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2. Monoidal Categories

For our further investigations we need a generalized version of the tensor product
that we are going to introduce in this section. This will give us the possibility to
study more general versions of the notion of algebras and representations.

Definition 3.2.1. A monoidal category (or tensor category) consists of
a category C,
a covariant functor @ : C x C — C, called the tensor product,
an object I € C, called the unit,
natural isomorphisms
a(A,B.C): (A B)oC — A (B® (),
MA) : T A— A,
p(A): AT — A,
called associativity, left unit and right unit, such that the following diagrams commute:

(AeB)oC)o D 22D (4o (Be ) oD 22 g (Ba ) o D)

a(A®B,C,D) 1®a(B,C,D)

(A® B)® (C @ D) =(4,5.08D) A®(B®(C o D))
(Aol)oB—"P _ Aq(1eB)
p(A)@1 M(B)
A® B

These diagrams are called coherence diagrams or constraints.
A monoidal category is called a strict monoidal category, if the morphisms a, A, p
are the identity morphisms.

Remark 3.2.2. We define A; @... @0 A, = (...(A1 @A) @...) D A,.

There is an important theorem of S. MacLane that says that all diagrams whose
morphisms are constructed by using copies of «, A, p, identities, inverses, tensor
products and compositions of such commute. We will not prove this theorem. It
implies that each monoidal category can be replaced by (is monoidally equivalent to)
a strict monoidal category. That means that we may omit in diagrams the morphisms
a, A, p or replace them by identities. In particular there is only one automorphism of
A ®@...® A, formed by coherence morphisms namely the identity.

Remark 3.2.3. For each monoidal category C we can construct the monoidal
category C*Y"" symmetric to C that coincides with C as a category and has tensor
product AK B := B ® A and the coherence morphisms

a(C,B,A)™ 1 (ARB)X(C — AX(BK (),
p(A): IR A — A,
AMA) AR T — A.
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Then the coherence diagrams are commutative again, so that C*¥™™ is a monoidal
category.

Example 3.2.4. 1. Let R be an arbitrary ring. The category pMp of R-R-
bimodules with the tensor product M @gr N is a monoidal category. In particular
the K-modules form a monoidal category. This is our most important example of a
monoidal category.

2. Let B be a bialgebra and B-Mod be the category of left B-modules. We define
the structure of a B-module on the tensor product M @ N = M @ N by

BoMaN 2" BopaoMaoN 28" BoMoBo N "% Mg N
as in the previous section. So B-Mod is a monoidal category by 3.1.7

3. Let B be a bialgebra and B-Comod be the category of B-comodules. The
tensor product M @ N = M @k N carries the structure of a B-comodule by

MaN ¥ BoMeBoN "8 BoBoMaN "™ Bo M N.
as in the previous section. So B-Comod is a monoidal category by 3.1.8

4. Let (G be a monoid. A K-module together with a family of submodules (V,|g €
() is called G-graded if V = G,e6V,.

Let V' and W be G-graded K-modules. A homomorphism of K-modules f : V
— W is called G-graded if f(V,) C W, for all g € G.

The G-graded K-modules and their homomorphisms form the category (K-Mod)“
of G-graded K-modules.

There is a monoidal structure on (K-Mod)“ given by the ordinary tensor product
V @ W. The submodules on the tensor product V @ W are given by (V @ W), :=
ZheG Vi @ Wh—lg = Eh,keG,hk:g Vi @ Wi.

5. A chain complexr of K-modules

M= (02 My 22 My 2 M)

consists of a family of a family of K-modules M; and a family of homomorphisms
0, : M, — M,_, with 9,_10, = 0. This chain complex is indexed by the monoid
Np. One may also consider more general chain complexes indexed by an arbitrary
cyclic monoid. Chain complexes indexed by Ny x Ny are called double complexes.
So much more general chain complexes may be considered. We restrict ourselves to
chain complexes over Ng.

Let M and N be chain complexes. A homomorphism of chain complexes f : M
— N consists of a family of homomorphisms of K-modules f, : M,, — N,, such that
fnan_H = 8n+1fn+1 for all n € No.

The chain complexes with these homomorphisms form the category of chain com-
plexes K-Comp.

If M and N are chain complexes then we form a new chain complex M @ N

with (M @ N), := @ M, @ N,y and 9 : (M @ N), — (M @ N),_; given by
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O(m; @ np_y) = (=1)'0a(m;) @ np_; + m; @ d(n,_;). This is often called the total
complex associated with the double complex of the tensor product of M and N. Then
it is easily checked that K-Comp is a monoidal category with this tensor product.

Problem 3.2.1. 1. Prove that the category (K-Mod)“ of G-graded K-modules
is equivalent to the category KG-Comod of KG-comodules by the following construc-
tion. If V is a G-graded K-module the V' becomes a KG-comodule by the map § : V
— KGaV, §(v) :=gowvforallv € V, and all g € G. Converselyif V.5 : V — KG@V
is a KG-comodule then V' together with the submodules V, := {v € V|§(v) = g ® v}
is a G-graded K-module.

Since KG' is a bialgebra the category of KG-comodules is a monoidal category.
Show that the equivalence defined above between (K-Mod)“ and KG-Comod pre-
serves the tensor products, hence that it is a monoidal equivalence.

2. Let B = K(xz,y)/I where I is generated by z* zy + yx. Then B is a bialgebra
with the diagonal A(y) = y®@y, A(z) = 2@14+y®@x. The counitis e(y) = 1,e(x) = 0.
We introduced (the coopposite bialgebra of) this bialgebra in A.7 2.

Show that the category K-Comp of chain complexes is equivalent to the category
B-Comod of B-comodules by the following construction. If M is a chain complex
then define a B-comodule on M = @;enM; with the structure map 6 : M — B@ M,
d(m) = vy om+ryl e 0;(m) for all m € M; and for all ¢ € N resp. §(m):=1@m
for m € My. Conversely if M, 6 : M — B ® M is a B-comodule then we define
K-modules M; := {m € M|3m’' € M[§(m) =y’ @m+ 2y~ @m']} and K-linear maps
Oi + M; — M;_y by 9;(m) := m’ for §(m) = y* @ m + xy'~t @ m’. Check that this
defines an equivalence of categories.

(Hint: Let m € M € B-Comod. Since y', zy’ form a basis of B we have §(m) =
Syt @m+ Y. ayt @ mh. We apply to this the equation (1 @ §)§ = (A @ 1)§ and

compare coefficients to get
d(mi) =y @mitay Tt @mi_y,  8(m) =y ©m]

for all © € Ny (with m”; = 0). Consequently for each m; € M, there is exactly one
d(m;) = m!_, € M such that

S(mi) = y' @ my + 2yt @ I(my).

Since §(m!_,) =yt @ m!_, for all i € N we see that d(m;) € M;_;. So we have
defined 9 : M; — M,_,. Furthermore we see from this equation that 9*(m;) = 0 for
all i € N. Hence we have obtained a chain complex from (M, ).

If we apply (e @ 1)6(m) = m then we get m = > m,; with m; € M, hence
M = @,y M;. This together with the inverse construction leads to the required
equivalence.)

3. A cochain complex has the form

M = (Mg 25 My 2 My 225 )
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with 0;410; = 0. Show that the category K-Cocomp of cochain complexes is equiv-
alent to Comod-B where B is chosen as in example 5.

Lemma 3.2.5. Let C be a monoidal category. Then the following diagrams com-
mute

[@A QB —2+~1® A@B A@B QI+ A® B@[
®1x /A@B A®B\ /@p
A® B A® B

and we have M(I) = p(I).

PROOF. First we observe that the identity functor Ide and the functor I ® - are
isomorphic by the natural isomorphism A. Thus we have I @ f=1®Rg¢—= f =g.
In the following diagram

(IooA)e B

Io(IoA))eB——ITa(I®A) % B)

®1
Wnem ‘MA)@ 1®<AV
(I®A) @ B @ [®(A® B)
| I
I ®(A® B) L I ®(A® B)
Ml@l) 1@A
(Ieol)®(A® B) d I®(I®(A®B))

all subdiagrams commute except for the right hand trapezoid. Since all morphisms are
isomorphisms the right hand trapezoid must commute also. Hence the first diagram
of the Lemma commutes.
In a similar way one shows the commutativity of the second diagram.
Furthermore the following diagram commutes

loIo)~2—{Uo)ol —~1a(IaI)

Nt N
N

Here the left hand triangle commutes by the previous property. The commuta-
tivity of the right hand diagram is given by the axiom. The lower square commutes

~
~
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since p is a natural transformation. In particular p(1 @ p) = p(1 @ A). Since p is an
isomorphism and I ® - = Id¢e we get p = A. 0

Problem 3.2.2. For morphisms f : [ — M and g : I — N in a monoidal
category we define (f @1 : N — M@ N) = (f@l)p(l)™ and (1@¢g : M
— M@ N):=(1®g)\I)~'. Show that the diagram

I /

M

g 1®g

e T MoN

commutes.
Definition 3.2.6. Let (C,®) and (D, ®) be monoidal categories. A functor
F:C—1D
together with a natural transformation
§(M,N): F(M) @ F(N) — F(M @ N)
and a morphism
Eo: Ip — F(le)
is called weakly monoidal if the following diagrams commute
(F(M) @ F(N)) @ F(P) <2 F(M @ N) @ F(P) —* (M ® N)@ P)
. \ JM
F(M) @ (F(N)@ F(P)) 225 F(M) @ F(N @ P) —— F(M @ (N @ P))

[ @ F(M) 22 M)—~ F(Io M)
F(M) @ 125 —~FMaI

\/

If, in addition, the morphisms ¢ and fg are 1som0rphlsms then the functor is called
a monoidal functor. The functor is called a strict monoidal functor if & and & are the
identity morphisms.
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A natural transformation ¢ : F — F’ between weakly monoidal functors is called
a monoidal natural transformation if the diagrams

F(I)
F(M)@ F(N) =+ F(M @ N) 3//
¢®(¢ ¢ I ¢
FI(M) © FI(N) = F(M @ N) %
F'(I)
commute.

We can generalize the notions of an algebra or of a coalgebra in the context of a
monoidal category. We define

Definition 3.2.7. Let C be a monoidal category. An algebra or a monoid in
C consists of an object A together with a multiplication V : A ® A — A that is
associative

A0A0A—99Y L 404
Vel v
Ao A = A

or more precisely

(AQA) @A+ A0 (A0 A) 1 A0 A

V&id v

A2 A v A

and has a unit n : I — A such that the following diagram commutes

JTOA® A~ AT —2" L 40 A
n®id id v
A A A
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Let A and B be algebras in C. A morphism of algebras f : A — B is a morphism
in C such that

AoALY. BoB

1
Va Vp and W/ \73
A—L . p

A B

commute.

Remark 3.2.8. It is obvious that the composition of two morphisms of algebras
is again a morphism of algebras. The identity also is a morphism of algebras. Thus
we obtain the category Alg(C) of algebras in C.

Definition 3.2.9. Let C be a monoidal category. A coalgebra or a comonoid in
C consists of an object C' together with a comultiplication A : A — A @ A that is
coassociative

C 2 CecC
A A®id
CoC—= CRCaC
or more precisely
C 2 CeoC
A id®A

CoC22. Cet)oC —-~Ca(Ce0)

and has a counit ¢ : ' — [ such that the following diagram commutes

C = CoC
A id id ®e
C@CW[@C’;C%C(@[

Let ' and D be coalgebras in C. A morphism of coalgebras f : C — D is a
morphism in C such that

C—"—D> c—L—p
Ac Ap and e €D
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commute.

Remark 3.2.10. It is obvious that the composition of two morphisms of coalge-
bras is again a morphism of coalgebras. The identity also is a morphism of coalgebras.
Thus we obtain the category Coalg(C) of coalgebras in C.

Remark 3.2.11. Observe that the notions of bialgebra, Hopf algebra, and co-
module algebra cannot be generalized to an arbitrary monoidal category since we
need to have an algebra structure on the tensor product of two algebras and this
requires us to interchange the middle tensor factors. These interchanges or flips are
known under the name symmetry, quasisymmetry or braiding and will be discussed
later on.



