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Chapter 1

Monoidal Categories

1.1 Monoidal Categories

We begin by laying the basis for the study of bialgebras and Hopf algebras from a categorical viewpoint.
The simplest model of a monoidal category to have in mind is the one of vector spaces with the tensor
product; a richer one is the category of representations of a finite group with the tensor product of
representations, whose structure already points towards the category of modules over a bialgebra. The
main references for this chapter are [§], [9] and [I1].

Let C be a category. Recall that the category C x C has as objects the pairs (X,Y’) of objects of
C, and that a morphism (X,Y) — (X',Y”’) is just a pair of morphisms (f,g), with f : X — X’ and
g:Y — Y’ in C. Composition is done coordinatewise, and clearly the identity of (X,Y") in C x C is
the morphism (idx,idy). This is extended in the canonical manner for the cartesian product of any
finite number of categories (see Appendix A for other notations and results on categories).

Let ® : C x C — C be a functor. A basic ingredient for a monoidal category is the concept of
associativity for ®, which cannot be simply the equality (X @ Y)® Z = (X ® Y) ® Z, since this is
already false in the case of the tensor product of vector spaces. Turning back to this case, what we do
have for the tensor product of vector spaces is an isomorphism (U @ V)@ W ~ (U ® V) ® W which
“behaves well” with respect to linear maps: the isomorphism is natural in U, V, W.

The general setting is the following: the functor ® produces two functors from C x C x C to C,

((® )®_.: CxCxC — C ®(®.): CxCxC — C
(X,Y,Z) —» (XeY)®Z (X,Y,Z) = X®((Y &2

and the associativity for ® : C x C — C is defined in terms of a natural isomorphism
a: (LR )®_—_®(®.)

Recall that this means that a is in fact a collection of isomorphisms

axyz: (X®Y)®Z ->X®(Y®Z)
indexed by (X,Y,Z) € C x C x C, which is natural on (X,Y,Z): for every morphism (f,g,h) :
(X,Y,Z) — (X', Y', Z'), the following diagram commutes.

(XeY)9Z Y2 X9 (Y ®2)
(f®g)®hl f®(g®h)l

!

At !
(X/ ®Yl) ® Z,)L’ZX,(@ (Y/®Z/)
An associativity constraint for the pair (C,®) is a natural isomorphism of functors

a: (R )®_—_®(®.)



satisfying the pentagon axiom

WeoX)o (Y e2Z) (1.1)
(WeoX)®Y)®Z WeXeleZ)
lamxy®z W®m&sz

We(XeY)eZ

We({(XY)® 2)

AW, XQY,Z

(we will generally denote the identity of an object and the object by the same symbol, with exception
to one or other ocasion where this convention would lead to confusion)

The triple (C,®,a) with a satisfying (L) is called a semigroup category. The associativity
constraint is also called an associator for ®

A unit for the semigroup category C = (C,®,a) is an triple (I,l,r), consisting of an object I of C
and two natural isomorphisms

[:1®_—1Ide, 7:_.®1—1de

called the left and right unit constraints, such that

(XY = X@(I®Y) (1.2)
X®Y

for all objects X and Y. For simplicity, we will use the same notation for the unit object I and the
unit (1,1,7).

Definition 1.1. A monoidal category is a quadruple (C,®,a, I) that satisfies (I.T]) and (L.2)). The
monoidal category is strict if ( X ®Y)®Z=X®@ (Y ®Z)andaxyz: (X QY)®Z =+ X (Y ®Z)
is the identity for every X,Y, Z.

In most of the examples treated here the associativity constraint will be the canonical one attached
to the functor ®, and therefore we will refer to the monoidal category C = (C,a, I). Nevertheless, the
same functor ® may admit more than one associator, as we will see in Example [[.7

Before proceeding, we should say some words about the motivation behind the pentagon axiom.
Given objects X1,...,X, of C, at first the expression

X19Xy X, (1.3)

does not make sense if n > 3. However, just as it is with semigroups, a generalized associativity for
tensor products of objects holds : any two “bracketings” of this expression produce the same object
up to isomorphism. The pentagon axiom (LI]) and the unit axiom ([.2]) are there to ensure that such
an isomorphism is unique if it is built up from concatenating and tensoring a, [, r, and the identities.

Examples of monoidal categories abound in nature, and, in fact, the same category might have
more than one structure of monoidal category.

Example 1.2. The first main example is the category rM of (left) modules over a commutative ring
R with the usual tensor product @ over R. The associativity constraint is the canonical one, given
by
armMn: (LOM)®N — L®(M®N)
(zRy)Rz — 20y =2)

A unit object for this category is the left module R, and [, r are as expected:



ly: MR — M rvy: R®rM — M
mer = rm r@m = rm

In this example we can also see that the pentagon axiom is not automatically satisfied by any
natural transformation. Indeed, the collection of maps

Brun: (L&M)®N — L®(M®N)
(zRy)®z = —-20@{YR=2)

defines a natural isomorphism but the pentagon axiom does not hold if R has characteristic different
from 2.

Example 1.3. The same category pM has another monoidal structure, this time with respect to the
bifunctor x : pRM x pM that sends the pair of R-modules (M, N) to their direct product M x N.
In this case the associativity constraint is the canonical isomorphism

arunN: (LxM)xN — Lx(MxN)
(z,y),2) = (z,(y,2))

and the unit is the trivial module 0 with the maps

lyy: Mx0 — M rvy: OxM — M
(m,0) — m (0,m) — m

Example 1.4. The second monoidal structure on zpM is in fact a consequence of the categorical
definition of product.

If C is a category which has finite products, let x denote the functor x : C x C — C that takes
(X,Y) to the product of X and Y, and let I be the terminal object which is the product of the empty
family. Then (C, x, I) is a monoidal category.

Similarly, if C is a category which has finite coproducts, then if ] denotes the coproduct and I is
the initial object which is the coproduct of the empty family, then (C,]], ) is a monoidal category.

Example 1.5. Let G be a group. A k-linear representation of G is a k-vector space V with a
group homomorphism p from G into the group GL(V') of invertible operators in V. One also says that
“V is a representation of G”. If V.= (V, py) and V' = (V| py) are representations of GG, a morphism
of representations is a k-linear map f : V' — V' such that f(py (r)v) = py(r)f(v) for each v in V and
rin G.

The k-linear representations coincide with the left modules over the group algebra kG, which is
the vector space with basis G endowed with the multiplication induced by the product in G, i.e.,

(Z agg)(z bgg) = Z agbngh.
g g,h

This is a k-algebra with unit, the unit being (identified with) the neutral element of G.

If one has a representation p : G — GL(V), one gets a left kG-module by the formula (3_, a49)-v =
>y agp(9)(v). Conversely, if V' is a left kG-module then the restriction of the module structure to G
defines a k-linear representation of G. Is is also clear that morphisms of representations correspond
to kG-linear maps and conversely. Therefore, we have an isomorphism between the categories Rep G
of k-linear representations of G and pgM of left kG-modules.

Let G be a group, k a field, and let Rep G be its category of k-linear representations. If V and W
are representations, then V @ W is also a representation by

g (vew)=(gv)® (qw).

The tensor product of morphisms of representations is also a morphism of representations.



If U is another representation, then the canonical isomorphism

ay,v,w : U®(V®W) — (U®V)®W
u®(vew) — (Lv)Rw

is also an isomorphism of representations, is natural on U, V, W and satisfies the pentagon axiom (since
it does so in Vect,).

The unit object of this category is the trivial representation k where -1 =1 for every r € G. The
unit constraints Iy : V®k — V and ry : k® V — V are the same as those for vector spaces.

Example 1.6. Consider now a noncommutative k-algebra A. In this case we may consider the
category 4M 4 of A-bimodules, with the tensor product over A. The natural transformation a is
defined as the corresponding one in g M, and the unit is also the object A with the maps

ly: M, A — M ry: R®R4A — M
m®a +— ma a®m — am

This category has one important difference with respect to the previous examples: all those examples
have are examples of symmetric monoidal categories, i.e., they are monoidal categories where there
is a natural isomorphism

oxy XY =Y ®X

such that U)_(ly = oy,x for every pair of objects X,Y the category (plus some other conditions that will
be explained in Chapter 2). In (M, ®pg, a, R) this is the flip morphism z®y — y®z; in (g M, X, a,0)
it is the flip map (z,y) — (y, ). On the other hand, there is no such symmetry in 4M4 in general.

In the previous examples the associators are fairly trivial and the categories are usually considered
strict. The next example shows that there are nontrivial associators.

Example 1.7. Let G be a finite group, k a field of characteristic zero. We will consider the category
of G-graded vector spaces. This category has a canonical tensor product which is compatible with
several different associativity constraints. In order to explain their nature, we will begin by making a
digression on group cohomology.

Let n be a nonnegative integer. An n-cochain on G with coefficients in the group k* is a function
from G™ to k* (a O-cochain is an element of k*). The set C"(G, k*) of n-cochains is an abelian group
with respect to pointwise multiplication. These groups form a complex of abelian groups with respect
to the morphisms

d": C™(G,k*) — C"TH(G, k)

defined by

n

dn(f)(/r17 R 7”””—‘1—1) = f(/rz’ c ’/rn-‘rl) X H f(/r‘l? R ?/rk/rk"l‘l? c ’/rn"l‘l)(_l)k X f(/r‘l? R )Tn)(_l)
k=1

n+1

For instance,

d*(f)(r1,m2,m3) = f(ra,r3) f(r1,mars) f(rire,r3) " f(r1,me)

B(f)(r1,79,73,74) = f(ro,r3,74) f(r1,mors, 74) f(r1,72,73) f(r172, 73, 74) "L f(r1, 72, 73m0) 7L

An n-cocycle with coefficients in the group k* is a function f : G™ — k* such that d"(f) = 1; an
n-coboundary is an element of the image of d"~!. The groups of n-cocycles and n-coboundaries are
usually denoted by Z"(G,k*) and B"(G, k*) respectively. The n-th cohomology group of G with

. ks . n o ZMGEY)
coefficients in k* is the quotient group H" (G, k*) = W

2-cocycles and the second cohomology group H?(G, k*) appear naturally in the study of projective

representations of G over k and also in the classification of central extensions of G by k* (see for



instance [7, [12]). We will see now how 3-cocycles appear in the study of monoidal structures in the
category of G-graded vector spaces.

Consider the category Vecth of G-graded k-vector spaces, i.e., vector spaces equipped with a direct
sum decomposition where the components are indexed by G. If V and W are two G-graded vector
spaces then the vector space V ® W has a canonical G-grading given by

s,teG
st=r

mg is a monoidal category with this tensor product, with the same associator as the one in Vect,,
and with the field k graded by k. = k, k. = 0 for every r # e, where e is the neutral element of G
(and same left and right unit constraints as in Vect,,). But Vectf may have several other noncanonical
associators.

Given r € G, let k(r) be the G-grading of k where the only nonzero component is the one of degree
r. Note that

k(r) ® k(s) = k(rs).

Every object in mk(} is isomorphic to a direct sum of one-dimensional objects of the form k(r). Since
the tensor product commutes with direct sums, it is enough to study the possible associators restricted
to the full subcategory C whose objects are the k(r). Let a be an associator for (Vect{,®,k(e)).
Restricting a to C and identifying k(r) with r, a can be identified with a map

a:GxGxG—k"
To require that a satisfies the pentagon axiom is to ask that
a(r, s, t)a(r, st,v)a(s,t,v)a(r, s, tv) La(rs,t,v) L =1

for every (r,s,t,v) € G* which means that a is a 3-cocycle on G with coefficients in k*. Therefore
every nontrivial 3-cocycle (i.e., a # 1) provides a non-canonical, non-strict monoidal structure on C
(and on Vect{).

1.2 The unit of a monoidal category

1.2.1 Some properties of the unit

Proposition 1.8. Let (C,®,a,I) be a monoidal category. The following diagrams commute:

(XoY)®I = XeYel) (IX)QY = I®(X®Y)

XY X®Y

Proof. We will prove that the first diagram commutes.

Since the unit appears between two objects in (L2]), it is reasonable to try to prove first that this
diagram tensored by I on the right is commutative or, more generally, to prove that the diagram below
is commutative for every object Z.

(XoY)el)®Z aez Xe¥Yel)eZ (1.4)
rQ®Z WZ
(XeY)® 2



The point is that if this diagram commutes for each object Z then, using the naturality of r, we
can also prove that the first diagram is commutative.

This can be done, for instance, via the next diagram where (I.4]) appears as a triangle in the left
corner (it is better to think of this diagram as a prism of triangular bases, one of them being (L4
and the other one being the first diagram of the statement of this proposition).

(X))ol — (XRY)® 1

la@ l

XY )l XY oI)\

(X@r)eI XQ@r
(XeY)el X®Y

T

In this diagram, the central square commutes because of the naturality of r applied to the morphism
axyr: (X®Y)®I - X ® (Y ®I). The trapezium below also commutes, now using the natural
transformation r and the morphism X ® ry : X @ (Y ® I) - X ® Y. And the outer trapezium
commutes also due to the naturality of r, this time with respect to the morphism rxgy. Since all
arrows are isomorphisms, we can begin with (X ® ry)ax,y; and, moving it around the diagram we
get

(X ®ry)axyr = (X®ry) rxgyern (axyr@1) (X®y)®
=TXeY ((X ® T‘y) X I)(CLX Y,] & I) (X®Y)®
=rxey (Fxey)er @ 1) r (X®Y)®
=TXQY-

Now to prove (L4)). The idea is to “expand” it to an instance of the pentagon axiom: the triangle
(I4)) fits in the left upper corner of the next diagram.

(X))o Z

ax,y,1®Z axX®Y,I1,Z
I®id

(X®(Y®I))®ZW(X®1/)®Zm(X®Y)®(I®Z)
(Y ®Z)
Xo(Yeol)e2) XoYo(l®Z)

The diagram on the outside is the pentagon axiom applied to (X,Y,I,Z). The bottom triangle
comes from (2] tensored by X on the left; the left and right quadrilaterals above it are commutative
because if the naturality of a; and the right top triangle is the unit axiom (L2) (note that idxgy =
idx ®idy, because ® sends identity to identity, and the identity of (X,Y) € C x C is (idy,idy) ).
Once again, since all arrows are isomorphisms, we conclude that the top left triangle must also be
commutative.

O
Proposition 1.9. In a monoidal category C one has

liex =1®Ilx, rxeor=rx ®unit, andly =ry.



Proof. By the naturality of [, applied to the morphism lx : I ® X — X, the diagram below commutes:

Io(loX) 2% _1eX
ll}@x llx
IeX I X

ie, Ixligx = Ix(I ® lx). But lx is an isomorphism, and therefore l;gx = I ® Ix. The proof of the
second equation is analogous.
For the third equation, note first that Proposition [[L.8 implies the commutativity of the diagram

IR —~Ix(Ix])

111
lior

I®l

and using this diagram and the first equality of this proposition,
i@l =lgra=(I®Ir)a

From (L2) it follows that
I@lNa=r;I

and therefore ; I =r;® I.
Since r : _® I — Id¢ is a natural isomorphism, we can conclude that I; = r;. In detail, given any
morphism f: X — X', the diagram
XolXt—-X

o

X/®I?X,
commutes. Taking X = X’ = I and the morphisms l; : I — I and r; : [ — I, we get

rr = 7’[(7’[ (= I)T’I_l = T[(l[ X I)T’I_l =1.

1.2.2 Units in semigroup categories

If (C,®,I) is a monoidal category, to what extent does the semigroup category determine the unit
I = (I1,1,r)? In order to answer this question let us say, more generally, that any triple (I,[,7) that
satisfies (I.2) is a unit of the semigroup category (C, ®).

It is clear that if (I,1,7) and (I’,l’,r") are units of C then the unit objects I and I’ are isomorphic,

since we have the isomorphism
-1

I—%Ter 2T
but what about the left and right unit constraints? In order to take them into account, let us define
a morphism of units ¢ : (I,1,7) — (I’,l',r") to be a morphism v : [ — I’ that satisfies canonical
compatibilies with the unit constraints:

Tox X o x X XeI (1.5)
o] e
I'eX Xl



Proposition 1.10. Any two units in C are isomorphic via a unique isomorphism of units.

Proof. To prove the existence of such an isomorphism, take the isomorphism (of unit objects) ¢ =:
r’IlI_/l : I — I as above; we will show that this is a morphism of units.
Consider the diagram

I'eX

Ix
e
X

ITIN@X —>I® (I ®X) —> WX e x

Ly I

I'e X X

X

The bottom square is obviously commutative, and the top square is commutative by the naturality
of I. On the left of the diagram, the top triangle commutes because of the unit axiom (L.2]), and the
bottom triangle commutes because of Proposition [[L8 Once more, since all arrows are isomorphisms,
the outline of this diagram is commutative, and it follows that

Iy (¥ © X) = lx(ril;") @ X
=l (ri @ X)(;' @ X)
= Ixlx(Ix) " ix
=lx.
An analogous reasoning shows that the other diagram of the definition of morphism of units also
commutes.
For the uniqueness, assume that 6 : I — I’ is another isomorphism of units, and take X = I in
the left diagram in (L5]). Since l; and [ are isomorphisms, there is at most one arrow making the
diagram commute, and therefore 1y ® I = 0 ® I. By the same argument used in the end of the proof

of Proposition [[LY] since r : - ® I — Id¢ is a natural isomorphism we conclude that ¢ = 6.
O

Other results about units in semigroup categories can be found in [6] 9] 10, 11].

1.3 Strict Monoidal Categories

1.3.1 Monoidal Functors

Definition 1.11. Let C = (C,®, I¢) and D = (D, K, Ip) be two monoidal categories.
A monoidal functor F' = (F, ¢, ¢g) consists of a functor F' : C — D, a natural transformation
¢: F(L)XF(.) - F(-® -) and a morphism ¢q : F'(I¢) — Ip such that for all objects X,Y, Z in C,

F(X) F(Y), F(Z)

(F(X)RF(Y)) B F(2) 2O Do) @ (P (V) BF(Z)
¢X,Y®F(Z)l lF(X Moy, z
(FIX®Y)XKF(Z) FX)X(F(Y®Z))

¢l ¢
F(X®Y)® 2) F(X® (Y ® 2))

and

10



lp(x) TR(X)

Ip R F(X) F(X) F(X) F(X)R Ip

¢0@F(X)l F(lx)T F(TX)T lF(X)gfbo
F(Io) X F(X) e Flle® X) F(X®I¢) i F(X)X F(I¢)

We will say that F' = (F, ¢, ¢g) is a strict monoidal functor if & and & are isomorphisms.
Recall that the monoidal category C itself is called strict if all isomorphisms

axyz (X®Y)®Z->X®(Y®Z)

are identities. In this section we will prove that every monoidal is equivalent to a strict one via a
monoidal functor.

Example 1.12. Let G be a finite group, k a field, and Rep’ G the category of finite-dimensional
k-linear representations of G. The forgetful functor F : Repf G — Vect i that takes the representation
(V, p) to its underlying vector space is a strict monoidal functor.

Example 1.13. On the other hand, let A be a k-algebra and let F' : ;M4 — Vect; be the cor-
responding forgetful functor. In this case the monoidal structure on F' is not strict: the natural

transformation
p: MON — M®aN

m@n = mOan
is the projection of M® onto M ® 4 N, and the morphism ¢ is the injection

(;50:k—>A
A= Ala

Example 1.14. Let G be a finite group. We have seen in Example [[7 that for each 3-cocycle
a € Z3(G,k*) there is a monoidal structure on the full subcategory C of the category G-graded k-
vector spaces whose objects are the simple G-graded spaces k(r). Given a € Z3(G, k*), let C, denote
the associated monoidal category.

Let a,a’ be two cocycles. We are going to derive necessary conditions for the identity functor
Id¢ : C, — C, to be a monoidal functor, i.e., conditions for the existence of a natural transformation

dxy 1de(X) ®@Ide(Y) = Ide(X ®Y)

and a morphism
¢o : k— k

satisfying Definition [LT1]
Once again identifying the objects of C and G, we obtain a map

¢0:GxG— k"
such that (by the first diagram of Def. [LT1])
a(r,s,t)¢(s, t)p(r, st) = ¢(r, s)(rs, t)a'(r, 5,t)

- (afa)(r,5,1) = 6(r, $)p(rs, )6 (s, 1)L (r st) 1 = (d26)(r,5.1). (1.6)

Hence, if the identity functor has a monoidal structure then a/a’ is a coboundary. This is also
sufficient when we consider only the semigroup structure of the category, but we still have to take the
unit into account.

11



The map ¢y can be identified with multiplication by a nonzero element A of k. The diagrams that
¢o must satisfy are translated, in this case, in the equations

ole,e) = ole,r)=o¢(re), Vrea, (1.7)
Agple,e) = 1

Hence ¢( is determined by ¢, which is nice, but (7 adds an extra constraint. It follows that
Ide : C4, — Co will have a monoidal structure if and only if @ and a’ are cohomologous by a coboundary
d?¢ such that ¢ satisfies (7)), and every such ¢ defines a monoidal structure on Idc.

The classification of the categories C, that are equivalent as semigroup categories can be found
in [6l Ex.13.5,p.118], where it is shown that the distinct classes are in bijection with the group
H3(G, k%) Aut(G).

1.3.2 Equivalence with Strict Monoidal Categories

Definition 1.15. Let ¢ = (C,®,I¢) and D = (D,X,Ip) be two monoidal categories, and let
(F,¢,¢0), (F', ¢, ¢,) be two monoidal functors from C to D. A natural monoidal transformation
n: (F,é,¢0) = (F', ¢, ¢f) is a natural transformation n : F' — F’ such that the following diagrams
commute for every pair (X,Y") of objects in C:
(z)/
Ip—" F(le) FXORFY)Z-F(X oY)
lm nx By l F(nx@ny )l

/
P,y

Gle) GX)RGY)ZLGX oY)

0

A natural monoidal isomorphism is a natural monoidal transformation which is a natural isomorphism.

Definition 1.16. A monoidal equivalence between two monoidal categories C and D is a monoidal
functor such that there exist a monoidal functor G : D — C and natural monoidal isomorphisms
n:Idp - FG and 6 : GF — Ide¢.

Let C = (C,®, I) be amonoidal category. We will simultaneously build a “covering” strict monoidal
category C and a monoidal equivalence F : C — C.

The objects of C will be finite sequences (X1,...,Xg) of objects of C; we define the length of
(X1,...,Xg) to be k. We will also consider the empty sequence @ (which will be the unit of this
category), with length equal to zero.

Let S be the class of all such sequences, and let * be the operation of concatenation of sequences.
For two nonempty sequences, * is defined by

(Xl,...,Xk)*(Yl,...,ifl) = (le--kaley---y)/l)

and for the empty sequence we define Sx@& = @*S = S, for every S in S. It is clear that (S1%.S3)*S3 =
Sp * (S * S3) for all sequences Sp, 52,53 in S.

The objects of our category C are going to be the elements of S. In order to define morphisms
between then, define recursively a function F' from S to the class of objects of C by

F(@)=1,F((X)) = X and F(S * (X)) = F(S) ® X. (1.9)

In this manner we assign to each sequence S = (X1, Xo,..., X}) of objects of C the object ((--- ((X1 ®
X2)®X3)'”)®Xk.

Given sequences S1 and Sz of objects of C, we define the set of morphisms é(Sl, S3) to be the
set C(F(S1), F(S2)). Since C is a category, it follows that C is a category.

12



Proposition 1.17. Let C and C be as before. The functor F : C — C which is defined on objects by
(C9), and sends the morphism f :S; — So to the morphism f : F(S1) — F(S2) is an equivalence of
categories.

Proof. 1t is easy to see that F is a functor. In order to show that F'is an equivalence we will prove
that it has a semi-inverse, i.e., a functor G : C — C such that FG and GF are naturally isomorphic
to Id¢ and Id;s respectively.

Define G : C — C as the functor that sends an object X # I¢ to the unitary sequence (X) €S,
Ic to @, and sends the morphism X 1 ¥V to the corresponding morphism (X) ERN (Y) of unitary
sequences.

It is clear that FG = Ide. By the definition of morphisms in C, given two sequences 9,5, a
morphism S 1y 9 s a morphism in C from F(S) to F(S"). Still by the definition of morphisms in C,
the identity F(S) is an element of C((F(S), S) since the morphisms from (F(S)) = GF(S) to S are, by
definition, the morphisms from F(GF(S)) = (FG)(F(S)) = F(S) to F(S). Therefore the collection
of morphisms {F(S) : GF(S) — S;S € S} defines a natural isomorphism from GF to Ids. O

The concatenation of sequences induces a monoidal structure on C. This is already defined on the
level of objects, and on morphisms the “tensor product” is obtained via a natural isomorphism

6 F()®F() - F(_x.)

which will be defined for pairs (5, S’) recursively on the length of S’.
For the empty sequence we define

o5 =ls, ¢so=rs.

For S’ = (X), X an object of C, define

which makes sense because F(S * (X)) = F(S) ® X.
If 5 s is defined and X is an object of C, define

¢S,S’*(X) = (¢S,S/ X X) © GE%S),F(S’),X’ (110)

i.e., ¢sgxx is defined in such a manner that the diagram below commutes (remember that F(S’ «
(X)) =F(5) ® X.

5.5
F(S)® F(S' = (X)) —2 o~ P(S %5 X)

- |

! !
(F(SY@ F(Y) X 4>¢5,5'®X (SxS8")

By induction, ¢g g is defined for every pair (S, S”) of sequences.
¢ is natural on S and, by induction, on S’, since it is built up from natural isomorphisms. Now
we can define the tensor product of two morphisms f: S — T, f': S" — T’ of C by

Fxf = ora(f © sl (1.11)
Proposition 1.18. C is a strict monoidal category.

Finally, we will see that F : C — C is a monoidal functor.
The monoidal structure is given by the natural isomorphism ¢ and by ¢g = I.
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Lemma 1.19. If S,S",S” are objects of C then
Gs,5145m © (S @ g1 51) 0 ap(s) p(sr),F(s7) = Pswst s © (P55 @ S"). (1.12)
i.e., the diagram below commutes.

(F(S)® F(5) ® F(S") “ F(S)® (F(S") @ F(S"))

¢s,sf®F(5”>l lF(S)wS/,S,,
(F(S*S")® F(S") F(S) @ (F(S' % S"))
(S5 % 5") F(S %8 % 8"

Proof. The proof will be done by induction on the length of S”. First, if S” = & then
$s,51 © (S @ ds ) © ap(s), F(s),1
= ¢s,5 © (F(S) ® Tp(sr)) © ap(s),F(5).1
by the definition of ¢g 5. By Proposition [I.8] the diagram below commutes

AF(8),F(S"),1

(F(SY@F(S)®I F(S)® (F(S")®1I)

T(F(S)QF(S (9)®rp(sn

F(S)® F(S")
and therefore

¢s,50 0 (F(S) @7psry) 0 ap(s),p(s),r = 95,5 © T(F(S)@F(S)-

Since r is a natural isomorphism, we also have the commutative diagram

(F(S)® F(8") @ I, F(S) @ F(S)

‘| |+

F(S+S) &I F(S* 8

TR(S*8")

and it follows that

$s,5' 0 T(F(S)@F(S") = TF(s+s')(Ps.s50 @ 1)
= ¢sx5',0 © (Ps,50 @ I).

thus showing that Equation(T.I2) holds for the triple (S,S’, @).
Assume that (II2) holds for (S,5’,S”), and let us show that it holds for (S,5’, 5" x (X)), for any
object X in C, i.e., we will show that

b5,5757+(x) © (S @ g1 sm4(x)) © AF(S),F(S),F(5"+(X))
= qu*S/,S”*(X) o (QSS’S/ & S” * (X)) (113)

The idea for the proof is to “move parentheses to the left” until we obtain the LHS of the induction
hypothesis tensored by X. The diagram below contains the first part of the proof. Keeping the top
and bottom vertices fixed, we’re going to move from right to left.

14



§) ® F(S" * (X))

® (F(S) @ F(S" * (X))

\ﬁ/

(F(S) & F(8") ® F(5"))

F(S)®a™
a®X SY®F(8")® X) F(8)®¢
(S)D($®X)
(F(S)® (F(S") @ F(S")) F(S)® F(S" 5" S * (X))
W\ -
S)@F(S *5")® ®
pRX

F(Sx S %S" % (X))
To begin with, the recursive definition of ¢g g5« (x) yields
$5,5757+(x) © (S @ Psr 54(X)) © AF(S),F(S7),F(S"+(X)) =
= (bs.5057 @ X)ap(s) psrusm x (S © bsr.50 @)
(S ® aF(S”) (S//)7X)aF(S),F(S’),F(S”*(X))

The naturality of a : (. ® -) ® - - _® (L ® _) implies the commutativity of the square in the next
diagram:

F(S) @ (F(S') @ F(S") @ X) 220 () @ (F(S' + $") © X)

- -

(F(5) @ (F(5) @ F(5")) @ (F(S) @ F(5" % 5") © X

(F(S)®9)X

Using this diagram and then using the pentagon axiom applied to the quadruple (F(S), F(S"), F(S"),

we get

= (bs,57457 © X)ap(g) p(gmem x (S © 51,57 © S)
(S ® ap(sn),F(sm),X )AF(S),F(S"),F(S"(X)) =
= (¢s5,50x5n © X)(S @ 51,51 @ S)ap(s),p(sner(s)x (5@ a;“%S’),F(S"),X)GE%S),F(S’),F(S”)®X
= (¢s,5057 @ X)(S ® ¢psr,57 @ X)(ap(s),r(s), F(S//)@Xa}%S)@)F(S/),F(Su),X
= ([bs,5757(S @ bsr,57)ap(s),r(5),7(57)) © X)aF (90 m(5).7(57) X

and we are already at the left side of the diagram.

To finish the proof we will again move from right to left in the next diagram below, keeping the
top left and bottom right vertices “fixed”. Note that the rightmost path from top to bottom is the
leftmost path in the previous diagram.

-1 a®@X
—_—

(F(S)@ F(S) @ F(§" * (X)) —= (F(S) @ F(§) @ F(§")) ® X (F(S) e (F(S)®@F(S") e X

¢®(F(S”)®X)l/ l(¢®F(S”))®X l(F(S)®¢)®X
-1
F(S%8) @ F(S"* (X)) ——— ((F(S*S") @ F(S")) © X (F(S)® (F(S'+S")) ® X
\ l¢®X l¢®x
¢
F(S*S,*S”*(X)):F(S*S,*S"*(X))
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By the induction hypothesis, we have

1
(bswsr.s7(ds.s5 @ 8" ® X))ap gyep s, p(sm),x
= (dsusr,57 @ X)((ds,50 @ S" © X))ap ()0 1(9).7(57).x

and then, by naturality of the associator and the definition of ¢g.s/ 574 (x), it follows that

(fsusr,57 ® X)((¢5,50 @ §" ® X))apigygris.F(s7).x
= (b5+51.5" ® X)ap(s,5) p(sm).x (5.5 © 5" © X)
= dsusr sm(x) (D550 @ 8" % (X)).

Theorem 1.20. The categories C and C are monoidally equivalent via a strict monoidal functor.

Proof. In fact, in Lemma [[19 we’ve proved that (F,$,I) is a strict monoidal functor from C to C. It
can be proved that G is also a strict monoidal functor. By the proof of Proposition [[LI7, F : C — C
is an equivalence with quasi-inverse G. ]

As a corollary, we can state an informal version of Mac Lane’s Coherence Theorem: Given objects
Xi,...,X, in a monoidal category C, any isomorphism between two bracketings of

X1®X2"'®Xn

which is obtained from concatenating and tensoring a, [, r, and the identities is the same.

In fact, this statement is obviously true when C is a strict monoidal category; since we have seen
that any monoidal category is monoidally equivalent to a strict one, the claim holds in any monoidal
category.

1.4 Algebras and Coalgebras in a Monoidal Category

The concept of monoidal category allows us to unify several algebraic structures as different instances
of the same notion, that of an algebra object in a monoidal category.

Definition 1.21. Let (C,®,I) be a monoidal category. An algebra object in C, or simply an
algebra in C, is a triple (A, u,n) consisting of an object A, a morphism p : A® A — A and a
morphism 7 : I — A such that the following diagrams are commutative:

(A9A)RA— >4 (A0 A) 2% An 4 (1.14)
u®Al lu
A® A . A
A® A (1.15)
NI Ien
I®A B ARIT
A

The morphism p is called the product of multiplication of the algebra object A, and 7 is called the
unit of A.

16



Remark 1.22. When a morphism p: A® A — A satisfies (II4]) one says that p is associative; the
second diagram is known as the unit axiom. Usually the objects (A ® A) ® A and A® (A® A) are
identified via the associator a and ([I4]) is rewritten as

A®pu

ARARA—= AR A (1.16)
u®Al lu
AR A m A

Example 1.23. In the category Vect, the algebra objects are exactly the (unital) k-algebras.
If A= (A, u,I) is an algebra object in Vect, then A is a k-vector space with a multiplication

(a,b) »a®@b— pla®b)

which is k-bilinear, and associativity follows from (I.I4]). If we define 14 = n(1) then it follows from

(LI3) that
(1ga) = (aly)=A

for every a € A.
Conversely, if A = (A, m,14) is a unital algebra then the map (a,b) — ab = m(a,b) is k-bilinear
and therefore there exists a unique linear map u: A ® A — A such that

pla @ b) = ab.

Since m is associative, the first diagram ([I4]) commutes. The unit map is given by n : k& — A,
1+ 14. Tt follows that the second diagram ([.13)) is also commutative.

Example 1.24. The unit object of a monoidal category C is an algebra object. Remember from
Proposition that I; = r; define p = I; = r; and n = I. Then, from the definition of unit (2],

pI @ p)a=pl@ra=plr @I)=ppelI),
which proves (II4]), and (LIH) is straightforward.

Example 1.25. Let R be a ring and let C be the monoidal category C = (g M, x,0). Every R-module
has a unique structure of algebra object in C. In fact, if A = (A, u,n) is an algebra in C, the unit map
7 is the zero map 0 — A (since this is the only morphism from 0 to A in C). The diagram [[.T5] says
that

and since p is R-linear we have
(a,b) = p(a,0) + (0,5) = a +b.

Hence p: A x A — A is just the sum operation of A.
Conversely, if M is an R-module it is easy to check that (M, +,0 — M) is an algebra in C.

Example 1.26. Let G be a group and consider the monoidal category mk(} of G-graded vector
spaces. If (A, u,n) is an algebra in mg, let A= ®@,cqA, be its G-grading.

The forgetful functor from Vecth to Vect,, is clearly a strict monoidal functor; therefore, if (A, u,n)
is an algebra in mg then its image in Vect,, which consists of the same triple but forgetting about
the G-grading, is an algebra in Vect,, i.e., A is a k-algebra.
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Morphisms in Vecth are k-linear maps that preserve degree; since p: A ® A — A is a morphism
in Vect,?, it follows that for any r,s in G one has

Ay Ay = p(Ar ® Ay) C Ay,

In other words, A is a G-graded algebra. Conversely, it can be shown that every G-graded k-algebra
corresponds to an algebra object in Vect,?.

Example 1.27. An algebra object in the monoidal category of Sets, (Set, x, {x}), is the same thing
as a monoid (a semigroup with neutral element).

Definition 1.28. Let A = (A,ua,n4) and B = (B, up,np) be algebra objects in the monoidal
category C. A morphism of algebra objects f : A — B is a morphism in C such that the following
diagrams commute.

A AL BeB A-1.p
| | e
pa LB na

A—7t . p k

Example 1.29. The concept of morphism of algebra objects in a monoidal category specializes to
the usual definitions of morphisms of algebras, monoids, graded algebras, etc.

1. A morphism of algebras in Vect,, is exactly a mophism of unital k-algebras. In fact, if f: A — B
is a morphism of algebras in Vect;, then

f(a)f(b) = pp(f © f)(a®@b) = fuala @ b) = f(ab)

and
f(La) = fna(l) =np(1) = 1p.

2. By the same token, a morphism of algebra objects in Set is the same as a morphism of monoids.

3. A morphism in Vectg is a linear map that preserves degree. Therefore, a morphism of algebra
objects in Vecth is a morphism of G-graded algebras.

Dualizing Definition [[L.2] we arrive at the definition of a coalgebra.

Definition 1.30. Let (C,®,I) be a monoidal category. A coalgebra object in C, or simply a
coalgebra in C, is a triple (C, A, €) consisting of an object C', a morphism A : C — C ® C and a
morphism € : C' — [ such that the following diagrams are commutative:

C = cCecC (1.17)

N e

a=

C (1.18)

lfl
I®C A Cel

eRC C®e
CeC

The morphism A is called the coproduct or comultiplication of the coalgebra object C, and € is called
the counit of C.

18



Remark 1.31. A morphism A : C — C ® C is coassociative if it satisfies (LI7)). The second
diagram is called the counit axiom.

As in the previous case of algebra objects, one usually identifies C' ® (C' ® C') with (C® C)® C
via a~! in the definition of coalgebra object. The coassociativity diagram is then rewritten as

A

C C®C (1.19)
N Jseo

Example 1.32. Let V be a vector space and choose a basis B of V. Define A : V — V ® V and
€: B — k" by A(b) =b®0b and €(b) = 1 for every b € B. Then it is easily seen that (V,A ¢) is a
coalgebra in Vect,,.

A particular case of this construction is the coalgebra structure on the base field k& given by

A(l)=1®1 and €(1) = 1.

Example 1.33. The unit object of a monoidal category has a canonical structure of coalgebra object:
A =1;"=r;" (cf. Proposition [[9) and € = I.

Example 1.34. In the monoidal category (Set, X, {x}), every object has a unique structure of coal-
gebra. If (C, A ¢€) is a coalgebra in Set then € is the unique function C' — {x}, and A is also uniquely
determined by [[L.T8 because of the universal property of the product C' x C. In fact, if A(z) = (2, 2"),
using the first half of

refeqn.axiom.counit.coalgebra we obtain

(x,2") = (e, O)A(z) = 1"} (z) = (*,2)

and therefore 2”7 = x. The other half implies that 2’ = z, hence A(x) = (z,z) for every x € C.
Conversely, every set X is a coalgebra with € and A given by ¢(z) = x and A(x) = (z, z).

Remark 1.35. The same arguments of the previous example show that if C is a monoidal category
where the “tensor product” is a product, in the categorical sense, and the unit is a final object (the
product of the empty family), then every object is a coalgebra object in a unique way.

Example 1.36. The divided power coalgebra is the vector space D with basis {z, |n € N} with
the linear maps

Azy) = le ® Tp—i, €(@n)=0no-
i=0

In fact, it is clear that (LIS) holds. For the coassociativity, note that A(z,) = > .., Tr ® y;
rearranging the sum ZH]-H:” x; @ xj ® x; we then obtain

Z T, QT QI = Z Z Ty | ®x; = Z Azy) @z = (A ®@ D)A(zy,)

i+j+l=n k+l=n \i+j=k k+l=n

and

Y menom= ) xk®<z $s®$t>= Y. @A) = (D A)A(w,)

i+j+l=n k+l=n s+t=l k+l=n

and it follows that A is coassociative.
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Definition 1.37. Let C = (C,A¢,ec) and D = (D, Ap,ep) be coalgebra objects in the monoidal
category (C,®,I). A morphism of coalgebra objects f : C — D is a morphism in C such that the
diagrams below commute:

/ f

c D c-1.p
Acl AD\L EC\LV
cecl®Lpep k

A motivation for considering coalgebras comes from the algebra of functions on a monoid.

Example 1.38. Let k be a field and consider the contravariant functor from the category Set to the
category %k of k-algebras that sends a set X to the algebra kX of k-valued functions on X, and

sends a function f : X — Y to the algebra morphism f*: k¥ — kY, g € kY — gf € k¥X.

If S is a finite monoid then one obtains more structure on k°. Let 6 : k* — k be the canonical
isomorphism ¢ +— t(1); let {p,;r € S} be the canonical basis of S, defined by p,(s) = 0,5, and let
¥ k% ®@ kS — k5% be the linear isomorphism that sends p, ® ps to the function ¥ (p, ® p,)(z,y) =
pr()ps(y)-

Using the presentation of S as an algebra object (.S, i1, 1) in Set, consider the functions € = ¢t ~1on* :
ES = kand A =4y lopu* : k% = k° @k°. Then the commutativity of the diagrams ([L14)) and (II5)
and the fact that X — k%X is a contravariant functor imply the commutativity of the diagrams (TI7)
and (LI8) that define a coalgebra, thus showing that (K%, A, €) is a coalgebra.

Calculating A and e with respect to the basis {p,;r € S}, we obtain

A(pr) = Z Pz @ Dy, e(pr) = 5r,e

TYy=r
(where e is the neutral element of the monoid 5).

In this last example, the structures of algebra and coalgebra are compatible in the sense that A
and € are morphisms of algebras, and p and 17 are morphisms of coalgebras. This is a first example of
a bialgebra, which will be the topic of the next Chapter.

We may also consider left and right modules over an algebra object. We will give the definition as
if the category were strict, for it is clear where the associator must be placed, if necessary.

Definition 1.39. Let C = (C,®, ) be a monoidal category and let A = (A, u,n) be an algebra object
in C. A left module over A is a pair (M, «), where M is a object of C and a : A M — M is a
morphism of C such that

AASM2% Ao M  A9M-2—M

nRM o 77®MT
In

AR M M ITQM

«

Right A-modules are defined in an analogous manner.

Definition 1.40. Let A be an algebra object in C and let (M, apr), (N,an) be left A-modules. A
morphism f: M — N in C is a morphism of A-modules if the diagram below commutes.

Ao M22L Ao N

o | Jo

M N
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As expected, if A is a k-algebra then a left A-module in Vect;, is the same thing as a usual left
A-module. The next example is also simple but less obvious.

Example 1.41. Let S = (S, u,n) be an algebra object in Set, i.e., a monoid; then a structure of left
S-module on a set X is the same as a left action of S on X.

If we begin with a left S-module X = (X, «), then define a map ® : S — End(X) by ®(s)(z) =
a(s,z). Then

O(st)(x) = a(u(s, t),2) = alp, S)(s,t,x) = a(S,a)(s,t,2) = als, at, x)) = B(s)(()(x))

and thus @ is a left action. Conversely, if X is an S-set via a morphism of monoids ® : S — End(X)
then a(s,z) = ®(s)(z) defines a structure of left S-module on X.

As before, we may consider the dual definitions.

Definition 1.42. Let C' = (C,A,¢) be a coalgebra object in a monoidal category C. A right C-
comodule is a pair (M, p) where M is an object in C and p: M — M ® C'is a morphism in C such
that the following diagrams commute.

—1

l
M P ~MeC M—Mo oMol

/| |ea o]
pRC ‘
M@C—MxCe(C MxC

Definition 1.43. Let C be a coalgebra object in C and let (M, pas), (N, pn) be two right C-comodules.
A morphism p : M — N in C is a morphism of comodules if the diagram commutes:

f

M N
lpM le

Example 1.44. Consider the k-vector space kZ generated by Z, which is a coalgebra via
An)=n®n, en)=1

for all n € Z (as in Example [[.32)). Then a right kZ-comodule is the same as a Z-graded vector space.

If V is a vector space with a Z-grading and v = > v, € V, define p(v) = > v, ® n. In
other words, this map sends a homogeneous element v to the element v ® deg(v). It is easy to see that
p:V = V®EKZ is aright comodule over the coalgebra kZ. Conversely, if (V] p) is a right kZ-comodule,
the Z-grading of V comes from defining V;, = p~%(n): given a vector v € V one has

p('l)) = Z U @ M
and by the second diagram we get
0@ 1= (Mp) =S vm @ elm) = (3 vm) 1

and therefore v =) vp,. Now, using the first diagram in the definition of comodule we get

Y tm@mem=(MeA)pwv)=(p®@M)pv) =Y p(vm) @m.
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If the functionals f,, : kZ — k are defined by f,(m) = 0y, m, for each m,n in Z, then applying M @ f,
to the previous equations we conclude that p(v,,) = v, ® m for each v,,. Therefore v € va;éo Vin,
and V =3 Vp,. This sum is direct: if

Uy + -+ + Uy, =0
for mq,...,mi € Z then
0=p(tUm; + -+ Un,) = Up; @M1+ -+ + Uy, @my
from which follows that wu,,, = --- = ;,, =0.

Example 1.45. If G is a group, analogous arguments of the last example show that a right kG-
comodule is the same as a G-graded vector space.
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Chapter 2

Bialgebras and Hopf Algebras

2.1 Braided monoidal categories

As we have seen in the previous chapter, in any monoidal category there can be algebra objects and
coalgebras objects. It happens even that some objects in a monoidal category have both structures,
that is, it is at the same time an algebra and a coalgebra. In this chapter, we are going to study
objects in which both structures exist in such a way that they are compatible. More specifically,
suppose that an object B in a monoidal category (C,®, I) is both an algebra and a coalgebra object in
this category. The there are four morphisms, (u: BB — B, n: 1 —-B,A:B— B®B,¢: B—1I),
such that (B, u,n) is an algebra an (B, A, €) is a coalgebra. In order to say that these two structures
are compatible, one should expect at least that the comultiplication A : B — B ® B and the counit
€ : B — I are morphisms of algebras, whereas the multiplication y : B ® B — B and the unit
n : I — B are morphisms of coalgebras. The unit object Io has naturally a structure of algebra,
(I, =1y =rp,m=1), and a structure of coalgebra, (I, A = ll_l = 7“1_1,6 = I). The main technical
difficulty is to define an algebra structure on the tensor product of two algebras and a coalgebra
structure on the tensor product of two coalgebras. This is not possible to do in any monoidal category,
the category must also be braided.

Definition 2.1. A monoidal category (C,®,I) is a braided monoidal category if there is a natural
isomorphism o : ® = ®7, where 7 : CxC — CxC is the flip functor defined as 7(M, N) = (N, M). The
naturality means that for every pair of objects M, N € C there is an isomorphism oy n : M @ N —
N ® M such that the following square commutes for every pair of morphisms f : M — M’ and
g: N — N’

OM,N

M®N NoM
f®g g f
M @ N — 2N N o MY
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Moreover, the following commutativity axioms have to be satisfied

o=l
(M@N)oP—2" . Mo (N®P) Me(N®P)—2  (M@N)® P
oM,NQP OM,(N®P) M®on, p O(M®N),P
(N@M)® P (N@P)o M M® (P®N) P®(M®N)
an,M,P aN,P,M G&I’P’N a1_3,1]\4,N
N®own,p om,p&ON
N&(M® P) N (P® M) (M®P)® N (P& M)® N

A braided monoidal category (C,®,I,0) is symmetric if for any pair of objects M, N € C we have
oNnMOooMN=M®N

As examples of braided monoidal categories, we have

Example 2.2. The monoidal category (Vect,,®, k) of vector spaces over a field k is naturally braided
with the flip morphism 7y w : VW — W@V given by 7(v®w) = w®wv. This category is symmetric.

Example 2.3. The monoidal category (Set, X, {*}) is braided with the flip map 7xy : X XY — Y x X,
given by 7(x,y) = (y,z). This category is also symmetric.

Example 2.4. As an example of a non-symmetric braided monoidal category, let us consider the
category of crossed G sets. Given a group G, a crossed G set is a triple (X, o, ||) in which X is a set,
a:Gx X — X is a left action of G on X and || is a map || : X — G satisfying

g ()] = glalg ™"

A morphism between the crossed G sets X = (X, «,||) and Y = (Y, 3,]||) is a function f : X = Y
such that for every g € G and = € X,

flag(x)) = B(f(2)),  |[f ()]l = ||

The category of crossed G sets is denoted by X (G), which is a monoidal category with tensor product
between X = (X, o, ||) and Y = (Y, 5, || ||) given by

XY =(XxY,axpb]l),

where [(z,y)|2 = |z|||ly|l, and (o x B)4(z,y) = (ag(z),By(y)). The unit object is given by I =
({*},{*},| o), with | * |o = e. This category is strict, because the tensor product of an arbitrary
number of objects can be built straightforwardly from the cartesian product among the underlying
sets. The braiding in the category of crossed G sets is given by the family of maps

oOxXyY : X®Y — Y®X

It is easy to see that ox y is a morphism of crossed G sets, indeed

oxy(ax Bg(x,y) = oxy(ag(®),B(y) = (Blay () Be(¥): ag(x))
(Bglalg=1Bg(y), ag(x)) = (BgBya (), g (2))
= (Bxa)g(Bu(y), ) = (B x a)gox,y(z,y),
and
loxy (2, 9) ]2 = [(Ba) (v)s 2)|2 = B @)Il] = [2ll|yllJ|~ 2| = [yl = [(z, y)]2-

24



Let us verify only one of the commutativity axioms for o, consider X = (X, o, ||x), Y = (Y, 5, ||y) and
Z =(Z,7,]|z), as the category is strict, we need to show only that oxygz = (Y ® ox,z)(oxy ® Z).
On one hand we have

UX,Y@Z(xayaz) = ((/B X 'y)‘m‘x(y,z),x) = (,B‘w‘x(y),’}"w‘x(Z),fL’)
On the other hand,

(Y®0-X7Z)(O-X,Y ® Z)(2,y,2) = (Y ® O'X,Z)(,B‘I‘X(y),ﬂf,Z) = (/B\z\x(y)”ﬂﬂx(z)vx)’

and this concludes our proof. The other commutativity axiom is analogous. Therefore, the category
X (G) of crossed G sets is braided monoidal. It is easy to see that it is not symmetric.

2.2 Bialgebras

In a braided monoidal category, the tensor product of two algebra objects is an algebra object and
the tensor product of two coalgebra objects is a coalgebra.

Theorem 2.5. Let (C,®,1,0) be a (strict) braided monoidal category.
1. If A and B are two algebra objects in C then their tensor product A® B is also an algebra object.
2. If C and D are two coalgebra objects in C, then their tensor product is also a coalgebra object.

Proof. (1) Define in A ® B the multiplication and unit maps

paeB = (A ® pB)(A®op A ®B), Nag = N4 QNB.

First, due to the naturality of the braiding we have the following relations

opA(ps ® A) = (A® up)opep,a
and
0,A(B®pua) = (1a® B)op aga-

Let us verify the associativity

taes(Hags ® A® B) = pagp(a @ pp @ A® B)(A® op 4 ® B® A® DB)
(pa@pp)(A®opaA®@B)(pa®@pup®A® B)(A®opa®B® A® B)
(Aa®@pB)(pa® AR up® B)(A® A® 0pyp,aA®@ B)(A®opa®B® AR B)
(pa®@pup)(A@pua @B up)(A® A®opa® B® B)
(AR AR BRopa®@B)(A®opa® B A® B)
= (a®@uB) (AR ua@BRup)(A® A® opa® B ® B)
(ARopA®A®BRB)(ARB®A®opa® B)
(ha®up)(A® pa® B @ pp)(A® opagas ® BR B)(A® B® A®opa® B)
(pa@up)(A®opa®@BRup)(A®B®us®B®B)(AQRBR A®opa® B)
(A ®@pB)(A®opA®@B)(A®B® ua®@pup) (A BRA®opa® B)
= pagB(A® B® pagp)

For the axiom of unit we have

paeB(A® B ®nagn) = (ka @ up)(A® oA ® B)(A® BRns @np)

(Ha®pp)(A®nas® Bong) = (La(A®na)) ® (up(B @nB)))
= A®B

The other side is analogous. Therefore (A ® B, pasB,NAgp) i an algebra. O
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Proposition 2.6. Let (C,®,1,0) be a (strict) braided monoidal category and let (B, u,n, A, €) be an
object in C which is, simultaneously, an algebra object and a coalgebra object. Then the following
affirmatives are equivalent:

(a) The maps A and € are morphisms of algebras.
(b) The maps p and n are morphisms of coalgebras.
Proof. Consider the following diagram,

o

B®B B B®B
ARA U
B®o ®B
B®B®B®B 22 B®B®B®B

This diagram can be read in two alternative ways, either as

Aop=ppgpo(A®A), (2.1)
meaning that A is multiplicative, or as

Aop=(u®p)oApes, (2:2)

meaning that p is comultiplicative.

For the units and counits, let us recall that uy =1l =ry, A; = lI_1 = rI_I and n; = ¢; = I. We are
assuming that the monoidal category is strict, this implies that I; and r; can be viewed as identities.
Consider the following diagrams

Ar H

I— 2 o I®I B® B A
n nen e®e ;
B 2 .B®B ) L
I ! I
" f
B

The first can be read either as the map A is unital or as the map 7 is comultiplicative. The second
interchanges the roles of the multiplication map u as a counital map or the counit € as a multiplicative
map. The third puts in the same footing the unit and the counit, one preserving the other. Putting
all these informations together, we obtain the stated equivalence. O

Definition 2.7. A bialgebra in a monoidal category is an object B which is at the same time an
algebra object and a coalgebra object, and the comultiplication and counit maps are morphisms of
algebras.

Definition 2.8. A bialgebra morphism between two bialgebras A and B in a braided monoidal
category C is a morphism f € C(A, B) which is at the same time a morphism of algebras and a
morphism of coalgebras.
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Remark 2.9. In the category of k vector spaces, Vect,;,, we usually denote the multiplication map on

an algebra A as
M(Z a; @b;) = Z a;b;
i=1 i=1

and the unit map as n(A) = Ay, for A € k. In the category of sets we denote the multiplication on
an algebra object A (a monoid) by p(a,b) = ab and the unit n(x) = 1.

Example 2.10. In the category of sets, (Set, x,{*},7), every object is a coalgebra object with A
being the diagonal map and € being the unique morphism onto the singleton. The algebra objects are
the monoids. Due to the fact that the braiding in Set is the flip map, then the monoid structure on
the cartesian product of monoids is the direct product structure, that is, if M and N, the set M x N
is a monoid with multiplication (z,y)(z’,y") = (z2’,yy’) and unit 1 = (1,1). Therefore it is easy to
see that every monoid is a bialgebra in Set.

Example 2.11. In the category of crossed G sets, (X (G), X, {x},0), the algebra objects are monoids
X, such that the action of the group G is given by automorphisms of X and the map || : X — G
is also multiplicative with |1x| = e. The coalgebra objects, with the comultiplication given by the
diagonal map are the objects (X, a,||) such that |z| = e for all € X, this is because the map A
must be a morphism of crossed G sets between X and X x X, then |z|? = |(x,z)|2 = |z|. In this case,
X is automatically a bialgebra, indeed, let us verify that A is multiplicative

(X W Axxx(w,y) px p)(X xox x x X)(A x A)(z,y)

)(
px p)(X xox x x X)(x,z,y,9)
X p) (@, e (y), T, y)
)(
)(

pox (2, ae(y), 2, y)
px ) (T, y, w,y)

Ty, TY)

= Azy) = Ap(z,y)

(
(
(
(
(
(

Example 2.12. In the category of vector spaces over a field k, (Vect,, ®, k, 7). There are several well
known examples of bialgebras, some of them were already seen in these lecture notes as motivating
examples:

1. The group algebra kG of a group GG, with multiplication induced by the group, the unit being
the neutral element of the group, the comultiplication given by A(g) = g ® ¢ and counit ¢(g) = 1
for all g € G.

2. The algebra R(G) of representative functions of group G. Recalling that a functionf : G — k is
called representative if there is a representation 7 : G — GL(V') on a finite dimensional &k vector
space V', a vector v € V and a functional ¢ € V* such that f(g) = ¢(7(g)(v)) for all g € G. The
product of representative functions is done pointwise, then R(G) is commutative, and the unit
is the constant function 1(g) = 1, which is representative, because of the trivial representation
€ : G — kX given by €(g) = 1, in this case, v = ¢ = 1 € k. The comultiplication on a
representative function f is a function A(f) : G x G — k, defined by A(f)(g,h) = f(gh), for all
g,h € G, and the counit of f is given by €(f) = f(e), where e is the neutral element of the group
G. In order to show that A(f) € R(G) ® R(G), consider the finite dimensional representation
m: G — GL(V), the vector v € V and the functional ¢ € V* such that f(g) = ¢(w(g)(v)). Take
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{e;}™; a basis of V and {e'}?_, its dual basis in V*, then we have
A(f)(g:h) = flgh) = é(m(gh)(v)) = d(m(g)(m(h)(v)))
= Y o(g)ec' (n(h)(v) = D d(m(g)es)s (n(h)(v))
i=1

= > S
i=1

where the functions f/ and f/ are representative functions, given by f/(g) = ¢(mw(g)(e;)) and
fI'(g) = €'(n(g)(v)). Therefore A(f) =30, fl® fI' € R(G) ® R(G). 1t is straightforward to
show that the comultiplication and the counit are algebra morphisms.

. The dual of the group algebra (kG)* = k, for a finite group G, generated by the elements
{pg}tgec, with multiplication pgpp = &5 pg, unit 1 =3 pg, comultiplication given by A(pg) =
th:g Pr @ pg, and counit €(py) = dg. It is easy to see that these maps define a structure of a
bialgebra on (kG)*.

. The universal enveloping algebra U/(g) of a Lie algebra g. The comultiplication in U(g), calculated
on an element £ = X1.Xy ... X, with X; € g is given by

AE)=E@1+10E+ Y Xoq1) - Xoty) ® Xor1) - - Xo(n)s

O'ESnyk

where S, C S, is the set of (n,k) shuffles, that is, permutations of n elements such that
o(l) <---<o(k)and o(k+1) < --- < o(n). In particular, for { = X € g, we have A(X) =
X®14+1®X. We put also A(1) = 1 ® 1. The counit is given by €(1) = 1 and €(§) = 0
for £ = X;...X,,. It is straightforward to show that the comultiplication and the counit are
multiplicative.

. The divided power bialgebra D = {x,, |n € N} with algebra structure given by

m+n
TmTn = < m > Tm4n, 1D = X0,

and coalgebra structure given by
n
A(xn) = sz & Tp—i, 6((1,‘”) = On,0-
i=0

These structures define a bialgebra. Indeed, let us verify, for example that the comultiplication
is multiplicative

A(xm)A(wn) = (Z T; ® xm—i) Z Tj QD Tn—j
i=0 =0

1+ m+n—(t+7
- Z < i > Titj @ < m _(Z' ) > Lmtn—(i+j)
Z"j
(& k m+n—=k
k=0 i=0
m+n
m—+n
= < > T ® Tm+n—k

- s{(7 )
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2.3 Bialgebras and their category of modules

There is another useful characterization of bialgebras via their categories of modules. First let us study
in detail the case of bialgebras in the category of vector spaces over a field k. Let B be a k algebra,
its module category pM is a subcategory of Vect,. We define the forgetful functor U : pM — Vect,,
as the identity functor on objects and morphisms, but only keeping their underlying structure, that
is, every B module is a vector space and every morphism of B modules is a k linear map. Then, we
have the following result

Theorem 2.13. Let B be a k algebra, then B is a bialgebra over k if, and only if its category of
modules, pM is monoidal and the forgetful functor U : pM — Vecty, is a strict monoidal functor.

Proof. By saying that the forgetful functor is a strict monoidal functor, we mean that the tensor
product of B modules is given by the ordinary tensor product over k of their underlying vector spaces
and that the unit object in the category pM is nothing more than the base field k, which is the unit
object of Vect,,.

Suppose first that B is a bialgebra. Then there are two algebra morphisms A : B -+ B® B and
€ : B — k satisfying the coassociativity and counit axioms. Let M and N be two left B modules,
define on the tensor product M ® N the following B module structure:

BOIMN — M@N
a@men — a-(men)

given by a - (m ®n) = (ag) - m) ® (a(z) - n). One can show that this is indeed a B module structure
on M ® N,
Ig-(m®n)=(1g-m)®(1g-n)=mQen,

and

a-(b-(man)) = a-((ba) -m)® (beo)-

I
—~ o~
e

= ab-(m®n).
On the base field k, we have the following B module structure:

Bk — k
a®@X — a-A=c¢€(a)A

Again, it is easy to see that this is a B module structure, because
lp-A=¢€(lp)A =1 = A,

and
a-(b-A)=a-(e(b)A) = e(a)e(b)X = e(ab)\ = ab - A.

The associator map and the left and right unit maps are B module morphisms, indeed

a-(men)®p) = (ap) - (m®@n))®(ag)  p)
= (a@ya) -m) ® (aaye) 1) @ (a@)  p)
= (aq)-m)® (a@)q) 1) @ (a@)@e) P

)y m) @ (a@g) - (n®@p))



and

a-lpA®@m) = a-(Am)=XAa-m)
= Ae(a))a@) -m) = 6(60(1))>\( (2) " m)
= Ip((aq) - A) ® (ap)-m)) =Ilp(a- (A®@m)),

and analogously for the right unit map rp. Therefore, pM is a monoidal category and the forgetful
functor, which sees the underlying vector space structure, is monoidal and strict.

On the other hand, consider an algebra B such that its module category pM is monoidal and
the forgetful functor is monoidal and strict. As B is a left B module by the left multiplication, then
B ® B € gM, define the linear map

A: B - B®B
a — a-(1p®1p)

One can easily prove that this map is a coassociative map. Indeed, denoting a- (1p® 15) = ag ®a)
we have

aq) ® a@)n) ®aeye) = ) © (a@) - (1 @ 18))
= a-(Ip®(1p®1p))
= a - (1p®1p)® 1p)
= (aq) - (1p®1B)) ®a)
= a(l)( ) @ a1)(2) ®a(2)-

In order to verify the other properties, first, note that for any B modules M and N and elements
m € M and n € N we can define the maps p,, : B — M and p, : B — N given, respectively
by pm(a) = a-m and p,(a) = a - n, these maps are clearly morphisms of left B modules. By
the functoriality of the tensor product, we can see that, for any m € M and n € N, the map
(pm @ pp) : B B— M ® N given by (pm ® pp)(a®b) = a-m®b-n is a morphism of B modules as
well, then we can write

a-(m@n) = a-((pm @pn)(1p@1B)) = (pm @ pn)(a- (1 @ 1p))
= (pm @ pn)(a@) @ ag)) = (a) - m) @ (ag) - n).

With these facts, we can prove that A is an algebra morphism

A(a)Ad) = (aq) ®aw))(ba) ® b)) = a@)ba) ® a@)be)

Poiry (a(1)) Py (a(2)) = (Poy, ®Pb(2))(a(1) ® agg))

(Pby @ Py )(a- (1B @ 1B)) a- ((Po) ® poyy)(1p ®1B))
a- (b ®ba)=a- (b-(1p®1p))

= ab- (1B X 13) A( )

As k has a B module structure, define the linear map

e: B — &k
a — a-1

This defines a counit in B, indeed

(B®e)Ala) = aqpyelap)) =rplap) @ €(ag)))

re(aq) ® (a@) 1)) =re((p1; ® p1)(aq) @ a@))
ra((p1p @ p1)(a-(1p®1p))) =rpa- (1p ®1))
= a-rg(lp®1l)=a-1p =alp =a,
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and a similar proof for (e ® B)A(a) = a. Finally, the counit is also multiplicative,
e(ab)=ab-1=a-(b-1)=a- (e(b)) = e(a)e(b).
Therefore, B has a structure of a bialgebra over k. O

For the case of a general braided monoidal category we have a similar result, which we will state
without proof in these notes.

Theorem 2.14. Let (C,®,1,0) be a (strict) braided monoidal category and let (B,up,np) be an
algebra object in this category. Suppose that I is a generator of C and that the functors X ® and
_® X preserve epimorphisms and coproducts for all X € C. Then there is a bijective correspondence
between

- Monoidal structures on the module category pM such that the forgetful functor U : pM — C is
a strict monoidal functor.

- Bialgebra structures (B, ug,np,Ap,€ep) on B.

Everything which has been done so far can be made if we consider the category of right B modules
instead of the category of left B modules. There is yet another variation of the same result if we start
with a coalgebra object B on a braided monoidal category and demand that its category of left or
right comodules should be a monoidal category the forgetful functor is strict monoidal. Then we have
also a bialgebra

2.4 Hopf Algebras

In this section we will present all the constructions in the category Vect,, of vector spaces over a field
k. Let (C,A,€) be a coalgebra and (A, u,n) be an algebra. Then the vector space Homy(C, A) of k
linear transformations from C to A has a structure of an associative algebra, namely the convolution
algebra, with product given by

frg=po(f®@g)oA
and unit given by
1=noe
If H is a bialgebra, then the vector space Endg(H) is a convolution algebra, because H is at the same

time an algebra and a coalgebra.

Definition 2.15. A bialgebra H is a Hopf algebra if the identity map is invertible in the convolution
algebra Endy(H).

Let H be a Hopf algebra and let us denote by S the inverse by convolution of the identity map.
This map is called the antipode, and the fact that S is the convolution inverse of the identity can be
written explicitly as

po(S@H)oA=noe=po(H®S)oA,

or in the Sweedler notation, for h € H,

Example 2.16. The examples of bialgebras, presented in the previous chapter are also examples of
Hopf algebras:

1. The group algebra kG of a group G. The antipode is given by S(g) = g~
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2. The algebra R(G) of representative functions of group G. The antipode of a representative
function f is given by S(f)(g) = f(¢g~'). This new function is representative because of the
contragradient representation. More explicitly, given a finite dimensional representation 7 :
G — GL(V), a vector v € V and a functional ¢ € V* such that f(g) = ¢(7(g)(v)), we consider
the contragradient representation 7* : G — GL(V*) defined as (7*(g)(¢))(v) = ¢(m(g~1)(v)),
for any ¢ € V* and v € V. Then we have

Sf(g) = flg™") = (n(g™)(v)) = (7*(9)()(v) = evy(7*(9)(9)).

3. The dual of the group algebra (kG)* = kG, for a finite group G, in this case, the antipode is
given by S(pg) = pg-1.

4. The universal enveloping algebra U(g) of a Lie algebra g, in this algebra, the antipode is given
by S(1) =1, 5(X;...X,,) = (-1)"X,,... X1.

5. The divided power bialgebra D = {xz,|n € N}, in this case, the antipode has to be derived
recursively using the antipode axiom:

Z S(xz)mn—z = 5n,O = 5n,0m0'
1=0

Then we have S(1) = S(zg) = z¢ and

n—1

S(xp) = S(xp)xo = — Z S(xi)xn—;.
i=0

Example 2.17. In the category Set, we can also define Hopf algebra objects, which are nothing more
than groups.

There are some important properties of the antipode which are useful in calculations.
Theorem 2.18. Let (H,u,n,A,€,S) a Hopf algebra then
(a) S(hk) = S(k)S(h), for all h,k € H.
(b) A(S(h)) = (S® S)TA(h), for all h € H, where T is the flip morphism.
(¢) S(1yg) =1x.
(d) e(S(h)) =e€(h), for allh € H

Proof. (a) Consider the vector space A = Homy(H ® H, H) as H ® H has a structure of coalgebra and
H is also an algebra, then A is a convolution algebra. Define two maps Fi, Fy : H ® H — H given by

Fi(h® k)= S(hk), Fy(h®k)=S(k)S(h).
Let us show that both are the convolution inverse of the multiplication, on one hand we have

prFi(h@k) = plha ®kaq)Fi(he ®kg) = hayka)S(heke)
= (k) S((hk) @) = e(hk) Ly = e(h)e(k) L.

On the other hand

Fxph@k) = Fa(ha) ®ka))plhie) @kag)) = S(ka))S(ha))he ke
= S(k@y)e(h)k@y = e(h)S(ka))k)
e(h)e(k)1ly.
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By the uniqueness of the inverse, we have that F; = F5 and this implies that S(hk) = S(k)S(h).

(b) Consider now the convolution algebra B = Homy(H, H® H) and two maps G1,G2 : H - HQH
given by

Gi(h) = A(S(h)) = S(h)(l) & S(h)(g), Ga(h) = (S® S)TA(h) = S(h(g)) ® S(h(l))

Again, the idea is to show that both maps are the convolution inverse of the comultiplication, indeed,
on one hand we have

GixA(h) = G1(h(1))A( 2)) = (S(hay) ) @ S(hay) @) (he)a) @ haye)
= S(hay)mheo @ Shay)ehee = (S(ha)he)a @ (S(hay)he)) @
= A(S(h) )h(2 ) A(e(h)lg) = e(h)(1g ® 1H).

On the other hand

AxGa(h) = A(h))Ga(h) = (ha) ® h@))(S(hu) @ S(hes)))
= ha)S(hu)) ® he)S(ha)) = ha)S(ha) @ e(he)1n
= huS(hw) ®1g = e(h)(1g ® 1g).

Therefore G = G2 which implies the equality S(h)) ® S(h) @) = S(h(2)) @ S(h))-

(c) Consider h € H, then

S(g)h = Su)e(ha))he) = SLa)S(ha))hz he)
= Shay))hehe) = e(ha)he) = h.

Analogously, one can show that hS(1g) = h for all h € H, then by the uniqueness of the unit, we
have S(1y) = 1x.

(d) Finally, consider h € H, then
e(S(hay))he = G(S(h(l)))f(h(z))h(:a) e(S(hay)h

With similar calculations, one can prove that h(1)e(S(h(2))) = h, then by the uniqueness of the counit,
we conclude that e(S(h) = e(h) for all h € H. O

2))h(3)

Remark 2.19. Most of the results valid for bialgebras are automatically satisfied if these bialgebras
are Hopf algebras. An example of this fact is that any morphism of bialgebras are automatically
morphisms of Hopf algebras. More explicitly, if H and K are two Hopf algebras and f: H — K is a
bialgebra morphism, then f o Sy = Sk o f. We leave to the reader the proof of this fact.

2.5 Representation theoretic characterizations of Hopf algebras

2.5.1 Hopf algebras and rigid monoidal categories

Hopf algebras can be also characterized by properties of their categories of modules. Given a Hopf
algebra (H, p,n, A, €), and a finite dimensional H module M, then it is easy to see that the dual vector
space M* = Homy (M, k) is also an H module by the action

HeM* — M*
h®@¢p +— h-¢
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given by
(h-)(m) =¢(S(h) -m)

Proposition 2.20. Let H be a k Hopf algebra and M be a finite dimensional H module. Then the
two maps, ev: M* Q@ M — k and coev: k — M ® M*, given respectively as,

ev(p @m) = ¢(m) and coev(l) = Zmz ®m],

where {m;}'_| is a k basis on M and {m}}_, is its dual basis in M*, are H module morphisms.

Proof. Consider m € M, ¢ € M* and h € H, then

ev(h-(p@m)) = ev((hg) @)@ (hgy-m)) = (hq)-d)(hz) -m))
= ¢(S(hq)) - (heay -m)) = ¢(S(ha))h) - m)
= ¢(e(h)m) = e(h)p(m) = h - eV(¢ ®m),

which means that ev is an H module morphism. For the coevalutation consider h € H, then

h-coev(l) =h- Zml Q@m; = Z(h(l) -m;) @ (ha) -my)

=1

This element of M ® M* can be interpreted as a k linear endomorphism in M, then applying on
m € M we have

n n

(h-coev(1))(m) = > (hay-mq)(he) -mi)(m) =Y (hay mi)m;(S(he)) - m)

i=1 =1
= hay - (S(hg)) -m)=ha)S(hg)) -m

= ¢€(h)m = ¢€(h) Zmzm m
=1

= e(h)coev(l)(m)_: coev(e(h)1)(m)
= coev(h-1)(m).

Then, coev is an H module morphism. O

Given a Hopf algebra H, the category of finite dimensional H modules g Mf C Vect£ is an example
of a rigid monoidal category.

Definition 2.21. An object M in a monoidal category (C,®,I) is called left rigid if there is an object
M* € C and two morphisms ev : M* ® M — I and coev : I — M ® M* such that the following
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diagrams commute

M M M
I ™
IToM MaI
coeve M Meev

(Mo M*)o M = M (M*® M)

M M* M
7”1741* Y&
M*®I1 IR M*
M*®coev eV M*

M*@ (M@ M*) —9%" ~ (M* @ M) ® M*

A right rigid object can be defined in a symmetric way. An object is called rigid if it is both left and
right rigid. A monoidal category C is said to be left (resp. right) rigid if every object in C is left (resp.
right) rigid. Finally C is rigid if every object in C is rigid.

Remark 2.22. Note that if a monoidal category is braided, then an object is left rigid if, and only
if it is right rigid. Then if a monoidal category is braided and left or right rigid, it is automatically
rigid.

In fact there is a deeper connection between Hopf algebras and rigid monoidal categories, as stated
by the Tannaka reconstruction theorem.
Theorem 2.23. There is a bijective correspondence between the following objects:

(i) Hopf algebras over a field k.

(ii) Rigid monoidal categories C together with a strict monoidal functor U : C — Vect£ , that preserves
duals.

Under this correspondence, the category C is equivalent to the category gy M! of finite dimensional H
modules and U is the usual forgetful functor.

2.5.2 The fundamental theorem for Hopf algebras

Given a k bialgebra H, one can have H modules and H comodules as well. There are cases in which
the same vector space can have both structures, of module and comodule. Then it is interesting to
investigate when these structures of H module and H comodule are compatible, these objects are
know as Hopf modules.
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Definition 2.24. Given a k bialgebra H, a right-right H Hopf module is a vector space M which is
both a right H module, with action

M@H — H
mh — m-h

and a right H comodule, with coaction

p: M — M®H
m — p(m)=m® @mm

satisfying the following compatibility condition:
p(m-h) = m© . h) ® m(l)h(g).

A morphism between two right-right H Hopf modules M and N is a linear map f : M — N which is
at the same time a right H module and a right H comodule morphism. The category of right-right
H Hopf modules will be denoted by Mg

Remark 2.25. Note that the compatibility condition for right-right H Hopf modules is equivalent to
say that the coaction p is a morphism of right H modules, considering the right H module structure
on M ® H as the standard structure on the tensor product, (m @ h) - k =m - k() ® hk).

Obviously one can define left-left, left-right and right-left H Hopf modules, whose categories are,
respectively, denoted as, gM, aMH and H My, We are moving towards a characterization of Hopf
algebras in terms of Hopf modules. For this purpose, we need to introduce another ingredient, the
co-invariant sobcomodule.

Definition 2.26. Given a k bialgebra H and a right H comodule M the co-invariant subcomodule
MC°H is the subspace M °H = Ker(p — M & ny), that is, it is the subspace

MCEH = {m e M|p(m) =m® 1y}
Lemma 2.27. There is an adjoint pair of functors

QH

o H
Vecty, e My

between the category of k vector spaces and the category of right-right H Hopf modules. Moreover the
functor _® H is fully faithful.

Proof. We leave to the reader the verification of the functoriality of ())“°#. The image of the functor
_® H really is the category of right-right H Hopf modules (Hopf modules, for short). Indeed, given a k
vector space M, the right H module structure on M ® H is by right multiplication, (m®h)-k = m®hk.
The right H comodule structure on M ® H is given by p = M ®A. And given any linear transformation
f: M — N, the linear map f® H is clearly a morphism of Hopf modules between M ® H and N ® H.

In order to prove that these two functors form an adjunction, one needs to construct a unit and a
counit for them. Define, for each vector space M, the linear map

vi: M — (M ® H)CoH
m — m®ly

Also define, for each N € M the linear map

(v: N°HoH — N
m.

m® h —> h
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The linear map (x is a morphism of Hopf modules. Indeed
(N(m®@h) k) =Cu(m@hk)=m-hk=(m-h) -k=_y(meh)- k.
and

p(Cu(m®@h)) = p(m-h)=(m? hq)@mWhe = (m-ha) @ he)
= CM(m®h( ))®h(2 (¢ @ H)p(m @ h).

We leave to the reader the verification that v and ¢ are natural (see definition [AJ] in Appendix
A). In order to see that this pair of functors define an adjunction, that is, the natural transformation
v is a unit and the natural transformation ( is a counit, we need to check whether these maps satisfy
the commutative diagrams in the definition [AL7] that is, for any M € Vect,, one needs to prove that
Cvoro(v® H) =M ® H and for any N € M one needs to prove that ({n)“°H o vycon = NCOH.
for the first identity take an element m ® h € M ® H then

(Moo (V@ H)(m®h) =CQuep(m®@1g @ h(m @ 1g)-h=m® h.
For the second identity, take n € N¢°H | then
()" ovycon(n) = (V)P (n@1y) =n 1y =n.

Then, we have an adjunction.

The last claim of this lemma is that the functor _® H is fully faithful, for this, according to the
proposition we need only to check that the unit v is a natural isomorphism, that is, for any
vector space IV, the linear map vy is an isomorphism. Define the linear map

vy (M@ H)H - M
m® h —  me(h)

Then, taking m € M, we have
vy ovy(m) =vy(m®1y) = me(ly) = m,
and for an element >_7 , m; ® h; € (M ® H)C°H
n
VMOEM(ZmZ-@Jh ZI/M mie(h;) Zmz®e 1y.
i=1
At first sight these two maps doesn’t seem to be mutually inverse, but note that if Y ;" m; ® h; €

(M ® H)C°H  then
D mi @ (hi) ) @ (hi) ) = D mi @ h; @ Ly
i1 i=1

Applying M ® € ® H on both sides of this identity we have

> mi @ e((hi)ay) (hi) @) = Y mi @ e(hi)lu
=1 i=1

Therefore .
Zmi®h Zmz®€ ),
i=1
which proves that 7y is the inverse of vy;. This concludes the proof. ]
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Lemma 2.28. Given a k bialgebra H, consider in H ® H the left Hmodule structure given by the left
multiplication h- (k®1) = hk®1, and the right H comodule structure given by p = H® A. Then there
18 an anti isomorphism of algebras between the algebra HHomH(H®H, H® H), with the multiplication
by composition, and the algebra Homy(H, H) with multiplication by convolution.

Proof. For any F € gHom (H ® H,H ® H) define the linear map F:H—H by
F(h) = (H®e)F(1®h)
And for any f € Homy(H, H) define the linear map f: H®H — H® H given by
Fh@k) =hf(kay) @ k).

We leave to the reader the verification that f is indeed a morphism of left H module and right H
comodule in H ® H. Then we can define two maps

(): gHom™(H ® H,H® H) — Homy(H,H)
F — F

and

(): Homy(H,H) — pHom®(H ® H,H® H)
f = f
We leave to the reader the detail that these maps are k linear. To prove that they are mutually inverse,
consider a linear map f € Homy(H, H) and an element h € H then

~

()= (H®e)f(ly ®h) = (H @ e)(f(hay) ® hay) = f(hay)e(hg) = f(h).

In its turn, consider a morphism F' € HHomH(H ® H,H ® H) and an element h ® k € H ® H, then

F\(h ®k) = hl:—'\(k(l)) ® k) = h((H @ €)F(1® k1)) @ k)

(H © 6)(h- F(L k) © kisy = ((H @ R (h @ k) @ ks
H®€®H)(F(h®k‘(1)®k‘(2))

Hoex H)(FH)(H®A)(h®K)
HeeH)(H®A)F(h®k)=F(h®k).

~~ I~ —~

Therefore, these maps are mutually inverse.

It remains only to verify that these maps are anti multiplicative, but as they are mutually inverse,
one needs only to check one of them, let us verify for the map~, consider f,g € Homy(H, H) and
h® ke H® H, then

Frathek) = h(f*g)ka) @ k@) = hfka)g(ke) @ ke
= g(hf(kw) @ ke)) =go f(h@k).
Therefore we have the anti-isomorphism. O

Now we have the needed ingredients to prove the fundamental theorem which characterizes a Hopf
algebra by its category of Hopf modules.

Theorem 2.29. (Fundamental Theorem of Hopf Algebras) Let H be a bialgebra over k, then the
following statements are equivalent:

(i) H is a Hopf algebra.
(ii) The functor ()°°H is fully faithful.
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(iii) The functor _® H is an equivalence of categories.
(iv) The canonical map can: H® H — H ® H, defined as can(h ® k) = hk(1) ® k), is bijective.

Proof. (i)=(ii) According to the proposition in Appendix A, in order to prove that the functor
()¢ is fully faithful, one needs only to show that the counit ¢ defined in the lemma, is a natural
isomorphism. Now we use the fact that H is a Hopf algebra, then we use the antipode S to produce
a candidate of inverse of (. Define, for any M € Mg, the linear map

vt M — MoH
m — (m®.SmM))em?

The image of ZM lies, in fact, in the subspace M“°H @ H, indeed, applying (pys @ H) on Z M (m) we
have

(par @ H)(Cur(m)) = pM®H)(( ( )) @)

S(m )) WS (m ) m
m® - S(m?)) @ ( D)1y ®m(3)
m©@ . S(mM)) @15y @ m®.,

(
(m
(
(

Consider m € M, then
GroGulm) = Gu((m® - Sem)) @m®) = (n® - S(mM)) - m
m© . S(mMm® = mOe(mM) = m.
Now take m ® h € MY°H @ H, then
CuoCu(m®h) = Cu(m-h)=((m-h)O-S((m- D) @m-n>
= (M hay) - S(mWh) @ mPh,
= ((m-hqa))-S(h2)) @ ey = (m-ha)S(he))) ® h)
= m® e(hq))he =me h.

Then (yy is an isomorphism, and this leads us to conclude that ()¢ is fully faithful.
(ii)=(iii) As the functor _® H is fully faithful as proved in lemma and by hypothesis the

functor (_)C"H is fully falthful, the we have by the proposition [A.12| that this is an equivalence of
categories.

(iii)=(iv) Consider on the vector space H ® H with right H module structure given by (h® k) -l =
hly ® kly and right H comodule structure p = (H ® A). It is straightforward to show that H @ H
with these structures is a Hopf module. We claim that the canonical morphism, can: HQ H - HQ H
equals to (gem © (vg ® H), indeed consider an element h ® k € H ® H then

Cugpo(vu @ H)(h®k)=Cuea(h®@1lg®@k)=(h®1y) k= hk‘(l) ®k‘(2) =can(h ® k).

As we have by hypothesis an equivalence of categories, this implies that both the unit vz and the
counit (ggpy are isomorphisms, therefore the map can is an isomorphism.

(iv)=(i) Note that can is a morphism of left H module and of right H comodule in H® H according
to the structures defined in the lemma 228 also we have that the map (/3 associates the canonical
map can to the identity map in H, indeed

can(h) = (H ® e)can(1 @ h) = (H ® €)(hq) @ h(g)) = haye(h)) = h.

Then if can is bijective, it is invertible, this means that the identity map in H is invertible by
convolution, that is, there exists an antipode which makes H into a Hopf algebra. O

Remark 2.30. The item (iv) in the fundamental theorem says that a Hopf algebra is a Hopf Galois
extension of the base field k, that is H is a Hopf Galois object in the category Vect,. In fact, the
fundamental theorem can be proved in any braided monoidal category in which there are equalizers.
The equalizers are needed in order to define the coinvariant subcomodules.
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2.5.3 Internal Homs and Hopf algebras

Definition 2.31. A monoidal category (C,®,I) is said to be closed if for any object M € C there
exists a right adjoint [M,_] for the functor _ ® M. These functors [M,_] are called internal homs in
C.

Proposition 2.32. Let (H,u,n,A,€,5) be a k Hopf algebra, then the category gM is closed and the
internal hom associated to M € g M is the functor Homy (M, _).

Proof. Let M, N € g M, then one can put a left H module structure on Homy (M, N) by
(h- f)(m) = hq) - f(S(he) -m).
Indeed, take h,k € H, f : M — N and m € M, then

(h- (k- f))(m) hay - (k- f)(S(hg)) -m) = hay - (kqy - f(S(k@) - (S(hg)) - m)))
= haykq) - f(S(k@))S(he@)) -m) = (hk)qy - f(S((hk)@2) -m)
= (hk- f)(m).

Consider M, N, P € g M. By the Hom-tensor relation in the category of k vector spaces, we have
an isomorphism of k£ vector spaces

~ :Homy(M ® N,P) — Homy(M,Homy (N, P))
F — F

given by (ﬁ(m))(n) = F(m ®n). We need only to check that this is a morphism of left H modules,
indeed, for F' € Homy(M @ N,P), m € M, n € N and h € H, we have

—

(R-F)m)(n) = (h-F)men) =hy - F(S(h)

This concludes the proof. O

Definition 2.33. Let C and D be two closed monoidal categories. Let F' : C — D be a monoidal
functor and for any M, N € C let

Cun : F(C(M,N)) — D(F(M), F(N))
be the unique morphism such that the diagram

Cv, NQF (M)

F(C(M,N))® F(M) D(F(M),F(N))® F(M)

IR

€F(M),F(N)

F(C(M,N)® M) F(N)

F(En,N)
commutes, where ey n : C(M, N) ® M — N is given by the evaluation ej n(f ® m) = f(m). We say
that F' preserves internal homs if (ys n is an isomorphism for all M, N € C.

If H is a k Hopf algebra, it is easy to see that the forgetful functor U : gy M — Vect, preserves
internal homs. On the other hand, if we have a bialgebra H such that the forgetful functor U preserves
internal homs, then one can prove that H is a Hopf algebra.This last theorem we will state without
proof and it shows another characterization of Hopf algebras by means of internal homs.
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Theorem 2.34. Let H be a bialgebra, then the following statements are equivalent:
1. The category gM 1is closed and the forgetful functor U : gM — Vect, preserves internal homs.
2. The canonical map can: H ® H — H @ H given by can(h ® k) = h(1y ® hg)k is bijective.

The bijectivity of this left version of the canonical map introduced in the preceding section is also
equivalent to the fact that H is a Hopf algebra. Therefore one can see Hopf algebras as bialgebras
whose category admit internal homs compatible with the internal homs in the category of vector space.
This theorem also can be generalized for bialgebras in a braided monoidal category as well.
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Chapter 3

Contructions over a Noncommutative
Base

3.1 R-rings and R-corings

Throughout this chapter we will consider the category of bimodules over a not necessarily commutative,
unital algebra R over a commutative ring k, denoted by rMpg. This category is monoidal with tensor
product over R and which the unit object is also R. By the monoidality of (rRMp, ®g, R) one can
talk about its algebra objects and coalgebra objects, the R rings and R corings.

Definition 3.1. For an algebra R over a commutative ring k, an R-ring is an algebra object in the
monoidal category (rRMRp, ®pr, R), that is, it is a triple (A, u,n), such that A is an R bimodule and
w:A®rA— Aand n: R — A are R bimodule maps satisfying the associativity and unit conditions.

A morphism of R rings f : (4,u,n) — (A, 1/,n') is an R bimodule map f : A — A’ such that
po(f@rf)=fopand fon=r.

A left A module is a pair (M, ) where M is an R bimodule and - : A®g M — M is an R bimodule
map satisfying the conditions 14 - m = m, for all m € M and a - (b-m) = ab-m for all a,b € A and
mée M.

A morphism of left A modules f : (M,-) — (N,e) is an R bimodule morphism f : M — N such
that f(a-m)=ae f(m) for all a € A and m € M.

If (A, u,m) is an R ring, then it is a k algebra. The left/right multiplication of elements of k by
elements of A is given by k-a = (klg) -a =a- (klg) = a - k, the multiplication m : A ®; A — A can
be obtained from the composition p/ = g oIl where IT : A®, A —+ A®pg A is the canonical projection.
The unit is given by the composition 17’ = nou where u : k — R is the unit of R as a k algebra. It
is easy to see that the maps p/ and 1’ are k linear, then (A, ', n') is a k algebra. There is a basic
characterization of R rings considering its underlying k algebra structure.

Proposition 3.2. There is a bijective correspondence between R rings (A, u,n) and k algebra mor-
phisms n: R — A.

Proof. Consider (A, u,n) an R ring and the underlying k algebra structure presented in the preceding
paragraph. One needs only to show that p : R — A is a morphism of k algebras. It is clear that this
map is k linear, in order to show that n is multiplicative, take r, s € R, then

n(rs) = n(rlgs)=r-n(lg)-s=r-1a-s
(T'lA)~S: ((T~1A)1A)'8= (T'lA)(lA'S)
(r-n(1gr))(n(1r) - s) = n(r)n(s).
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Conversely, suppose that n : R — A is a k algebra morphism. In particular it is an R bimodule
morphism. We can endow A and A ®; A with R bimodule structures given, respectively by r-a - s =
n(r)an(s) and r-(a®b)-s = n(r)a®bn(s). One can easily show that the multiplication m : ARy A — A
is an R bimodule map. Then one needs only to construct a multiplication map y: A®r A — A which
is an R bimodule morphism. Using the morphism 7 construct two maps f,¢g: A®r RQr A - ARy A,
given by

fla@r®b) =an(r)®b, gla®r®b)=a®mn(r)b.

It is easy to see that these two maps are R bimodule maps. The R balanced tensor product is the
coequalizer

/
A®kR®kA?A®kA—>A®RA

By the associativity of the multiplication m : A ®; A — A, one can obtain that
mo fla®@r®b)=mlan(r) ®b) = (an(r))b = a(n(r)b) = m(a @ n(r)b) =moglg@rb).

Then, by the universal property of the coequalizer, there exists a unique R bimodule map p: AQrA —
A commuting the diagram

f
Xlu
A

We leave to the reader the verification of the associativity of u. O

Proposition 3.3. Given an R-ring (A, p,n) it is possible to lift the left reqgular R module structure
on R to a left A module structure if, and only if, there exists a k module map x : A — R satisfying
the following properties

(i) x(n(r)a) =rx(a), fora € A and r € R.
(ii) x(a(n o x)(b)) = x(ab), for a,b € A.
(i) x(1a) = 1g.
The map x obeying these properties is called a left character on the R ring (A, u,n).
Proof. First consider x : A — R satisfying (i), (ii) and (iii). Define the left A module structure on R
by a-r = x(an(r)), then we have
La-r=x(1an(r)) = x(n(r)la) = rx(1a) = r,
and
a-(b-r) = a-x(bn(r)) = x(an(x(®n(r))))
= x(abn(r)) =ab-r.

Therefore, R is a left A module.
On the other hand, if R is a left A module define xy : A — R by x(a) = a - 1. If this A module
structure lifts the usual left regular R module structure on R, then 7n(r) - s = rs. Then, we have

x(n(r)a) =n(rja-1r =n(r)-(a-1r) =n(r) - x(a) = rx(a).

and
x(an(x(®))) = an(x(®))-1r =a- (n(x(d)) - 1r)
= a-x(b)=a-(b-1g) =ab-1r = x(ab).
Finally, x(14) = 14 - 1g = 1i. Therefore, the map y is a left character of the R ring (A, p,n). ]
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Definition 3.4. Given an R ring (A, pu,n) with a left character x : A — R and a left A module M
the submodule of invariants of M with respect to the character x is the & submodule

M, ={meM|a-m=n(x(a)) m, Va e A}.

Proposition 3.5. (1) Given an R ring (A, pu,n) with a left character x : A — R and a left A module
M, we have the isomorphism of k bimodules

¢: My, — aHom(R,M)
m o g(m)

given by ¢(m)(r) = n(r) - m.
(2) In particular, for the left A module R, we have the subalgebra of invariants of R

Ry = {r € Rlx(an(r)) = x(a)r Va € A}.

Proof. (1) First, one needs to check that ¢(m) : R — M is a left A module morphism for any m € M, .
Indeed, consider a € A and r € R, then

p(m)(a-r) = nla-r)-m=mn(x(an(r))) m

= an(r)-m=a-(n(r)-m) ¢(m)(r).

It is easy to see that ¢ is a morphism of & bimodules. Let m € Ker(¢), then
0=0¢(m)(1r) =n(lg) -m=14-m =m,
then the map ¢ is a monomorphism. Finally consider f € sHom(R, M), define m = f(1g) then
¢(m)(r) =n(r)-m=n(r)- f(r) = f(n(r) - 1r) = f(r),

then ¢ is an epimorphism.
(2) Let r € R, we have x(an(r)) = x(a)r, if, and only if

a-r=x(a)r=n(x(a))-r
which means that a € R, if and only if it satisfies the identity x(an(r)) = x(a)r, for all a € A. O
Definition 3.6. An R ring (A, i, n) is said to be a Galois R ring if the canonical map

can: A — g End(R)
a = (r—x(an(r))

is bijective.
Dual to the notion of an R ring, there is the notion of an R coring.

Definition 3.7. For an algebra R over a commutative ring k, and R-coring is a coalgebra object in
the monoidal category (rMpg,®g, R), that is, it is a triple (C, A, €), such that C' is an R bimodule
and A:C — C®rC and € : C — R are R bimodule maps satisfying the coassociativity and counit
conditions.

A morphism of R corings f : (C,A,e) — (C',A’,¢) is an R bimodule map f : C — C’ such that
(forfloA=Aofand o f=c¢.

A right C comodule is a pair (M, p), where M is a right R module and p : M — M ®r C' is a right
R module map satisfying (p @r C)op= (M Q@rA)opand (M Qre)op= M.

A morphism of right C' comodules f : (M, p) — (N, p’) is a morphism of right R modules f : M —
N such that p' o f = (f ®g C) o p. The category of right C' comodules is denoted by M.
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In the theory of comodules, we use Sweedler notation for corings as well. Then for an R coring
(C, A, €) we write for any ¢ € C, A(c) = ¢(1) @R ¢(2)- The counit axiom reads

ey - ele) = = eleq) - €

Example 3.8. The ring R is itself an R coring with the canonical isomorphisms A = l§1 :R — R®RrR
ande=R: R — R.

Example 3.9. Let P be a right R module which is finitely generated and projective. Let S =
Endg(P), then P is a left S module. Let P* = Homp(P, R) be the dual left R module associated to
P, it is easy to see that P* is a right S module. Let{e;} ; C P and {et *, € P* be a dual basis for
P. Then C = P* ®g P is an R coring, with comultiplication given by

n
Alp®sp) =Y ¢ @se; Ore Qg p,
=1

and counit

(¢ ®sp) = ¢(p).

We leave to the reader the verification of the axioms of coassociativity and counit.

Example 3.10. Let ¢ : R — S be an algebra extension, in particular, S inherits the structure of an
R bimodules by r - a - 7" = ¢(r)ap(r’). Then C = S ®r S has an S coring defined by

Ala®@pb) =a®pls®s1ls®rb, €(a®rb)=ab.

We leave to the reader the details for the verification of the axioms. This is the canonical coring or
the Sweedler coring associated to the extension ¢.

Example 3.11. An algebra extension ¢ : R — S is said to be Frobenius if there exists and element
e= E?:l a; Qr b; € S ®, S and an R bimodules map F : S — R such that for any a € S we have

a:ZE(aai)-bi :Zai-E(bia). (3.1)
i=1 i=1

It is easy to show that for a Frobenius extension, the identity (3.I]) is independent of the representative
for the element e in S ®gr S. It is also possible to show that for any a € S we have ae = ea, that is

n n
Zaai Qrb; = Zai Qg b;a.
i=1 i=1
Given a Frobenius extension ¢ : R — S one can make S into an R coring with structure given by
A(a) =ea =ae, ¢€(a) = E(a).
Again, the details are left to the reader.

Proposition 3.12. A structure of (left or right) R module of R extends to a structure of an (left or
right) comodule over an R coring (C, A, €) if, and only if there exists an element g € C' such that

(i) A(g) =g ®rg-
(ii) €(g) = 1r.

Such an element satisfying the previous conditions is called a grouplike element in C'.
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Proof. Let us do everything for the right case, the left case is analogous. First, suppose that there is
a right C' comodule structure p: R - R®pr C = C. Define g = p(1g), then

A(g) = (R®rA)(1r®prg) = (R®rA)p(1r)
= (parC)p(1R) = (p@r C) (1R ®r 9) = g DR g,

and
€(9) = (R®re)(lr ®rg) = (R®r€)p(1r) = 1R

On the other hand, suppose that there exists a grouplike element g € C' then define the map
p:R— RrC =C by p(r)=g-r,itis a right R module map. Moreover

(p@rC)p(r) = (pRRC)1r®R(g 7)) = (9 -1r)®r(g-7)
(9®rg)-r=A(g) - r=A(g"r)
(ROrA)(1r®rg-7) = (R®r A)p(r),

and
(Ropre)p(r) =(Rore)(lrR®r (g 7)) =¢c(g-7) =€(g)r =1

Therefore, p is a right C' comodule structure on R. O

Definition 3.13. Let (C,A,¢€) be an R coring with grouplike element g € C and M € M. The
coinvariant comodulewith respect to g is the R submodule

M9 ={me M|p(m)=m®Qgg}.

Proposition 3.14. Let (C,A,¢) be an R coring with grouplike element g € C' and M € M. Then
M9 = Hom® (R, M) as k modules. In particular the coinvariant subcomodules of R, B = R9 = {r €
R|lr-g=g-r}.

Proof. Define the k linear map
¢: M9 — Homy(R,M)
m. = P(m)

given by ¢(m)(r) = m - r. First, note that for any m € MY, the map ¢(m) is a morphism of right C
comodules. Indeed,

pm(p(m)(r)) = pu(m-r)=pyu(m) -r=merg)- r
= m®p(g-r)=(m-1g) ®r(g-7)
= ¢(m)(1r) ®@r(9-7) = (¢(m) ®r C)(1r ®r (9 1))
= (¢(m) ®r C)pr(r).

Then the image of the map ¢ is in HomC(R, M). For the inverse, define

¢: Hom®R,M) — M
f = Y(f) = f(1r)

For any f € Hom® (R, M) we have that f(1z) € MY, indeed

pm(f(1r)) = (f®rC)pr(1r) = (f ®r C)(1r ®Rr (9 1R))
= f(lr)®ryg

Then the image of the map v is in MY9. They are mutually inverse:

P(p(m)) = ¢(m)(1r) = m-1g =m,
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and
o(W(f)(r) =o(f)-r=f(Ar)-r=f(lrr) = f(r).
Therefore, we have the isomorphism.
Now, for the right C' comodule R, take r € RY then
lp®@g-1=pr(r)=r®@rg=1pQr7 g
on the other hand, if r- g = g - r then pr(r) =r ®g g. O

Proposition 3.15. Let (C,A,€) be an R coring with grouplike element g € C and M € MC. Then,
denoting M9 € Mpgg. Moreover there is an adjunction

Qro R
Mpe ————= MC¢
(O

Considering the right C' comodule structure on M @r R given by (M Qg pRr).

Proof. Let m € M9 and r € r®, then

pm(m-r) = py(m)-r=(m®erg)-r
= mQgr(g-r)=m®ag(r-m)
= (m-r)®rg.

Then m - r € MY. Tt is not difficult to see that ()9 is a functor. Then we need only to prove that
this pair of functors form an adjunction by constructing the unit and the counit of this adjunction.
Define, for each M € Mgy the map

vmg: M — (M®pgR)Y

and for each N € M the map
CN: Ng®RR — N
nyr = n-r

We leave to the reader the verification that both v and { are natural transformations. Let us verify
the commutativity of the diagrams in the definition [AJ7l Take first M € Mgq, and elements m € M
and r € R, then

(w@rR)o (v @r R)(m@p 1) = (( @r R) (M @r 1r ®rr) =m g (1gr) = m Qr 1.
Now, take N € M® and an element n € N, then
((N)ovne(n) = ((N)!(n®r1R)=n-1gr =n.
Therefore, we have an adjunction. O

Proposition 3.16. Let R be a k algebra and (C,A,€) be an R coring then *C = pHom(C, R) is an
R ring with convolution product

fxgle) =g(cq)y - flew)),
with unit given by € and the morphism of k algebras, 0 : R — *C, given by 6(r)(c) = e(c)r.

Proof. Let f,g,h € *C and ¢ € C then

(fxg)*xh)(c) = hlca - (f*9)(c@)) = hlcqy-glew) - fles)))
= (gxh)(cqy- fleg) = (f*(g*h))(c).
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For the unit, take f € *C and ¢ € C, then

(f xe)(c) = elcqy - fle)) = ele) fley) == flelew)) - c)) = f(o).

In he same way, one can prove that ex f = f.
Finally, the map @ is clearly k linear, it remains only to show that it is multiplicative, indeed, take
r,s € R and ¢ € C then

(0(r) = 0(s))(c) = 0(s)(cqy - 0(r)(c2))) = elcq) - elc(a))r)s = e(c)rs = O(rs)(c).
This concludes the proof. ]

Proposition 3.17. Let (A, un) be an R ring which is finitely generated and projective as a right R
module. Then the right dual A* = Homg(A, R) is an R coring with comultiplication given by

A(f) =) flLe)®e,
=1

where {e;,e'}_, is a dual basis for A, and coounit given by e(f) = f(14). Moreover, the definition of
the comultiplication is independent of the choice of dual basis in A.

Proof. The R bimodule structure on A* is given by (r - f - s)(a) = rf(s-a). In order to see that the
definition of A is independent of choice of dual basis, take {e;, e’} ; and {a;,a’/}™; two dual basis,
then, for f € A*,

A(f) = Y fle)we

=1

= Zf _Zajaj(ez) ® e
=1 =1

= ZZf( aj)o’ (e;) @ e
=1 j=1

= z:f(_aj)®z:04](€z)5Z
= =1

= f(laj) ® o’
=

For the coassociativity, we have

(A ANA(S) = Y A(f(e)) e

i=1

= Y flee)) @ e
ij=1

= Z feref(eje)) @ el @&
i.j.k=1

= ) flen)®) e (eje)ed @&
ik=1 j=1

= Z fler) ® Zsk(_ei) ® ¢
ik=1 =1

= (A"®A)A(S)
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Finally, for the counit, we have

3
3

(e@ ANA(f) = p_e(fle))- e = Zf(e» e = f,

i=1 =1
and . .
(A @A) = 3 Feele)) = FCS et (1a)) = f.
i=1 i=1
Therefore, (A*, A €) is an R coring. O

There are some important duality results between R rings and R corings that we are going to state
without proof.

Theorem 3.18. Let R be an algebra over a commutative ring k.

1. For an R coring (C,A,€) which is a finitely generated projective left module over R, the second
dual (*C)* is isomorphic to C as an R coring.

2. For an R ring (A, u,n) which is a finitely generated projective right module over R, the second
dual *(A*) is isomorphic to A as an R ring.

3. For an R coring (C, A, €), any right C comodule (M, p) becomes a right *C' module by the relation
m - f =mO f(mM), and this induces a faithful functor MC — M-c.

4. This functor defined above is an equivalence if, and only if, C is finitely generated projective left
R module.

3.2 Bialgebroids

As we have seen before, in order to define a bialgebra, one needs first to define an algebra structure
on the tensor product of algebras. This can be obtained easily if the monoidal category where we
are working is braided. In order to define the “bialgebra” objects in the category of R bimodules, we
need to overcome the inherent difficulty that g Mg is not braided. One possible solution is to define
an algebra structure on a subspace of the tensor space of two algebras such that the comultiplication
can still be viewed as an algebra morphism.

Let R be an algebra over a commutative ring k& and denote by R = R the opposite algebra,
associated to R, its elements will be denoted by 7, for each r € R and their product is given by
75 = 57. Let R® = R ®; R be the enveloping algebra of R. Note that an object A € gRMp is an R®
algebra if and only if it is a k algebra with an algebra map s : R — A, named the source map, and an
anti-algebra map ¢ : R — A, named the target map, such that for each r,r" € R, s(r)t(r") = t(r')s(r).
Indeed, if ¢ : R® — A we can define s(r) = ¢(r @ 1g) and t(r) = ¢(1g @ T), it is easy to see that
their images commute in A. On the other hand, if we have s and ¢, which commute, define ¢ : R¢* — A
by ¢(r @ 1") = s(r)t(r'). As an example of R® ring, one can see A = ;End(R) in this case, s : R — A
is given by s(r)(r’) = rr’ and t(r)(r") = r’'r. The associativity in R gives the commutativity of s and
t. In the sequel, the expression “let (A4, s,t) be an R ring” will be understood simply as a k algebra
A with the source and target maps above defined. Any R€ ring can be endowed naturally with two
different R — R bimodule structures, the first, given by r-a-r’ = s(r)t(r')a, is the left handed structure
and the second, given by r - a -1’ = as(r’)t(r) is the right handed structure. There will be situations
when we are going to consider both structures on the same algebra, given by two distinct pairs of
source and target maps, the left source and target s and ¢ and the right source and target § and ¢.

Definition 3.19. Let M and N be two R¢ — R® bimodules. Define

/,:M@;MNZM®kN/({f-m®n—m®rn|Vr6R}>,
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that is, fr +M ®p N = M ®@r N considering the right R module structure on M given by its left R
module structure. Define also the subspace

/ M7 ®p N = {Zmz®knz S M@kN| Zmﬁ@ni :Zmi®nirVr S R}.
The left Takeuchi product between Mand N is the £ module

S
MXSQNZ/ /rMs®kTNS'
T
More explicitly

MleN:{ZmiéékniEM@RN\ Zmi-F®ni:Zmi®ni~rVr€R}.

Analogously, considering the right handed R bimodule structure given by § and ¢ one can define the
right Takeuchi product

MXEN:{Zmi®an’EM®RN| Zr-mZ'@ni:Zmi@F-nineR}.

7

In what follows, we will prove the results only for the left handed version of the Takeuchi product,
leaving their right handed analogues to the reader. In contexts where there will be no ambiguity, we
will denote the left Takeuchi product only by M xgr N.

It is easy to see that M x gz N is an R® — R® bimodule by

(r®5) (Zmi®ni> (t@u) =) r-mt®s n;u

Moreover, the operation Xgr : geMpe X e Mpge = geMpge is a bifunctor.

Theorem 3.20. Let (A, s,t) and (B,S§,t) be two R® rings, then the R® — R® bimodule A X B is an
R® ring with algebra map ¢ : R R — A xr B given by ¢(r @ ') = s(r) @ t(r'), multiplication

(Zai RR b2> ch KRR dj = Zaic]- ®R bidj
i J

(2%]
and unit 14 Qg 1g.

Proof. The first thing we need to prove is that the multiplication is well defined, that is, it is indepen-
dent of the choice of the representatives of the elements in A x p B. Since the multiplication is clearly
linear, it suffices to show that the result of the product is zero when one of the factors is zero.

First, assume that ), a; ®g b; = 0 by the characterization of the zero element, there exists finitely
many elements r;; € R and x; € A such that }_, $(r;;)b; = 0 and }_; t(ri;)z; = a;, then

(Z a; QR bz> (C QR d) = Z a;c @ bid = Zt(rij)mjc KR bid

ihj

— ijc XRRr Z §(T‘Z])bld =0
7 i

Note that we have made no use of the fact that ), a;@rb; € Ax B, this will be necessary only for the
case when the second factor is zero. Indeed, let ) ;¢ OR d; = 0, then there are finitely many r;; € R
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and y;, € A such that Zj 5(rkj)d; = 0and ), t(rk;)yr = ¢j. Consider an element ). a;®b; € AXg B,
then

(Zai QR bz) ZC]' KRR dj :ZaiCj@)bidj
= Z a; <Z ki)Y ) ©r bidj =Y _(ait(rg;) ©r bi)(yr ©r d))

4,5,k
= ) (ai ®r bid(re;)) (r @r d;) Z aiyr ®@rbi | Y 3(rij)d; | =0
W5,k J

Therefore, the multiplication is well defined. It is trivial to prove that the multiplication is associative
and that 14 ®, 1p is the unit in this associative algebra. Let us verify that ¢ is a morphism of algebras,
take r,s,t,u € R then

((res)(teu) = ¢(rteus)=s(rt)®g i(us)
s(r)s(t) @r 1(s)t(u) = (s(r) @R 1(s))(s(t) @R 1(u))
= ¢(res)etea)
Then, A xg B is an R° ring. O

Definition 3.21. Given an algebra R over a commutative ring k, we define a left R bialgebroid as a
quintuple (B, s,t,A,¢) such that

1. (B,s,t) is an R° ring, and the R bimodule structure on B is given by r-a - ' = s(r)t(r')a.
2. (B,A,¢) is an R coring.
3. Im(A) C B xp B and the co-restriction A : B — B xp B is an algebra map.

4. €(1g) = 1g and for all a,b € B
e(ab) = e(as(e(b))) = e(at(e(b)))-

Analogously, one can define a right R bialgebroid.

Definition 3.22. Given an algebra R over a commutative ring k, we define a right R bialgebroid as
a quintuple (B, s,t, A, €) such that

1. (B,s,t) is an R ring, and the R bimodule structure on B is given by 7 - a -1’ = as(r')t(r)
2. (B,A,¢) is an R coring.
3. Im(A) C B x; B and the co-restriction A : B — B X, B is an algebra map.

4. €(1p) = 1 and for all a,b € B
€(ab) = e(s(e(a))b) = e(t(e(a))b).

Example 3.23. Bialgebras over a commutative ring k are bialgebroids in the category of k£ bimodules
(which is, in fact, the category of left or right & modules).

Example 3.24. Weak bialgebras are examples of bialgebroids [14].
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Example 3.25. For any algebra R over a commutative ring k, the algebra R ® R, it is a right R
bialgebroid, with source and target maps given by the inclusions
s(r) =r®1g, t(r)y=1r®T.
The comultiplication and the counit are given, respectively, by
A(r®s) =(1p®35)Qr(r®lg), cros))=sr
The opposite co-opposite of this construction leads to a left R°P bialgebroid on R? ® R = R ® R°P.

Example 3.26. Let H be a commutative k bialgebra (Hopf algebra) and A be a commutative right
H comodule algebra, then A ® H, with the standard algebra structure on the tensor product is an A
bialgebroid. The source and target maps are given, respectively, by s(a) = a®py and t(a) = p(a) =
a9 @ aM. As H and A are commutative, it is obvious that the images of s and ¢ commute and that
s and t are algebra maps, and then t is an anti-algebra map. Again, because of the commutativity, it
is easy to see that the Takeuchi product (A® H) x 4 (A® H) is simply the A balanced tensor product
(A® H) ®4 (A® H). The comultiplication and the counit are, respectively, given by

Ala®h) =a®hqy @414 hg), ela®h)=ae(h).

This defines a left A bialgebroid structure, we leave to the reader the verification of the details. For
the right bialgebroid structure, we take simply § = ¢ and ¢ = s, with the same comultiplication and the
same counit, the right Takeuchi product also coincides with the tensor product over A. The detailed
proof of this bialgebroid (Hopf algebroid) structure is given in [I], there everything is done for the
case of partial coactions, but every coaction is a partial coaction, then it is easy to translate for this
simple case.

Example 3.27. Let H be a cocommutative & Hopf algebra and A be a commutative H module
algebra, then the smash product A#H, which is a k algebra, isomorphic to A ® H as k module, with
multiplication given by (a ® h)(b® k) = a(h(y) - @) ® h)k and unit 1, ® 1g, is an A bialgebroid. The
source and target map, for both, left and right structures are the same:

s(a) =t(a) = 3(a) =t(a) =a® 1y, Vac A.
But the A bimodule structure defined by them are sensibly different. For the left structure we have
a>(b®h)<c=s(a)tlc)b®@h)(a®1y)(c®1y)(b®h) = abc® h.
On the other hand, for the right structure we have
aw (b®h) 4c=(b®h)i(c)i(a) = (b@h)(a®1y)(c®ly) = alhy) - ac) @ he).

With these left and right handed A bimodule structures above defined, one can characterize the left
Takeuchi product by

A#H xY AgH = {Zx @l yi € A#H @4 A#H|Y ;@ yi=> aw 2@l yi <a, Vac A},
and the right Takeuchi product by
A#H X", A#H = {in Sy € A#H @) A#H|S ava @y =Y @ @y <a, VaeA},

Where the tensor product (A#H) @Y (A#H) is balanced by the left structure, (a ® h) <b® (c® k) =
(a®h) @b (c®d), while the tensor product (A#H) ®" (A#H) is balanced by the right structure,
(a®@h) 4b@(c®k)=(a®@h)@bw» (c®Rd).

The comultiplication and the counit for the left A bialgebroid structure are given by

A(a®h) =a®hq) @Y 1a®@ho), gla®h)=ach).

The comultiplication and the counit for the right A bialgebroid structure are given by
ér(a®h) :a®h(l) ®7:4 1A®h(2)7 gr(a®h) :S(h)a

The details of the proof for the case of partial actions can be found in [1], this simple case is obtained
considering the partial action as a global action.
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3.2.1 Equivalent formulations for bialgebroids

The concept of bialgebroid arose in several contexts, in [3] it was shown that these definitions of
bialgebroids are in fact equivalent. There is a formulation by the anchor map [16] and the formulation
by x g bialgebras [I5]. But the unifying point of view is exactly the fact that bialgebroids behave like
bialgebras, namely, given an R bialgebroid B its module category, g M is monoidal and the forgetful
functor U : pM — pMp is strict [13].

Definition 3.28. Let (H,s,t) be an R° ring, the data (H,s,t, A,v) is called an R bialgebroid with
an anchor p if

(BA1) A: H— H ®p H is a coassociative R bimodule map.
(BA2) Im(A) C H x%y H and its co restriction A : H — H x’ H is an algebra map.

(BA3) The map v : H — Endg(R), called the anchor map, is an algebra and an R bimodule map, that
is, v(s(r)h)(r") = rv(h)(r') and v(t(r)h)(r") = v(h)(r")r, such that
(Al) S(h(l) > T’)h(g) = hs("r’),
(A2) t(h(g) > T)h(l) = ht(r),
where h>r = v(h)(r), for all h € H and r € R.

The original formulation of bialgebroids makes a more direct use of the x r product [I5]. The main
problem is to overcome the fact that the product x g is not associative. For M, N and P in ge MRge,
define

S,u
M xnP= [ [ Mo, Nosw P
r,t
There exist two canonical maps,
Oé:(MXRN)XRP—)MXRNXRP, O/:MXR(NXRP)—)MXRNXRP,

which are identities on elements. These maps are not isomorphism in general, even the maps being
identities on elements, two different elements can be mapped into representatives of the same class in
M xgp N xgr P. One can define also two maps,

0: MxgpEndg(R) — M
mi® fi = > fi(lr) -my

and
0 : Endk(R) XRM — M

Xifiomg = 3 fi(lr) -m;
Definition 3.29. A triple (L,A,v) is a x g coalgebra if L is an R® — R® bimodule and
A:L— LxglL, v: L — Endg(R)
are R°® bimodule maps such that
ao(AxgrL)oA=ad"o(LxrA)oA, fo(Lxpv)oA=L=60o(vxpL)oA.
The map A is called comultiplications and the map v is called counit of the x g coalgebra.

Proposition 3.30. Leti: L xg L — L ®p L be the canonical inclusion, and A : L — L xg L and
v: L — Endi(R) two R bimodule maps. Then (L,A,v) is a X coalgebra if, and only if, (L,A,€)
where A =i0 A and e(l) = v(l)(1Rr), is an R coring.
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Proof. If (L, A,v) is a X algebra, then A is automatically an R bimodule map, let us show that € is
also an R bimodule map,

er-l-s)=v((r®lg)-1-(s®1g))(1r) = ((r®@1g) -v{l) - (s ® 1r))(1g) = rv()(1r)s = re(l)s.
For the coassociativity, define 2 : L xg L xp L — L ®gr L ®g L the canonical inclusion, then, we have
(ARrL)oA = ((iocA)®rL)oiocA=(i®rL)(A®rL)oioA
= foao(AxgrL)oA=i0d/(LxpA)oA
(Logi)(LOrA)oioA=(L®g(ioA))oioA
= (L®rA)oA.
For the counit, take [ € L, then
(e®rL)oA() =

I

(L)) - Loy = v(l@)(AR) - L)
,(I/(l(l)) KRR l( )) =6 o (I/ XR L)A(l) =1,

|
S

and

(Lere)o A = lny-ellz) = ell2) -l

v(l2))(1r) - 1y = 01y ®r v(l(2)))
= fo(Lxv)oA(l)=1.

Similarly, if we assume the coassociativity of A and the counit axiom for ¢ then we can prove the
coassociativity for A and the counit axiom for v. O

Definition 3.31. Let (H,s,t) be an R° ring, the data (H,A,v) is called a x g bialgebra if it is a xp
coalgebra such that the comultiplication A and the counit v are algebra maps.

Theorem 3.32. Let (H,s,t) be an R ring. Then the following data are equivalent.
(1) A left R bialgebroid structure (H,s,t,A,€).
(2) An R bialgebroid with anchor structure (H,s,t,A,v).
(8) A x g bialgebra structure (H,s,t, A, v).
(4) A monoidal structure on g M such that the forgetful functor U : g M — rMp is strict monoidal.

Proof. The equivalence (3)< (4) is proven in ( [I3] Theorem 5.1)
(1)= (2) Assume that (H,s,t,A,€) is a left R bialgebroid and define v : H — Endg(R) by
v(h)(r) = e(hs(r)) = e(ht(r)), then v is a morphism of algebras, indeed
v(hk)(r) = e(hks(r)) = e(hs(e(ks(r))))
= e(hs(v(k)(r))) = v(h)(w(k)(r)).

And v is also a morphism of R bimodules:

v(r-h-r)(@") = v(s(rte)h) (") = e(s(r)t(r)hs(r"))
= re(t(r)(hs(r"))) = re(hs(r’))r’
= () (") = (r-v(h) - ')(").

Let us verify the axioms (A1) and (A2) for the anchor map, first we need to note that, for any h € H
and r € R we have

A(hs(r)) = A(h)A(s(r)) = A(h)A(s - 1g)
(h(1) ®r h2))(s - 1g ®r 1n)
(h) ®r h(2))(s(r) @ 1n)

= huys(r) ®r h)
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and similarly A(ht(r)) = hqy ®g h(g)t(r). Then,

s(v(hy)(r)he) = s(e(hays(r)))he) (e @r H)(ha)s(r) ® ho) = (e @r H)A(hs(r)) = hs(r),

and

t(v(h@))(r)hay = te(h@)t(r)ha) (H @r €)(h) @ hyt(r) = (H @g €)A(ht(r)) = ht(r).

Therefore (H,s,t,A,v) is an R bialgebroid with anchor.

(2)= (1) Assume that (H,s,t,A,v) is an R bialgebroid with anchor, define € : H — R as e(h) =
v(h)(1gr), as v is an R bimodule morphism, it is easy to see that € is also an R bimodule map. Let us
verify the counit axioms, take h € H then

(e@r H)A(h) = (b)) he) = s(e(h)))he)
= S(I/(h(l))(lR))h(Q) = hS(lR) = h,

and

(H®re)A(h) = hqy-elhg) =tle(he))ha
= t(v(he))(Ar))hay = ht(1r) = h.

Now, consider h,k € H then,

elhs(e(k) = o
= v(h
=

(

= UV

W) (1) = e(hk).
(€

and by a similar calculation we get e(ht(e(k))) = e(hk). Therefore (H,s,t, A, ¢) is a left R bialgebroid.

(1)=(3) Assume that (H,s,t,A,¢) is a left R bialgebroid and define A : H — H xp H as the
co restriction of A and define v : H — Endg(R) by v(h)(r) = e(hs(r)) = e(ht(r)), as before. The
coassociativity of A is equivalent to the coassociativity of A as we proved in the proposition We
leave to the reader to check that A and v are algebra morphisms and R¢ bimodule maps. We are only
going to check the counit axioms. Consider an element h € H, then we have

Oo(H xpv)oA(h) = 0(hay®@rv(heg))) =t (he)(1r))ha)

= t(elh)s(1r)))hay = t(e (h(2)))h(1)
= (H®gre)A(h) =h,

and
0' o (nuxgr H)oA(h) = 0'(v(ha)) ®r b)) = s(v(ha)(1r)) )
= s(e(hays(1r)))h) = s(e(ha)))he)
= (e®r H)A(h) =h.

Therefore, (H,s,t,A,v) is a x g bialgebra.

(3)=-(1) Assume that (H,s,t,A,v) is a X bialgebra and define A : H - H @ H as A =io A,
where i : H xp H — H ®p H is the canonical inclusion. Define also the counit ¢ : H — R as
e(h) = v(h)(1g) as in the proposition Again if A and v are algebra morphisms and R° bimodule
morphisms, then A is an algebra and R bimodule map, and ¢ is an R bimodule map. We need only
to check that e(hs(e(k))) = e(ht(e(k))) = e(hk), but the proof is exactly the same as done in (2)=-(1).
Therefore (H,s,t,A,€) is a left R bialgebroid. O
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3.3 Hopf algebroids

The notion of a Hopf algebroid is the generalization of the notion of a Hopf algebra when we consider
a noncommutative base ring R. As for bialgebroids, there are several different definitions of Hopf
algebroids, but unlike in the bialgebroid case, the formulations for Hopf algebroids are not equivalent.
In the sequel, we will follow the reference [2] to define Hopf algebroids.

Definition 3.33. Given two algebras R and L over a commutative ring k, a Hopf algebroid over the
base algebras R and L is a triple (Hy, Hg,S). Here, (Hp,sr,tr,A;,€;) is a left L bialgebroid and
(HR, sr,tr, AR, €g) is a right R bialgebroid, such that their underlying k algebra H is the same. The
antipode S is a k module map satisfying the following axioms:

(i) spoe otr=1tg, tro€,08r = SR, sSRo€goty =tr, and troego sy = sL.
(ii

) (AL ®@rH)oAp=(H®LAp)oAp and (Ap®@p H)o Ay = (H®rAL) o Ap.
(iii) Forl e L,r € Rand h € H, S(tr.(l)htr(r)) = sr(r)S(h)sL(1).
)

(iv) pro(S®rL H)oAp =sroeg and uro (H ®rS)oAr =spo¢p.
Remark 3.34. This long definition requires some observations.

1. By the axioms of left/right bialgebroids, one can see that the maps sy o¢€;, tr o€, sgpoep and
tr o ep are idempotent maps in Endy(H). the axiom (i) says simply that the ranges of sz, and
tR, also the ranges of sp and ¢y, are coinciding subalgebras of H. This implies, for example, that
Ay is not only an L bimodule map, but also an R bimodule map. The same for Ap, it is an R
bimodule map.

2. Tt follows basically from the axiom (i) that the base algebras L and R are anti-isomorphic, this
isomorphism is performed by €; o sp : R?”? — L and ¢, oty : L — R.

3. The k module H underlying the left/right bialgebroid is a left and right comodule via the
coproduct, that is, H is a left and right H; comodule via the coproduct A; and a left and
right Hp comodule via the coproduct Ap. The axiom (ii) expresses that these regular coactions
commute, that is, H is an H;, — Hgr bicomodule and an Hr — Hy, bicomodule.

Alternatively, the first identity in the axiom (ii) says that the comultiplication A; is a right
Hp comodule map. Symmetrically, the same identity can be viewed as a left Hy comodule
map property of Ap. The second identity says that Ay is right Hy, colinear and Ay is left Hg
colinear.

4. Axiom (iii) says that the antipode S is an R — L bimodule map.

5. The axiom (iv) is the analogous to the axiom of antipode for Hopf algebras, but the notion of
convolution products with two different base algebras is far more complicated and we are not
going to discuss it here.

Example 3.35. Hopf algebras over a commutative ring k are Hopf algebroids over L = R = k, with
the left and right bialgebroid structure being the same and the antipode being the original antipode
S:H— H.

Example 3.36. Not every Hopf algebroid over a commutative ring k is a Hopf algebra. Let H be a
Hopf algebra over k, one can consider the left bialgebroid structure on H by its standard bialgebra
structure (H,A; = A,¢;, = €). Let x : H — k be a character, that is, a k algebra map between H and
k. Then there is a second bialgebroid structure on H with the twisted coproduct Ap: H - H® H,
given by Agr(h) = hy ® x(S(he)))h() and the counit e = x. Then we have a new antipode S
defined by S(h) = x(h(1))S(h(2)). This construction gives rise to a new Hopf algebroid structure on
H which is not a Hopf algebra.
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Example 3.37. Weak Hopf algebras are Hopf algebroids [I4], in particular, given a finite groupoid
g, its groupoid algebra kG is a Hopf algebroid.

Example 3.38. Given any algebra R over a commutative ring k, the algebra R ® R has a structure
of left R°P bialgebroid and right R bialgebroid. One can put an structure of Hopf algebroid on R® R
by defining the antipode as S(r ® 5) = s ® T.

Example 3.39. Let G be a finite groupoid and k a commutative ring. Define H be the algebra k
valued functions on G and R = L the algebra of k valued functions on the space G(¥) of the units of
the groupoid G. Define s;, = tg : R — H by the formula (s.(f))(g) = f(t(9)), and t;, = sp: R - H
by the formula (t7,(f))(9) = f(s(g)), where s,t : G — G are the source and target maps on the
groupoid. The left and right Takeuchi product, as the algebras are commutative, coincide with the
algebra of k valued functions on the space

G® ={(g,h) € Gx G|s(g) =t(h)},

that is, the set of pairs (g, h) such that there exists the element gh. The left/right comultiplication is
defined by
h) if (g,h) egG®
Ay = { Jom ok

0 otherwise

and the counit for both, left and right structures is simply the restriction to G©. The antipode is
given by the inversion in the groupoid, that is (S(f))(g) = f(g~!). This gives to H a structure of an
R Hopf algebroid.

Example 3.40. Given a commutative Hopf algebra H and a commutative right H comodule algebra
A, we saw that A ® H has two bialgebroid structures. These bialgebroid structures can be seen easily
that satisfy the axioms (i) and (ii). The antipode in A ® H is given by S(a ® h) = a¥ @ a(VS(h).
The details can be found in [I] for the case of partial coactions, but the ideas are easily translated to
the global case.

Example 3.41. Given a cocommutative Hopf algebra H and a commutative left H module algebra
A, the smash product A#H has two bialgebroid structures satisfying the compatibility axioms (i) and
(ii). One can define the antipode for A#H by S(a ® H) = (S(h2)) - @) ® S(h(1)). The details can be
found in [I] for the case of partial actions, but the ideas are easily translated to the global case.

Example 3.42. (The algebraic quantum torus) consider the k algebra T, generated by two invertible
elements U and V, satisfying the commutation relation UV = ¢qVU, where ¢ € k in an invertible
element. The algebra T, is endowed with a right bialgebroid structure over the commutative subalgebra
R = E[U]. The source and target maps are given by the inclusion map sp = tg = i : R — T,.
The right comultiplication is given by Ax(V™U™) = VU™ @ V'™ and the right counit is given by
ep(V™U™) = U™. Symmetrically, there is a left R bialgebroid structure with left comultiplication given
by A, (U™V™) = U"V™ @ V™ and left counit given by e; (U"V™) = U". Finally, the antipode for
the Hopf algebroid structure is given by S(U™V"™) = V="U™. We leave to the reader the verification
of the details.

As we said before, there are some alternative constructions for bialgebroids. One of the formulations
is due to Peter Schauenburg, which introduces the concept of a x g Hopf algebra.

Definition 3.43. Let H be a left bialgebroid over an algebra L. Consider the left regular H comodule,
whose coinvariant subalgebra is t(L°) The algebra H is said to be a xj Hopf algebra provided
that the algebra extension ¢t : L°? — H is a left H Galois extension, that is, the canonical map,
can: H @por H — H ®, H, given by can(h ®po» k) = h1) @1 h(2)k, is bijective.

Any Hopf algebroid (Hy, Hg,S) is a x 1, Hopf algebra (in this case L°? = R. Indeed, the canonical
map has the inverse can~!(h ®p k) = hiy) ®r S(hjg)k, where Ag(h) = hjy) ® hpg. Although it is
believed that not every xj Hopf algebra is the constituent left bialgebroid of a Hopf algebroid, no
couterexamples are known so far. The concept of a xj Hopf algebra makes a bridge with some
representation theoretical characterizations of Hopf algebras, like the following result.
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Theorem 3.44. [13] A left bialgebroid H over a base algebra L is axy Hopf algebra if, and only if
the strict monoidal forgetful functor g M — [ My preserves internal Homs.
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Appendix A

Some basics of category theory

In this appendix we review the basic facts about category theory. In order to fix the ideas, given a
category C, we are going to consider it, unless otherwise stated, as a locally small category, that is, the
class of morphisms between any two objects in this category will be a set. Given two objects A e B
in a category C, we denote the set of morphisms between A and B by C(A, B) the identity morphism
of an object A in C also will be denoted simply by A, instead of I4 or Id4. In the proofs throughout
this text, we always consider the functors F' : C — D to be covariant. Obviously, the proofs can be
made for contravariant functors as well, in this case we can consider the covariant functor F': C? — D
associated to F'. The identity functor of the category C will be denoted by Id¢.

Definition A.1. A natural transformation between two functors F,G : C — D is a family of mor-
phisms
a = (aa € D(F(A4),G(A))) sec

such that, for each morphism f € C(A, B) the following diagram commutes.

F(A) —22 > G(A)

F(f) G(f)

F(B) G(B)

ap
We denote this natural transformation by « : F = G. If, in addition, each morphism a4 is an
isomorphism, we say that « is a natural isomorphism between the functors F' e G.

In category theory, the problem of classification of categories is more delicate than the classification
problem of other algebraic structures, like modules, rings, algebras, etc. A first attempt is to say when
two categories are isomorphic. We say that the categories C and D are isomorphic when there exist
two functors

C D (A1)

such that Ide = GF e FG = Idp. This concept is in general useless for many porpuses in category
theory, relevant and nontrivial examples of isomorphic categories are rare. One weaker version of
isomorphism is given by the concept of equivalence between categories. We say that two categories C
and D are equivalent if there exist two functors, as denoted in ([A.l), and two natural isomorphisms
Id¢e = GF e FG = Idp. There is an alternative characterization of categorical equivalence given by
the following theorem.

Theorem A.2. Two categories C and D are equivalent if, and only if, there is a functor F': C — D
satisfying the following conditions:



(i) F is essentially surjective, that is, for any object B € D there exists an object A € C such that
Y =2 F(X).

(ii) F is faithful, that is, for each pair of objects A, B € C the map F : C(A, B) — D(F(A), F(B))
1S 1njective.

(iii) F is full, that is, for each pair of objects A, B € C the map F : C(A,B) — D(F(A),F(B)) is
surjective.

Example A.3. Given two rings R and S, when their categories of modules p M and g M are equivalent
we say that the rings are Morita equivalent. A necessary and sufficient condition to R and S to be
Morita equivalent is the existence of an exact Morita context, this is the content of the Morita Theorem.
A Morita context between R and S is a quadruple (M, N, o, 7), in which M is an R — S bimodule, N
is an S — R bimodule, 0 : M ®¢ N — R is a morphism of R bimodules and 7 : N g M — S is a
morphism of S bimodules satisfying the following compatibility conditions:

1. For any mi1 ®n®mg € M ®g N ®r M we have
o(my®n)-mg=mq-7(N & ms).
2. For any n1 @ m ®ng € N ®gp M ®g N we have
T(n1 ®@m) - ng =ny - o(m @ na).

A Morita context is said to be exact if the morphisms ¢ and 7 are epimorphisms. The equivalence
between g M and gM is performed by the functors

N®gr _

rM sM

s _

It is not difficult to prove that any ring R, is Morita equivalent to the matrix ring M, (R) for any
integer n > 1.

Example A.4. Another famous equivalence between categories is the Serre-Swan Theorem, which
proves that the category of (complex) vector bundles over a compact topological Hausdorff space X
is equivalent to the category of finitely generated projective modules over the algebra C(X) of the
C valued continuous functions defined on X. Given a vector bundle E = X, one can define the set
I'(E) of continuous sections on the vector bundle E. The set I'(E) is in fact a module over C'(X) with
the sum and multiplication by functions given pointwise. In fact, because of the compactness of X
one can prove that I'(E) is a finitely generated projective C'(X) module. This construction defines a
functor I' : VectBun y — ¢(x)FGProj and this functor is fully faithful and essentially surjective, and
this means that the categories are equivalent.

Example A.5. We say that two categories C and D are dual if D is equivalent to C°P, that is the
equivalence is performed by contravariant functors. The most trivial example of duality is given in the
category of finite dimensional vector spaces and the functor is the dualization, which associates to any
finite dimensional vector space its dual space and to each linear transformation its dual transformation,
namely its transpose, this functor is contravariant. If one applies the dualization functor twice then a
classical result gives us the natural isomorphism between the identity functor Id and the bidual ( )**.

Example A.6. Finally, another less trivial example of duality of categories is given by the Theorem
of Gelfand and Naimark, which states that the category of commutative unital C* algebras is dual
to the category of compact Hausdorff topological spaces. Given a commutative unital C* algebra A
we associate the space Spec(A) which is the set of all non vanishing characters of of A, a character is
a multiplicative linear functional defined on A. The set Spec(A), endowed with the weak* topology
is a compact Hausdorff topological space. On the other hand, given a compact Hausdorff topological
space X , one can construct the unital commutative C* algebra C'(X). Then one can prove that
C(Spec(A)) = A as C* algebras and the space X is homeomorphic to Spec(C(X)).
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Even when two categories are not equivalent, the very existence of a pair of functors, as in ([AT]),
satisfying weaker properties than those required for categorical equivalence, allows one to prove that
some results or some constructions in one category are also valid in the other.

Definition A.7. We say that two functors F' : C — D and GG : D — C form an adjunction, or that
they are adjoint, if there exist two natural transformations n : Id¢ = GF and € : FG = Idp such that
for each object A € C and B € D the following diagrams commute

F(na)

F(A) FGF(A) G(B) GFG(B)
£(4) €F(A) ) G(en)
F(A) G(B)

These two natural transformations 7 e € are called, respectively, the unit and the counit of the adjunc-
tion. The functor F' is said to be the left adjoint of G, respectively, the functor G is the right adjoint
of F.

There is another equivalent characterization of an adjunction.

Theorem A.8. Let C and D be two categories and F : C — D and G : D — C a pair of functors.
Then the following are equivalent:

(i) The functors F' and G form an adjunction, with F being the left adjoint of G.

(ii) There exist a natural isomorphism ¢ : D(F(), ) = C(,,G()) (these two functors are defined
from C x D to the category of sets).

Example A.9. The forgetful functor U : Grp — Set is the functor which associates to each group G
its underlying set G, and sees each group homomorphism f : G — H only as a function. This functor
has a left adjoint, the free group, which associates to each set the unique group F(X), with a function
i: X — F(X) with the following universal property: For each group G and each function f: X — X
there is a unique group homomorphism f : F(X) — G such that foi = f. The universal property
garantees the uniquenes of the free group, the functorial nature of F : Set — Grp and the fact that F
is the left adjoint of the forgetful functor U. -

Example A.10. A famous example of adjunction is the Hom tensor relation: Consider a ring R and
a left R module M, in particular M is an abelian group. For any abelian group X, the set of additive
maps between M and P, Homy (M, P), has the structure of a right R module, the addition is given
pointwise and the right R action is given by (f - r)(m) = f(r - m). This, in fact defines a covariant
functor

Homgz(M,_) : Ab — Mp.

This functor has a left adjoint, given by the tensor product functor
_®@r M : Mp — Ab.
This is because for any right R module N and any abelian group P there is an isomorphism
Homgz(N ®r M, P) = Hompg(N,Homg(M, P)).
and this isomorphism is natural in both N and P.

Example A.11. Given a group G and a subgroup H < G, any kG module W can be viewed
naturally as a kH module, let us denote it by (W)g. It is easy to see that this defines a functor
Om : kgM — ggM. On the other hand, given a kH module V' one can construct a kG module out of
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it by tensoring with kG, then we have (V)¢ = kG®, 5V, again it is easy to see that () : yM — LgM
is a functor. Now we have the isomorphism of k vector spaces

kgHom((V)4, W) 2, gHom(V, (W) )

given in the following way: For each kG morphism F : (V)¢ — W we associate the map F” :
V — (W)y defined as F’(v) = F(e ® v) we leave to the reader the verification that F° is a kH
module morphism. On the other hand for each kH morphism f : V — (W), we associate the map
ff: (V)¢ = W given by fﬁ(deG agg @v) = zgeG agg - f(v). Again it is easy to see that this is a
morphism of kG modules. Let us verify that they are mutually inverse. Take F € rgHom((V)%, W)
and and element . a,9®@v € (V)&, then

(Fb)ﬁ(Zagg(g)v) = Zagg'Fl’(v) = Zagg'F(e®v) :F(Zagg®v)’
geG geG geG geG
Now, take f € ygHom(V, (W)g) and v € V, then
() () = fle@v) = e f(v) = f(v).

It is easy to see that this isomrphism is natural in V' and W. Therefore the functor ()¢ is the left
adjoint of ()g.

Obviously, every equivalence of categories is an adjunction, but in general we have adjunctions that
are not equivalences. Nevertheless, there are some useful results on adjunctions which gives conditions
to the functors of an adjunction to be fully faithful or even to be an equivalence.

Proposition A.12. Given an adjunction

C D

The functor F is fully faithful if, and only if, the unit of the adjunction is bijective. The functor G
1s fully faithful if, and only if, the counit of the adjunction is bijective. There is an equivalence of
categories between C and D if and only if, the unit and the counit of the adjunction are bijective.
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