A be a right H-comodule algebra, B = A®, i : B’ — B a ring morphism. Then the following
assertions are equivalent.

l. ecan': AQp A — A® H, can'(d ®pa) = d'ajg ® ap is bijective;
A is faithfully flat as a left B'-module.

N
°

“can : (H*)P#A — pEnd(A)°P, *can’ (h*#a)(b) = (h*—b)a is an isomorphism;
Ais a left B'-progenerator.

3. e B=2D1;
the Morita context (B, (H*)P#A, A, Q,+, f1) is strict.

4. e B=2D';

the adjoint pair of functors (F = e ® A, G = (e)°°") is an equivalence between the
categories Mp and M*4.

In Theorem 4.7.4] we can take B’ = k. If the equivalent conditions of Theorem are satisfied,
then A = [; then we say that A is an H-Galois object.

4.8 Strongly graded rings

As in Example 4.2.3] let G be a group, and A a G-graded ring, and C = @,cqAu,. Fix A € G,
and take the grouplike element uy € G(C). Then MC = M,, for any right G-graded A-module,
and B = A = A,. Also

can: A®p A — @,eqAu,, can(d ®a) = E a Ayt .
ceG

Proposition 4.8.1 With notation as above, the following assertions are equivalent.

1. Ais strongly G-graded, that is, A, A, = Ay, forall o,7 € G;
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2. the pair of adjoint functors (F = e @ A,G = (e),) is an equivalence between Mg and
Mﬁj, the category of G-graded right A-modules;

3. (C,uy) is a Galois coring.
In this case A is faithfully flat as a left (or right) B-module.

Proof. 1) = 2) is a well-known fact from graded ring theory. We sketch a proof for completeness

sake. The unit of the adjunction between M p and M is given by
nv: N— (N®gA), nv(n) =n®pla.

nn is always bijective, even if A is not strongly graded. Let us show that the counit maps (; :
M, ®p A — M, (y(m ®p a) = ma are surjective. For each o € GG, we can find a; € A,-1 and
a € Ay such that y . a;a; = 1. Take m € M, and put o = A\~'7. Then m = ( (>, ma; ®p a}),
and (,y is surjective.

If m; € M) and ¢; € A are such that Zj mjc; = 0, then for each o € G, we have

/ /
E m; & Cje = E m; @ Cjea;a; = E m;ciea; @ a; = 0.
J i,J .J

hence ), m; ®@c; =3 o =2 ,m; ®cj, = 0,50 (y is also injective.
2) = 3) follows from Proposition |4.4.1
3) = 1). Take a € A, Since can 1s a bijection, there exist a;, a; € A such that

auy, = can(z a, @ a;) = Z Z a;(a;) .

peG 1

This implies that

Z ai(a;), = a.

Since the right hand side is homogeneous of degree o, the left hand side is also homogeneous of
degree o7, and therefore equal to its homogeneous part of degree o7:

a=> (a})s(a;); € A, A

We prove the final statement as follows. We knwo from 2) that the counit map
C A - A A ® B A — A

is an isomorphism. For every o € G, it restricts to an isomorphism Ay Qg A, — A,,. We consider
the isomorphisms

fl A/\®BA)\—1—>AGZB and qg: A/\—1®BA)\—>A(3:B.

These are part of a strict Morita context (B, B, Ay, Ax-1, f, g). It follows from Theorem that
every A, is a progenerator as a (left and right) B-module, and hence, by Corollary that A,
is faithfully flat as a (left and right) B-module. Then A = € req A 1s also faithfully flat. [

Notice that, in this situation, the fact that (C, u,) is Galois is independent of the choice of \.
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4.9 Classical Galois theory

Let G be a finite group, and A a left G-module algebra. We consider the A-coring C = €
from Example[d.2.2] Recall the formulas

O’EG

vea =o(a)v, ; Av,) = ZU,\ ® Ur-1,.
;

We also have that z = Y _, v, € G(C) is a grouplike element. Recall that the category MC is
isomorphic to the category of right A-modules on which G acts as a group of right A-semilinear
automorphisms. For m € MCE, we have

mEMC0C<:>p Za ®vg—m®Z€Gva
oeG
— o(m)=m, VoG < mEMG.

We conclude that M = M, the submodule of G-invariants. In particular, we have that B =
A%, We will apply Theorem [4.6.14]in this situation, in the particular case where B’ = k. First we
compute the canonical map

an’ : A®A—>@Avg.

oeG
can’(a ® a') = E av,a' = E ao(a')v
oeG oceG

Our next aim is to compute *C.

Proposition 4.9.1 *C = P . u,A is the free right A-module with basis {u, | o € G} and
multiplication rule
(uga)(ura’) = uo7(a)b. (4.18)

Proof. For every 7 € (G, we consider the projection

br: @AUU - A7 pT(Z AgVy = Qr.

oceG oeG

It is clear that p, € *C = 4Hom(EP, . Av,, A). Using (4.5), we find that
(po#pT CL'Up Zp'r aU/\pcr V-1 )) = pT(aUpa—l) = 6ra,pa = pro<avp>;

hence
pa#pT = Pro- (419)

Fora € A,i(a) : C — Ais given by

a)(z UoVy) = E(Z UoVo )04 = Qe

oeG geG
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Using (4.6), we compute
(1(@)#0)(0'0,) = o (@0,0) = Dol p(@)1) = 0'7(0)5p0 = po(0'0,)0) = (poiler(a))) (0'0,),

hence
i(a)#ps = po#i(o(a)). (4.20)

This shows that

a: @UUA — *C, a(uga) = p,#i(a)

oceG

is an algebra homomorphism. For f € *C, we have

flav,) = af(vr) = 3 polave) ) S (oo #i(F (00))av,),

ceG geG

F = eti(f(vs)) = D uqf(vs))

oceG oelG

hence

and it follows that f is surjective. f is also injective: suppose that

O‘(Z uaaa) = Zpa#i(ag) =0,

ceG ceG
then
Zpa#l aa Up Zpa UO’ Qp,
ceG oeG
forall p € G, hence ) . usa, = 0. O

We can now easily compute the composition v = *can’ o a : @ . us A — End(A)°P

Wupa)(a') = (prti(@))(D vra') = (prtti(@)) (S 7(a)r) = o(a)a.

TEG TG
Proposition 4.9.2 o '(Q) = {>°, s u,0(a) | a € A}.

Proof. Take q € Q. We know from the proof of Proposition[4.9.1]that ¢ = >~ ., p-#i(a,), with
ar = q(v;),and a~'(¢q) = Y, ., ura,. Fix o € G. Since ¢ € (), we know that

q(v,)x = Z AV,

peG

equals

(Vo) (1)q((V5)2)) = Z Up(Pr (Vp-14) vaap‘la Zp(ap‘la)vp

p,TEG

This implies that a, = p(a,-1,), forall p € G. In partlcular, if we take p = o, we obtain that
as = o(ae). Then a™'(q) = > . u,;7(ac), as needed.
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Conversely, let ¢ = > po#i(0o(a)) = oD ,cc us0(a). Then we prove that ¢ € Q: for all
=3 cc,v, €C,wehave

cyalee) = Y aupe(vri,)o(a) = Y aor(rip)(a) = Y app(aor;

p,T,0€G p,TEG p,TEG
= (Y apo(vy)o(a))r = ap@) v = D dypla)o,
o,peG peG TeG p,TEG

It follows from Propositions 4.9.1|and 4.9.2] that we have a k-linear isomorphism

A A= Q, Ma) = potti(o(a))

ceG

The (*C, B)-bimodule structure on () can be transported into a (D, .; u, A, B)-bimodule structure
on A. The right B-action is given by multiplication. The left action by € __ ., u, A is given by the
formula

ceG

(ura)-a' =77 (ad).
Indeed,
(@A) = S (0 (@) o ti(0 (@) = 3 oo

o oceG
equals

A(rHad') = Y (pr7")(ad).

peCG

On the other hand, we know that A is also a (B, *C)-module. Hence it is also a (B, D, . usA)-
bimodule. The left B-action is given by multiplication. Let us compute the right action by

B, us A
a - (usa) = (po#i(a))(zad') = Z(pa#z Zp,, "ur)a = o(d)a.
TeG T€G

Now we compute the (B, B)-bimodule map

T=70(A®\N): A®g, juaAd— A®cQ — B.

7(d' ®a) = T(a’ ® Zpa#i(a(a))> = Z o(a)o(a) = o(da).

oceG ceG

Finally, we have the (. usA, P, toA)-bimodule map

ceG

fi=a'opo(A®A): A@pA— QepA—"C— PHu,A

oeG
= Z uyo(a)a

ceG

We conclude that we have a Morita context (B = A%, @, _,u,A, A, A, 7,71). From Theo-
rem we obtain the following result.
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Theorem 4.9.3 Let G be a finite group, k a commutative ring and A a G-module algebra. Then
the following statements are equivalent:

1. ecan': ARA— @, ; AV, can’(a®@ad') =Y . ao(a')vg, is an isomorphism;
o A is faithfully flat as a k-module.

2. e v: P, cousA— End(A)P, y(usa)(a') = o(a)a is an isomorphism;
e Ais a k-progenerator.

3. e A9 =k
e the Morita context (B = AY, DB,ccucA, A AT, ) is strict.

4. o AC =F;

e the adjoint pair of functors (F = e ® A, G = (#)%) is a pair of inverse equivalences
between the categories of k-modules and right A-modules on which G acts as a group
of right A-semilinear automorphisms.

Theorem 4.9.4 Let G be a finite group, k a commutative ring and A a commutative faithful G-
module algebra. Then the statements of Theorem are equivalent to

5. o AC =k;
e for each non-zero idempotent ¢ € A and 0 #+ T € G, there exists a € A such that
o(a)e # 7(a)e;
o Ais a separable k-algebra.
6. o AC =k
e v, € Im (can’); this means that there exist x1,- -, Ty, Y1, - Yn € A such that
Z xja(%) = O 4.21)
j=1
forall o € G.
7. o AC =k

e can’ is an isomorphism;

8. o AC =k

e for each maximal ideal m of A, and for each o # e € G, there exists x € A such that
o(x) —x & m.

Proof. 5. = 6.Lete =Y "  x; ® y; € A® A be a separability idempotent. Then forall 0 € G
> or % (y;) € Ais anidempotent. For all « € A, we have

azxa(yi) = Z%(yia) = Zxa(yi)a(a) = o(a) Z%(yi),
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and it follows from the second condition in 5. that > | z,(y;) = 0 if 0 # e. We also have that

> g ziyi = 1, and (4.21) follows.

6. = 1. (can’)"! is given by the formula

n

(can’) av,) = Z at(z;) ® y;.

i=1
Indeed,

n

(can’ o (can’)™!)(av,) = can Z at(x;) @ y;)
i=1

_ Z Z aT(wi)U(yi)Ua = aZT(Z %(7'*10)(%))%

oeqG i ocelG i=1
5 .
= a E T(0r=140)V5 = QU;

ceG

((can’) ™' o can)(a ® a’) = (can’) Z ac(a

oelG
_ ZZ@J o(z;) @y = Z > ol(d) @y
i=1 oceG i=1 o€eqG
— Z Z o(x;) ® y;a) —ZG®ZU% yia;
i=1 oc€eG oelG
" a@Zémeai:a@a.
oceG

We used the fact that ) o(a) € A® = k.
Now define x} € A* by the formula

(x},a) = Z o(ay;) € A = k.

oeG
For all a € A, we have
Z(xf, ayxr; = Z Za(ayi)xi = Za(a) Za(ayi)x,» = Za(a)dm =a,
i=1 i=1 oc€G oeG i=1 oeG
so {(z;,x7) | ¢ =1,---,n} is a finite dual basis for A, and A is finitely generated and projective.

By assumption, A is faithful, hence A is a k-progenerator, and faithfully flat as a k-module.

1. = 7. = 6. is obvious.

6. = 5. In the proof of 6. = 1., we have seen that

n

> r(@)o(y;) = bsr 4.22)

Jj=1
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Y v x; @y; is a separability idempotent: first, we have "  x;y; = 1.
Since >, o(az;y;) € AY = k, we have that

SN olazyri@u =3 20 Y olazy,)y

i=1 j=1 ceG =1 j=1 ceG

Now

n n

Z Za(axiyj)xj®yl ZZ alazx; Z (yj)7; @ yi

=1 j=1 ceG i=1 o€G j=1

i > o(a)0ee @ y; = Z ati & Yis

i=1 c€G i=1
n n

Z@@Z o(azy;)y Z@@Z ayjz ;) Yi
1 j=1

ceG ceG

g Z'TJ@Z ay] o,e Zx]®yj

oceG

1=

we find that 3" | ar; ® y; = Y| 7; ® y;a, as needed. Now let 0, 7 € G, and assume that e 7 0

is an idempotent in A such that o(a)e = 7(a)e, for all a € A. Then

n

s re 2 Z r(z)oly)e = 3 rla)r(y)e e,

=1

hencee =0oro = 7.

6. = 8. If 0 # e is such that (e — 0)(.S) C m, then m contains

Z%’i(yi - U(yi)) = leyz - ina(yi) =1,
i=1 i=1 i=1

which contradicts the fact that m is a proper ideal of A.

8. = 6. Let G be the set of subsets V' C G satisfying the following properties

1. eeV;

2. thereexistn € N, 1, -+, x,, Y1, -, yn € A such that
sza(yz) = 50’,6'
i=1

forallo € V.
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l)Forall o # e € G, {e,0} € G. The ideal of A generated by
{a(e —o)(0) | a,b € A}

is the whole of A. This implies that there exist x1,- -+, T, y1, -, Y, € A such that

Z%‘yz‘ - Z%‘d%) = 1.
=1 i—1

Now let z,,.1 = >, 2;0(y;) and y,,.1 = 1. Then we see easily that

n+1

Z xzo_(yz) = 5a,e~
=1

DUV, W e G, thenVUW € G. Obviously e € VU W. There exist n,m € N,
xla"'7xn7y17"'7ynax/17"'>$;n7y/17"'ay;n € A such that

Zzla(yl) = 60’,67 VoeV
=1

Zxéa(y;) =0re, Yo EW
=1

Then we have for all 0 € V U IV that

z": zm: 250 (yiy;) = (i xia(yi)> (i x}a(y})) = 0pe-

i=1 j=1
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Chapter 5

Examples from (non-commutative)
geometry

5.1 The general philosophy

In 1872 Felix Klein published a research program, entitled Vergleichende Betrachtungen ber neuere
geometrische Forschungen, that had a major influence on the research in geometry ever since. This
Erlangen Program (Erlanger Programm) — Klein was then at Erlangen — proposed a new solution
to the problem how to classify and characterize geometries on the basis of projective geometry and
group theory. Let us focus on this second part of the program.

Klein proposed that group theory was the most useful way of organizing geometrical knowledge:
it provides algebraic methods to abstract the idea of (geometric) symmetries. With every geom-
etry, Klein associated an underlying group of symmetries. The hierarchy of geometries is thus
mathematically represented as a hierarchy of these groups, and hierarchy of their invariants. For
example, lengths, angles and areas are preserved with respect to the Euclidean group of symme-
tries, while only the incidence structure and the cross-ratio are preserved under the more general
projective transformations. A concept of parallelism, which is preserved in affine geometry, is not
meaningful in projective geometry. Then, by abstracting the underlying groups of symmetries from
the geometries, the relationships between them can be re-established at the group level. Since the
group of affine geometry is a subgroup of the group of projective geometry, any notion invariant in
projective geometry is a priori meaningful in affine geometry; but not the other way round. If you
add required symmetries, you have a more powerful theory but fewer concepts and theorems.

In the modern and more abstract approach to the Erlangen program, geometry or geometrical
spaces, are studied as spaces (i.e. sets, sometimes endowed with additional structure, such as a
vector space, a Banach space, a topological space, etc.) together with a (predescribed) group that
acts on this space (this action has to respect the additional structure of the set, i.e. it is, respectively,
a linear map, a bounded linear map or a linear contraction, a continuous map, etc). Explicitly, let
X be a set and GG a group, we say that G acts on X if there is a map

m: X xG— X, mz,g)=z-g

suchthat (z-g)-h =x-(gh)andx-e = z, forall z € X and g, h € G and the unit element e € G.
We call then X a G-space. The group G is considered as the symmetry group of the space X.
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In the language of monoidal categories and Hopf algebras, developed above, remark that the group
G is exactly a Hopf algebra in Set and X is a G-module, and even a G-module coalgebra (as any
set has a trivial coalgebra structure in Set).

As natural examples, one can consider any known “geometric” space X, take G it’s usual group of
symmetries and m as the usual action. In the next few sections we study which algebraic properties
correspond to some (interesting) properties that those (classical) geometric examples share.

Homogeneous spaces

A G-space X is called homogeneous if the action of G on X is transitive, i.e. for all pairs (x,y) €
X x X, there exists an element g € GG such that z = v - g.

All “classical spaces” are homogeneous spaces. E.g. if you consider an affine n-dimensional (real
or complex) space A", then the affine group (which is exactly a direct sum G'L(n) with the group
of translations) acts transitively on A",

Principal homogeneous spaces

A G-space X is called a principal homogeneous space, if X is a homogeneous space for GG such
that the stabilizer subgroup G, of any point x € X is trivial. Recall that the stabilizer subgroup is
defined as follows

Gy,={9€eG|lgr=za}CG

Recall that an action of G' on X is called free if for any two distinct g, 4 in GG and all x in X we
have g - x # h - x; or equivalently, if g - x = x for some x then g = e.
The following proposition provides a characterization for principal homogeneous spaces.

Proposition 5.1.1 Let G be a group and X a G-space. The following assertions are equivalent.
(i) X is a principal homogeneous space;
(ii) the action of G on X is free and transitive (i.e. the action of GG is regular or simply transitive);
(iii) the canonical map x : X x G — X x X, x(z,g) = (z - g, z) is bijective.

Proof. (i) < (it). Trivial.
(17) < (i11). It is easily verified that the surjectivity of x is equivalent with the action of G on X
being transitive, and that the injectivity of  is equivalent with the action of G on X being free. [

Algebraic groups as Hopf algebras in Aff

Similarly to Set, (Aff, x, {P.}) is a symmetric monoidal category, where { P, } is a (fixed) affine
space with 1 point P,. Hence it makes sense to define algebras, coalgebras, bialgebras and Hopf
algebras in Aff. Again similarly to Set, the coalgebras in Aff are trivial: every affine space X
can be endowed with a unique structure of a coalgebra, by means of the diagonal map A : X —
X x X, A(P) = (P, P) for all points P € X. The next interesting structures are the Hopf algebras
in Aff. These are exactly the algebraic groups. Le. an affine space G € Aff is a Hopf algebra in
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Aff if it has moreover a group structure, and the multiplication and morphism of taking inverses
are regular (i.e. polynomial) functions.

Furthermore if X is another affine space, and the algebraic group GG acts on X by means of a
regular function, i.e. the action morphism myx : X x G — G is a morphism in Aff, then X
becomes a G-module coalgebra in Aff. o

As we have now translated the algebro-geometric notions (of algebraic group, action of a group
on an affine set) into general notions inside monoidal categories (a Hopf algebra, a comodules
algebra), we can apply the machinery of monoidal functors, to show that the coordinate algebras
on the objects that we have will carry over these structures, and therefore fit in the theory (of
Hopf-Galois extensions) we have developed during this course.

5.2 Hopf algebras in algebraic geometry

5.2.1 Coordinates as monoidal functor

Troughout this section, let £ be an infinite field. Recall from the course on algebraic geometry that

there is a contravariant functor
[ : Aff — Alg,

taking an n-dimensional affine variety V' C A™ to its coordinate algebra I'(X) = k[ X1, ..., X,]/I,
where I is the ideal consisting of all polynomials f € k[Xy, ..., X,] for which f(P) = 0 for all
P € X. The aim of this section is to provide the categorical machinery that turns the ‘coordinate
algebra’ really into an ‘algebra’, and to proof that it allows to construct Hopf algebras out of
algebraic groups. The main idea is that the functor I' is strict monoidal. However, since I' is
contravariant, it will be more suitable to consider I' as a covariant functor, i.e. we will consider

[ Aff” — Alg,..

(So, as mentioned in Section [1.1.2, we consider in fact the functor I'°?, but we will omit to write
the “op™.)

Lemma 5.2.1 For any n,m € N, there is a natural isomorphism
O k[Xy, . X @KV, Y] = R X, X, Y Y
Proof. Consider any two elements
FXr LX) = ) a,a, Xi e X € KXy, X
g, V) = ) by g Y VI € Yy, Y.
We can define a new polynomial ' € k[X;,..., X,,,Y1,...,Y,], by

F(X1, . X Vi Y) =) g, by g Xit e XYY,
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This defines a well-defined map ¢ as in the statement of the theorem. Conversely, take any /' =
S @iy i XiH e XY™ Yinem | then we can construct the following elementin k[ X7, . .., X,|®
k[Y1,..., Y.l

H(F) =D iy X X @YY,

A straightforward calculation shows that ¢ and ¢ are mutual inverses. U

Remark that ¢ is defined in such a way, that for any two points P € A™ and P’ € A™ (i.e.
(P.P')e A" x A™),and any f € I'(A™) = k[X;,...,X,,Jand g € '(A™) = Ek[Y1, ..., Y.,

o(f ®g)(P,P') = f(P)g(P) (5.1)

Lemma 5.2.2 Consider vectorspaces V,W,U, Z € My, and linear maps f 'V — W and g :
U— Z. Thenker(f ® g) = (ker f @ V) + (U ® ker g).

Proof. Let (vy)aca, be a basis of ker f, which we complete with (v,).c4, to form a basis of
V. Then f(v,)aca, is a linearly independent subset of WW. Analogously, let (ug)sep, be a basis
of ker g, which we complete with (us)gep, to a basis of U. Again, (g(ug))sep, is a linearly
independent family in Z. Consider

q= Z Capla @ ug € ker(f ® g).
ac€AjUAy
BEB]UBg

Then
Z Caﬂf(’(]a) & g(uB) =0.

aEA1UAY
BEB1UBy

By the linearly independence of the family (f(v,) ® g(ug))aca, gen,, it follows that ¢,z = 0 for
any o € Ay and 0 € B,. Then g € ker f ® U + V ® ker g, and we obtain that

ker(f ® g) C (ker f @ V) + (U ® ker g).
The reverse inclusion is clear. O

Theorem 5.2.3 The functor I' : Aff — M, defined above is a strong, symmetric monoidal
functor.

Proof. Consider two affine varieties X C A"andY C A™. Thenwehave I'(X) = k[Xy,..., X, ]/1,
and I'(Y) = k[Y1,...,Y.,]/J where I and J is the ideal of all polynomials vanishing respec-
tively on X and Y. We can construct the variety X x ¥ C A"™ x A™ = A™™™  Hence
DX xY) = k[Xy,..., X, Y1,...,Y,]/L, where L is the ideal consisting of all polynomials
vanishing on X X Y. It is our aim to construct an isomorphism

(I)X’y . k[Xl,,XA/I@k[Yi,,Ym]/J%Jk’[Xl,,XTHYL,Ym]/L

Take any generator f @ g € k[Xy,...,X,]/I ® k[Y1,...,Y,]/J. We will define Oxy(f ® g) =
o(f ® g), where ¢ is the morphism from Lemma Let us check that ®x y is well defined.
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Consider the projection m; : k[Xy,..., X, — k[Xi,...,X,]/I. Then I = kerm;. Similarly,
J = kermy, where 7y : k[Y1,..., Y] — k[Y1,...,Y,]/J. Now consider the exact row

E[X1, . X @K[Y, . Y — 2 s kX, X/ T @KV, . Yol /T —0
Since this row is exact,

kX1, X/ T @KL, . Yl /T = (E[X1 ..., Xo] @ k[YA,. .., Yin])/ ker(m @ 7))
> (KX, ... X, @kYa, .. Y )) /T @KV, .. Y] + kX0, .. X @ ),

where the last isomorphism follows by Lemma [5.2.2]

Consequently, to verify wether @ x y is well defined, it suffices to check wether forany ) fi®g; €
(I R@FKk[Y1,..., Y] +k[X1,...,X,]®J), we have that ¢(> f; ® ¢g;) € L. By definition, the latter
is true if and only if ¢(}" f; ® ¢;)(P, P') = 0 for all (P, P') € X x Y. By (5.1), this is equivalent
with Y fi(P)g;(P") = 0 forall P € X and P’ € Y. Since for all choices of i, we have that either
fi € I or g; € J, each term in this sum equals zero, and ®x y is well defined.

Conversely, we define

Dyy k(X1 .., X Y, Yl /L — k[Xy, .. X T @ K[Ya,. .., Y]/ T
> (B[X1, .., X @ k[Yas . Yo /L @ K[Yi, ... Yol + K[X1, .. X @ )
by @xy(F) = ¢~ 1(F). Again, we have to check wether ®y y is well-defined. So take an element
F € L,wewill verify if g7 (F) = Y fi®g; € IQk[Y1,..., Y] +k[X1,. .., X,]®J). Consider

all indices ¢ such that g;(P’) = 0 for all points P’ € Y, and denote these indices from now on by
¢. Then this means exactly that g, € J and so f, ® g, € k[X, ..., X,] ® J. Denote the remaining

indices by ¢, then
= Zfi®gi = Zf€®g€+2fq®gqa

where > f, ® g0 € k[X1,...,X,] ® J we will be done if we show that > f, ® g, € I ®
k[Y1,..., Y.l
By definition of F' and ¢, and our construction above, we find for all P € X and P’ € Y that

O:F(P,P’):Zfi( )gi(P') = qu )ga(P).

Hence, for any fixed P' € Y, we have that ) g,(P')f, € I. Since all g, ¢ J, and there are only
a finite number of indices ¢, there exists a P’ € Y such that g,(P’) # 0 for all ¢, fix such a P'. We

can write '
Z J1-Gm le' ij_zgq bgl Jm le' Yo
where b;’l = b;’l im/9q(P"). Then we find
qu®gq = qu Z Yq P/)bgl Jm le' 'Ynj;bm
q J1snes Jm

= Z (P f) @b, Y- Yin e T MY, Y.

106



Finally, ®, : I'({ P,}) = k by definition, so I is a strict monoidal functor. It is easily verified that
I is also symmetric. U

As announced, we have now an explanation for the following known result.

Corollary 5.2.4 For any affine space X, I'(X) is a (commutative) k-algebra. Hence the functor I’
can be corestricted to a functor ' : Aff — Alg;.

Proof. Consider any affine space X. As mentioned at the end of Section X is a coalgebra in
Aff, with comultiplication A : X — X x X, A(P) = (P, P) and counit 7 : X — {P,}, n(P) =
P.. Hence X is an algebra in Aff” and therefore, as we know by Theorem [5.2.3| that I" is a
monoidal functor, (I'(X),'(A), I'(r)) is an algebra in M), since by Theorem ??, monoidal func-
tors preserve algebras. This is exactly the classical, commutative coordinate algebra of X, with
multiplication

f-9(P) = f(P)g(P).
and unit 1(P) = 1 forall P € X. O

Remark 5.2.5 Remark that the commutativity of I'(.X) is a consequence of the cocommutativity
of X as coalgebra in Aff.

Algebro-geometric Hopf algebras and their coactions

Subsuming the results developed in previous sections, we arrive at the following important theo-
rem, that translates the geometric concepts of Section[S.1]in Hopf-algebraic terms.

Theorem 5.2.6 [(i)]
If G is an algebraic group, then I'(G) is a k-Hopf algebra.

2. If an algebraic group G has a regular action my on an affine space X, then I'(X) is a
comodule algebra over the Hopf algebra T'(G).

Proof. (i) Suppose that G is an algebraic group, hence a Hopf algebra in Aff, then G is also a
Hopf algebra in Aff”” and, by Theorem and Theorem ??, I'(G) is a Hopf algebra in M.
The comultiplication is given by I'(m¢) (where m¢ denotes the multiplication map of ) and the
antipode is given by I'(inv) (where inv : G — G, inv(g) = g™ 1).

(i1) As explained at the end of Section the action of the group G on X, can be seen as a
G-module coalgebra structure on X on Aff, hence as a G-comodule algebra structure on X in
Aff?. Similar to Theorem 22, one proves that this structure is preserved by the strong, symmetric
monoidal functor T'. Therefore, A = I'(X) is an H = I'(G)-comodule algebra in M, with
pA = F(m X)- O

Theorem 5.2.7 If X is a principal homogeneous G-space then A = T'(X) is a Galois object for
H =T(G), i.e. A" =~k and k — Ais a (faithfully flat) H-Galois extension.
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Proof. Consider the map 7x : G x X — X, 7x(g,x) = z, the projection on X. Then consider the
coequalizer in ﬂ of the pair (mx, 7x ), where we denote by my the action of G on X, i.e.

mx

X xd X

X/G.

X

An easy computation shows that this coequalizer is the quotient of X by the action of (G, consisting
of all orbits. Hence by transitivity, the coequalizer is the singleton {P,}. Applying the monoidal
functor I" on this coequalizer, we obtain the following equalizer in M.

[(mx)~p?

T({P}) ~k I'(X)=A X xG)2A® H

I'(rx)~A®nH

Which shows, by uniqueness of the equalizer, that the coinvariants of A = I'(X) are isomorphic
to k.

By Proposition|[5.1.1] we know that the map y : X ® G — X x X is bijective. Hence I'(x) will be
an isomorphism in My, we claim that I'(y) = can : (X x X) 2 A A - T(X xG) =X AR H.
Indeed, we can write y = (X X myx) o (Ax x G). So, using the contravariancy of I' we find

I'(x) = I(Ax xG)oI'(X xmy) = (I'(Ax) ® I'(G)) o (I'(X) @ I'(mx))
= (pa®H)o(A®p") = can

where we used the monoidality of I' in the second equality, and the definition of can in the last
equality.

Since we work over a field &, and the coinvariants of A are exactly k, the faithful flatness condition
is trivial. O

An elaborated example: The unit circle and the orthogonal group

In this section we illustrate Theorem with one of the most immediate examples: the orthog-
onal group GG of 2-by-2 matrices acting on the unit circle C. The orthogonal group acts on C' by
counter-clockwise rotation of the points. This action is obviously transitive and free, hence C' is
a principal homogeneous G-space. Consequently, I'(C') will be a I'(G) Galois object. We will
explicitly compute these structures. It is not our aim to provide the shortest possible proofs for the
statements (as everything follows immediately from the theorems in the previous section), but to
provide a guiding frame to compute more (complicated) examples.

Consider

G =S03(R) = {4 € Maty(R) | A’A = I, = AA" det(A) = 1}

This can be considered as a subspace of A%, and we find
H =T(G) =Rla,b,c,d]/(a®> +b* — 1, +d* — 1,ac + bd, ad — bc — 1).

Let us calculate the coalgebra structure on H. Recall that I'(Z) can be interpreted as the algebra of
regular functions on the affine space (G. With this interpretation, a set of generators for the algebra
H is given by a, b, ¢, d, defined by

a(A) = an, b(A) = ara, c(A) = az, d(A) = ag,
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air a2
Q21 a22
I'(G) ® I'(G), so we can define A(a) be evaluating it in a pair (A, B). Since the comultiplication
on H is constructed by dualizing the multiplication on (G, we have

where A = ) € Maty(R). Because monoidality of the functor I', we have I'(G x G) =

A(a)(A, B) = a(A.B) = a11b11 + a19bs1 = a(A)a(B) + b(A)e(B) = (a® a+ b® ¢)(A, B),

hence A(a) = a®a+b®c. Similar computations show that A(b) = a®b+b®d, A(c) = c®a+d®c
and A(d) = ¢® b+ d ® d. Then can be compressed in the following formal expression

a b a b a b
A(cd>_(cd>®(cd> (5.2)
Using the fact that A needs to be an algebra morphism, these expressions define A(f) for any f €
['(G). We should check wether A is well-defined, i.e. if A(f) € I ® R[a, b, ¢,d] + Rla,b,c,d] @ I

(orzeroin H® H) forany f € [ = (a*> +b0* — 1,c* +d* — 1,ac+ bd, ad — bc — 1). Let us verify
this explicitly for f = a®> — b?> — 1. We can compute in H ® H,

Ala®> +b* —1) = A(a)Ale) + Ab)A(d)
=@®a+bRc)(a®@a+b®c)+
= (a®* ®a® + 2ab ® ac + b* ®@ *) +
=(a*®a*+2ab®ac+b* @) +
=a®® (@ +b)+ 0@ (+d°) +
=d’@1+P®1-191=0

(@@b+b@d)(a@b+b0d) —101
(> @b* +2abRbd + 1V @d*) —1®1
(> @b +2abRbd+V*@d*) —1®1
2ab®@ (ac+bd) —1®1

Let us now construct the counit. Recall that £ = I'{P,}, and ¢ = I'(w), where 7 : G — {P,} is
the canonical projection. Take again the generator a € H, then we have

e(a)(Py) = a(ly) = 1.

Similarly, £(b) = b(Iy) = 0, e(c) = ¢(I3) = 0 and e(d) = d(I3) = 1. This can be subsumed in the

formal expression
a b 10
()= 0) 53)

S(a)(A) = a(A™) = a(A") = ay; = a(A)

Next, we compute the antipode.

So S(a) = a. Similarly, S(b) = ¢, S(¢) = b and S(d) = d. In short,

a b a ¢
s( )= (1 2). 5
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Let us check that the antipode is well-defined. The only problem is to verify that S(ac + bd) =
S(c)S(a) + S(d)S(b) = ba + dc = 0 (the antipode must be an anti-algebra morphism, however as
our algebra is commutative, .S is just an algebra morphism). This can be seen as follows,

0 = ac+bd, multiply by be,
= abc® + b3cd, c=1-d V¥=1-d°
= ab— abd® + cd — a*cd
= ab+ cd — ad(bd + ac), bd + ac =0
= ab+cd

Now consider the circle C C A% Algebraic geometry tells us that A = T'(C) = Rz, y]/(2* +
y? —1). We know by Theorem[5.2.6]T(C) is an H-comodule algebra. The explicit formula for the
coaction can be computed by similar method as above. First, consider coorinates on points of the
cirle, P = P(X,Y), and define the generators x, y in A as follows,

©(P) =X, y(P)=Y.
Since the coaction p is the dual of the action m of G on C, we find that

p(x)(P, A) = l‘(P . A) = ZL‘(XCLU + YCLQl,X(IQl + Yagg) = Xall + Ya21
= z(P)a(A) +y(P)c(A) = (r @ a+y©c)(P, A),

s0 p(z) =z ®a+ y ® c. Similarly, p(y) = 2 ® b+ y & d, and therefore we write

p(a:y):(:cy)®(zcbl> (55)

There is a deeper reason why it is possible to define the comultiplication, counit, antipode and
coaction in this example by means of the compact formula (5.2), (5.3), and (5.5). Although
we will not go into the details of this mechanism, let us just mention that it is a consequence
of a universal property of polynomial rings and this mechanism makes it possible to construct in
an easy way more examples of Hopf algebras and bialgebras, and comodule algebras over these,
starting from subgroups of matrix groups acting on affine spaces.

Finally, let us check that A is a H-Galois object. To this end, let us recall the form of the map
X:CxG— CxC,x(P,g) = (P, P - g) in this situation. Similar computations as above then
gives the explicit form of can : A ® A — A ® H, as the dualization of x, on the generators
I1®z,l1y,r®landy®1of AR A,

can(l®z) = zRat+y®c (5.6)
can(l®y) = z@b+y®d (5.7)
can(z®1) = z®1 (5.8)
can(y®1l) = y®1 (5.9)

To see that can is bijective and to compute its inverse, let us first compute the inverse of y. The
coordinates (X, Y") of a point P of C' can be written as X = cos «, Y = sin av. For a second point
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P'= P'(X'",Y"), we can write X’ = cos 3 and Y’ = sin 3. Hence, x "' (P, P') = (P, g), where g
is a rotation over (3 — « (via right multiplication), i.e.

B cos(f—a) sin(f—a) \ [ sinasinf+cosacosf cosasin —sinacos 3
g = —sin(f—a) cos(B—a) ) \ sinacosf —sinfBcosa sinasin [ + cosacos 3

YY'+ XX XY -YX'

YX -YV'X YY + XX

Similar computations as above then lead to the following form for the inverse of can

-1

can” (z®1) = z®1
can l(y®1) = y®1
can'(1®a) = yQu+tr®w
can H(1®b) = rQy—yQx
can'(1®ec) = yRr—az®y
can H(1®d) = yRyt+trex

We leave it to the reader to check that can and can~' are indeed mutual inverses. Remark that the
relations in /1 imply thatd = a and b = —c.

5.3 A glimpse on non-commutative geometry

5.3.1 Non-commutative geometry by Hopf (Galois) theory

All initial examples of Hopf algebras (e.g. group algebras, tensor algebras, universal enveloping
algebras of a Lie algebra, regular functions on an algebraic group,...) are either commutative or
cocommutative. For some time, it was therefore thought that all Hopf algebras needed to be com-
mutative or cocommutative. This turned out to be false, with as a first counterexample Sweedler’s
four-dimensional Hopf algebra. Some of most intensively studied Hopf algebras today, are classes
of non-commutative, non-cocommutative Hopf algebras, called quantum groups. These originate
in the study of (non-commutative) geometry, as the symmetries of a non-commutative space.

As we have explained in Section [5.1] we understand a group G exactly as the symmetries of a
certain space X upon which this group acts. Next, we have translated the group structure of G into
the structure of a (commutative) Hopf algebra H and encoded the space X by its (commutative)
coordinate algebra A. If GG acts on X, then A is a comodule algebra over H. Still, we can under-
stand H to describe the “symmetries” of the “space” A. At this point the occuring algebras are all
commutative. This was explained by the fact that the functor I' is a strong monoidal functor, and
the underlying sets of G and X posses a trivial, hence cocommutative, coalgebra structure. The
idea is now to extend the functor I' : Aff — M, in such a way, that its image will reach also
non-commutative algebras. The functor I will then origin in the category of ‘non-commutative
spaces’. However, to describe the category of non-commutative spaces in an appropriate way, that
allows a nice geometric interpretation and such that the functor I' satisfies all desired properties
seems a very difficult (and doubtful) job. Therefore, we will mainly concentrate on the image
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of I' and we will understand a non-commutative space, as being completely described by its non-
commutative “coordinate algebra” A. The symmetries of the non-commutative space are described
by a non-commutative, non-cocommutative Hopf algebra H, over which A is a comodule algebra.
Following this philosophy, we say that A is a quantum principle homegeneous space, exactly when
Ais an H-Galois object.

More generally an H-Galois extension B — A, corresponds to a quantum principle bundle.

5.3.2 Deformations of algebraic groups: algebraic quantum groups

A general manner to construct examples of quantum groups and the non-commutative space upon
which they act, is to deform classical spaces, as we have studied in Section By deforming,
we refer to a procedure that changes the multiplication of the algebra, in order to make it non-
commutative, but does not change the algebra as a vector space, nor the unit element.

One of the most well known examples is the so-called quantum plane. We will give an explicit
form of the quantum plane, and of a Hopf algebra of quantum symmetries. Let ¢ € k* be an
invertible element of the field k. We denote by I, the two-sided ideal of the free algebra k (x, y)
generated by the element yx — gry. The quantum plane is the quotient algebra

A= kylz, yl = k(2,9) /1y

If ¢ = 1, then A = k[z,y| the polynomial algebra (i.e. the coordinate algebra of the affine plane
A?), otherwise, A is non-commutative.

Next, we construct the algebra M,(2) = k (a,b, c,d) /J,, of (dual) quantum matrices. Here J, is
the ideal of the free algebra k (a, b, ¢, d) generated by the relations

ba = qab, db = gbd
ca = qac, dc = qcd,
bc=cb, ad—da= (¢ —q)bc

This algebra is a in fact a bialgebra. Comultiplication A and counit ¢ are given by the following
formula on the generators

a b a b a b a b 10
A(c d>—(c d>®(c d) E(C d)_<01)'
Moreover, the quantum plane A is an M, (2)-comodule algebra, with coaction given by
a b
plov)=(a ot h)

Next, we will construct a Hopf algebra, coacting on the quantum plane. Consider the algebra
SLy(2) = M,(2)/(da—gbc—1). One can check that the comultiplication A, counit ¢ and coaction
p, as defined above, behave well with respect to the ideal (da — gbc — 1). Moreover, by defining

an antipode
a b\ d —qlc
S( c d ) n ( —qgb  a ) '

we find that SL,(2) becomes a Hopf algebra, and the quantum plane is a S L,(2)-comodule algebra.
In an appropriate way, one can define quantum circles, higher dimensional variants and their sym-
metries.
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5.3.3 More quantum groups

The procedure described above, provides an approach towards non-commutative geometry starting
from the point of view of algebraic geometry. There is another approach possible, based rather on
differential geometry. In this approach, one considers smooth manifolds, whose symmetries are
described by Lie groups. As generally known, associated to a Lie group G, there is a Lie algebra
g (and visa versa). The universal enveloping algebra U (g) of the Lie algebra g is a cocommutative
Hopf algebra. Furthermore, if the Lie group G is compact, one can consider the algebra Rep(G)
of representable complex-valued functions on G, this is again a Hopf algebra (very similar to the
Hopf algebra of regular functions on an algebraic group). Moreover, the Hopf algebras Rep(G)
and U (g) are in a dual pairing (The concept of a dual pairing for Hopf algebras generalises the fact
that the dual of a finite dimensional Hopf algebra is again a Hopf algebra. If two finite dimensional
Hopf algebras A and B are in a dual pairing, then A = B*). If X is a smooth space, then it is
possible to construct an algebra of functions on X, that becomes a comodule algebra over Rep(G),
and a module algebra over U(g). Many of the considered algebras in this setting have an additional
structure of x-algebra or C'*-algebra.

The approach to non-commutative algebra is now to consider non-commutative (C*-)algebras, and
non-commutative, non-cocommutative Hopf algebras that (co-)act on these and that are deforma-
tions of the above. In particular, it is possible to construc quantized enveloping algebras U,(g).
Many quantum groups and non-commutative spaces can be studied both in algebraic and differen-
tial geometric framework. For example, the Hopf algebra U, (sl;) acts on the quantum plane.
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