4

Tensor Categories

This chapter is devoted to tensor categories which axiomatize the properties
of tensor products of vector spaces. Its importance became more evident when
quantum groups produced rich examples of non commutative tensor categories
and this notion is now used in many areas, mathematical physics, knot theory,
computer sciences, etc. Tensor categories and their applications deserve at
least a whole book, and we shall be extremely superficial and sketchy here.
Among the vast literature on this subject, let us only quote [15, 40].

We begin this chapter by introducing projectors in categories. Then we
define and study tensor categories, dual pairs, braidings and the Yang-Baxter
equations. We also introduce the notions of a ring in a tensor category and a
module over this ring in a category on which the tensor category operates. As
a particular case we treat monads, and finally we prove the Bar-Beck theorem.

Most of the notions introduced in this Chapter (with the exception of
§4.1) are not necessary for the understanding of the rest of the book, and this
chapter may be skipped.

4.1 Projectors

The notion of a projector in linear algebra has its counterpart in Category
Theory.

Definition 4.1.1. Let C be a category. A projector (P, &) on C is the data of a
functor P: C — C and a morphism ¢: ide¢ — P such that the two morphisms
of functors e o P, Pog: P =3 P? are isomorphisms. Here, P?:= P o P.

Lemma 4.1.2. If (P, ¢) is a projector, then eo P = P oe.

Proof. For any X € C, we have a commutative diagram with solid arrows:
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3

X —— P(X)
Ex

e J{P(m
L“ ~

P(X) —— P%(X).

EpP(X)

(4.1.1)

Since ep(x) is an isomorphism, we can find a morphism u: P(X) — P(X) such
that ep(x)y ou = P(ex). Then u o ex = ex and the commutative diagram

P(x) 2 p2x)
P(SX)\L P(u)
P*(X)

implies that P(u) = idp2(x). Since ep(x) is an isomorphism, we conclude that
u = idp(x) by the commutative diagram

P(X) ——= P(X)

SP(X)\L EpP(X)

P(u)
—_—

P2(X) P2(X).

Proposition 4.1.3. Let (P, &) be a projector on C.
(i) For any X,Y € C, the map

Hom,(P(X), P(Y)) =% Hom (X, P(Y))
1s bijective.

(ii) The following three conditions on X € C are equivalent:

(a) ex: X — P(X) is an isomorphism,
(b) Hom(P(Y), X) =% Hom (Y, X) is bijective for any Y € C,
(c) the map in (b) is surjective for ¥ = X .

(iii) Let Co be the full subcategory of C consisting of objects X € C satisfying
the equivalent conditions in (ii). Then P(X) € Cy for any X € C and P
induces a functor C — Cy which is left adjoint to the inclusion functor
[ CO — C.

Proof. (i) The composition
6: Hom (X, P(Y)) — Hom(P(X), P*(Y)) < Hom,(P(X), P(Y)),

where the second map is given by ep(y), is an inverse of the map ogy. Indeed,
Bo(+oex)and (+ oex)of are the identities, as seen by the commutative
diagrams below.
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P(X)—~—= P(Y) X —X— P(Y)

idp(x) \ 7
SPiX) ~ | €p(r) £x 6(v) ~ | €p(y)

P(X) P(Y), P(X) = P(Y).

e P(X)
P(ex) P(u)
(ii) (a) = (b) follows from (i).

(b) = (c) is obvious.

(¢) = (a). There exists a morphism u: P(X) — X such that u o ex = idy.
Since (ex ou)oey = ex oidy = idp(x) oex, we have ex ou = idp(x) by (i) with
Y = X. Hence, ¢y is an isomorphism.

(ili) Since ep(x) is an isomorphism, P(X) € Co for any X € C and P induces
a functor C — Cy. This functor is a left adjoint to ¢: Co — C by (i).  g.e.d.

Proposition 4.1.4. Let R: C' — C be a fully faithful functor and assume that
R admits a left adjoint L: C — C'. Let ¢: ide — Ro L and n: Lo R — id¢e
be the adjunction morphisms. Set P = RoL:C — C. Then

(i) (P, e) is a projector,
(ii) for any X € C, the following conditions are equivalent:
(a) ex: X — RL(X) is an isomorphism,
(b) Hom,(RL(Y), X) = Hom (Y, X) is bijective for any Y € C.
(iii) Let Co be the full subcategory of C consisting of objects X satisfying the
equivalent conditions in (ii). Then C' is equivalent to Cy.

Proof. Since R is fully faithful, n is an isomorphism.
(i) The two compositions

goP RnL
P——=p2——P
Poe

are equal to idp. Since Rono L: RLRL — RL is an isomorphism, it follows
that P oe and ¢ o P are isomorphisms.

(ii) follows from Proposition 4.1.3.

(iii) For X € C’, the morphism R(nx): PR(X) = RLR(X) — R(X) is an
isomorphism. Since the composition

ER(X)

R(X) PR(X) 2 R(x)
is idg(x), €r(x) is an isomorphism. Hence, R sends C’' to Cy. This functor is
fully faithful, and it is essentially surjective since ¥ >~ RL(Y) for any Y € Co.

q.e.d.
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4.2 Tensor Categories

Definition 4.2.1. A tensor category is the data of a category T, a bifunctor
*®+: TxT — T and an isomorphism of functorsa € Mor(Fct(T xT x7T,T)),

a(X,Y,Z2): (X®Y)®Z>X®(Y®Z)

such that the diagram below is commutative for any X, Y, Z, W € T :

a(X®Y,Z,W)
(X®Y)®Z) W ————— = (XQY)®(ZW)
a(X,Y,Z)@Wl
(4.2.1) (XQ(YQR2Z)W a(X.,Y,ZaW)
a(X,Y®Z,W)l

X@(Yrez)ew) XQY®(ZW)).

X®a(Y,Z,W)

Ezamples 4.2.2. The following (7, ®, a) (with a the obvious one) are tensor
categories.

(i) k is a commutative ring, 7 = Mod(k) and @ = ®,.

(ii) M is a monoid, 7 is the discrete category with Ob(7) = M, a ® b = ab
fora,be M.

(iii) A is a k-algebra, 7 = Mod(A ®, A°?) and ® = ®,.

(iv) C is a category, 7 = Fct(C,C) and ® = o.

(v) 7 is a category which admits finite products and ® = x.

(vi) 7 is a category which admits finite coproducts and ® = L.

(vii) G is a group, k is a field, 7 is the category of G-modules over k, that is, the
category whose objects are the pairs (V, ¢), V € Mod(k), ¢: G — Aut (V) is
a morphism of groups, and the morphisms are the natural ones. For V, W € T,
V ® W is the tensor product in Mod(k) endowed with the diagonal action of
G given by g(vQw) = gv ® gw.

(viii) I is a category, 7 = S(I) is the category defined as follows. The objects of
S(I) are the finite sequences of objects of I of length > 1. For X = (x1, ..., x,)
and ¥ = (y1,...,yp) in S(I),

[T, Hom,(x;, y;) ifn=p,

Hom X,Y) =
S(I)( ) ] otherwise .

Hence, S(I) >~ | |, I".

For two objects X = (x1,...,x,) and ¥ = (y1,..., yp) of S(I), define X @ Y
as the sequence (x1,...,%,, y1,...,¥p)-

(ix) k is a commutative ring and, with the notations of Chap. 11, 7 =
CP(Mod(k)) is the category of bounded complexes of k-modules and X ® Y is
the simple complex associated with the double complex X ®, Y.
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Let (7,®,a) be a tensor category. Then 7°P has a structure of a ten-
sor category in an obvious way. Another tensor category structure on 7 is
obtained as follows. For X, Y € 7, define

XQY =Y ®X .
For X,Y,Z € 7T, define
a’(X,Y.Z): (XQY)®Z "> X@(Y®Z)
by

a(Z,v,x)"!
_

(XQY)®Z = Z® (Y ® X) (ZRY)®X = XR(Y®Z).

Then (7, é), a") is a tensor category. We call it the reversed tensor category
of (T,®,a).
Tensor Functors

Definition 4.2.3. Let 7 and T’ be two tensor categories. A functor of tensor
categories (or, a tensor functor) is a pair (F,&r) where F: T — T' is a
functor and &r is an isomorphism of bifunctors

Eri F(+®+) = F(+)®F()
such that the diagram below commutes for all X, Y, Z € T :

F(a(X,Y,Z
(422) F(X®Y)®2Z) xer?) FIX®(Y®2Z))
S,«~(X®Y,Z)l/ iép(X,Y@Z)
F(X®Y)®F(Z) F(X)®F(Y ®Z)
sF(x,Y)®F(Z)J/ iF(X)éBSF(YqZ)

(F(X)®F(Y))® F(Z) F(X)®(F(Y)® F(Z)).

a(F(X),F(Y).F(Z))
In practice, we omit to write &f.

For two tensor functors F, G: 7 — 7', a morphism of tensor functors
0: F — G is a morphism of functors such that the diagram below commutes
forall X,Y € T

Er(X,Y)

F(X®Y) F(X)®F(Y)
(7‘x®vl \L9x®9y
Gxer)—* _Gx)0aG(Y).

Recall that to a category I we have associated a tensor category S(7) in
Example 4.2.2 (viii). Let us denote by ¢: I — S(I) the canonical functor.
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Lemma 4.2.4. let T be a tensor category, let I be a category and let ¢: I —
T be a functor. There exists a functor of tensor categories @ : S(I) — T such
that @ o1 >~ ¢. Moreover, @ is unique up to unique isomorphism.

Proof. We define by induction on n

D((i1,.-vin)) = D((i1, - in-1)) @ @(in) -

We define the isomorphism

Eo: P((i1, - vin) ®(J1seevs ) = @((i1s -+ in)) @ P((j1s - -+ jm))

by the induction on m as follows:

D((i1yvesin) ® (J1s ey jm))

D((i1,-wvins J1seesjm)

> @((i1y e ins 1o Jimn=1)) @ @(jm
@ ((

)
)
i1y eeesin) @ (s vy jme1)) ®@(jin)
2(@((11,,ln))®(p( Jl,-u,]m 1 )>®§0
)

((il,...,in))®(¢(]1,...,]m MY ]m>
((i1s i) @ P((1s v Jim)) -

It is left to the reader to check that this defines a functor of tensor categories.
q.e.d.

Hence, in a tensor category 7, it is possible to define the tensor product
X1®---®X, for X1,...,X, €7 by the formula

X19-0X, = (X19X2)®X3)® - )X,

and this does not depend on the order of the parentheses, up to a unique
isomorphism.
In the sequel, we shall often omit the parentheses.

Unit Object

Definition 4.2.5. A unit object of a tensor category T is an object 1 of T

endowed with an isomorphism o: 1®1 > 1 such that the functors from T
toT given by X — X Q®1 and X — 1 QX are fully faithful.

Lemma 4.2.6. Let (1, 0) be a unit object of T. Then there exist unique func-
torial isomorphisms a(X): X ® 1 => X and B(X): 1®X —> X satisfying the
following properties
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a(X®Y)

(b) the two morphisms X @ Y ® 1 X ®Y coincide,

X®a(Y)
B(X®Y)

(c) the two morphisms 1X ® Y ———————2% X ® Y coincide,
B(X)®Y

a(X)®Y

(d) the two morphisms X ® 1 QY X ® Y coincide,

X®B(Y)

1®a(X)

(e) the diagram 1®X®1
ﬂ(X)®1i lﬁ(X)
a(X)

Proof. If such @ and B exist, then (a) and (d) imply ¢(X)® 1 =X ® (1) =
X ® 0, @(X) is uniquely determined because X > X ® 1 is fully faithful, and
similarly with 8.

1®X commutes .

Proof of the existence of «, 8. Since X > X ® 1 is fully faithful, there exists a
unique morphism «(X): X®1 — X such that ¢(X)®1: X®1®1 > X®1
coincides with X ® ¢. Since X ® ¢ is an isomorphism, «(X) is an isomorphism.
The morphism B is constructed similarly by 1®8(X) =0 ® X.

Proof of (b)—(c). The morphism XY ®¢: X®Y®1®1 - X®Y®1 coincides
with (X ® Y) ® 1 and also with X ® @(Y) ® 1. Hence, «(X ®Y) = X ® a(Y).
The proof of (c) is similar.

Proof of (e). By the functoriality of «, the diagram in (e) commutes when
replacing 1 ®x(X) in the top row with «(1®X). Since ¢(1Q®X) = 1 Qa(X)
by (b), we conclude.

Proof of (d). Consider the diagram
X®1®1QY

v

XQ1QY <9 X®1QY — > X ®1QY

X®Y.

Since the upper two triangles commute as well as the big square, we obtain
XBY)=a(X)®Y.

Proof of (a). By (d), one has «(1)®1 = 1 ®8(1). On the other hand, (1)®1 =
1®o by the construction of «. Hence, 1®8(1) = 1®p. This implies that
B(1) = 0. The proof for « is similar. q.e.d.



100 4 Tensor Categories

Remark 4.2.7.1f (1, 0) and (1', ¢’) are unit objects, then there exists a unique
isomorphism ¢: 1 — 1’ compatible with ¢ and @', that is, the diagram

1®1 QL 1/®1/
Qi Q/l
1 . 1

commutes. Indeed, 1 < 1® 1’ = 1’ gives ¢ which satisfies the desired prop-
erties.

Remark that all tensor categories in Examples 4.2.2 except (viii) admit a
unit object.

Definition 4.2.8. Let 7 be a tensor category with a unit object (1,0). A
tensor functor F: T — T’ is called unital if (F(1), F(0)) is a unit object of
7.
More precisely, F(1) ® F(1)—> F(1) is given as the composition F(1) ®
F(1) «~—F(1®1)— F(1).

( ) &r(1.1) ( ) F(e) ( )

Definition 4.2.9. Let 7 be a tensor category. An action of T on a category
C is a tensor functor F: T — Fct(C,C). If T has a unit object and T —
Fct(C, C) is unital, the action is called unital.

For X € T and W € C, set X ® W := F(X)(W). To give isomorphisms
Er(X,Y): F(X®Y)> F(X) o F(Y) is thus equivalent to give isomorphisms
(XRY)®W = X®(Y®W). Hence, to give an action of 7 on C is equivalent to
giving a bifunctor ®: 7 xC — C and isomorphisms a(X, Y, W): (XQY)@W =~
X ® (Y ® W) functorial in X, Y € T and W € C such that the diagram (4.2.1)
commutes for X,Y,Z € 7 and W € C. In this language, the action is unital
if there exists an isomorphism 7(X): 1®X —> X functorially in X € C such

that the diagram

o®X
101X

1®'7(X)J/ ln(x)
n(X)
19X ———— X

1®X

commutes. (See Exercise 4.8.)

Ezamples 4.2.10. (i) For a category C, the tensor category Fct(C, C) acts on
C.

(ii) If 7 is a tensor category, then 7 acts on itself.
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Dual Pairs

We shall now introduce the notion of a dual pair and the reader will notice
some similarities with that of adjoint functors (see Sect. 4.3).

Definition 4.2.11. Let 7 be a tensor category with a unit object 1. Let X, Y €
T be two objects ande: 1 - Y ® X and n: X ® Y — 1 two morphisms. We
say that (X,Y) is a dual pair or that X is aleft dual to Y or Y is a right dual
to X if the conditions (a) and (b) below are satisfied:

(a) the composition X ~ X ®1 X% xove X 225 19X ~ X is the identity
of X,

(b) the composition Y ~1QY 25 Y @ X @ ¥ 2% Y ® 1 ~ Y is the identity
of Y.

Lemma 4.2.12. If (X, Y) is a dual pair, then for any Z, W € T, there is an
isomorphisms Hom (Z, W®X) ~ Hom - (ZQY, W) and Hom (X ® Z, W) =~
Hom,(Z,Y @ W).

Proof. We shall only prove the first isomorphism.

First, we construct a map A: Hom(Z, W ® X) - Hom,(Z ® Y, W) as

follows. Let u € Hom (Z, W @ X). Then A(u) is the composition Z ® Y uer

WRXRY 2L wel~Ww.

Next, we construct amap B: Hom - (Z®Y, W) — Hom -(Z, W®X) as follows.
Z®¢

Let v € Hom,(Z ® ¥, W). Then B(v) is the composition Z > Z ® 1 —
zevex 2 wex
It is easily checked that A and B are inverse to each other. q.e.d.

Remark 4.2.13. (1) Y is a representative of the functor Z — Hom (X ® Z, 1)
as well as a representative of the functor W > Hom (1, W ® X).
(ii) (- ®Y, - ® X) is a pair of adjoint functors, as well as (X ® «, Y ® +).

Braiding

Definition 4.2.14. A braiding, also called an R-matrix, is an isomorphism
X®Y S Y ®X functorially in X, Y € T, such that the diagrams

(4.2.3) XQY®Z rEez YX®Z

iY@R(X,Z)
R(X,Y®Z

Y®®ZoX

and
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X®R(Y.Z
(4.2.4) XQYQz Ry X®Z®Y
\ iR(X,Z)@Y
R(X®Y.Z)
ZRXQ®Y
commute for all X,Y,Z € T.
Consider the diagram
Xrez
Y8X8Z e X®Z@Y
(4.2.5) Y®R(X, z)l iR(x,z)@uf
R(X.Z®Y) .
Y@Z X S ZRXRY
m Ll%
ZRY®X.

Lemma 4.2.15. If R is a braiding, then the solid diagram (4.2.5) commutes.

The commutativity of this diagram may be translated by the so-called “Yang-
Baxter equation”

(4.2.6) (R(Y,Z)®X)o (Y®R(X,Z)) o (R(X,Y)® Z)
- =(ZQR(X,Y))o(R(X,Z)®Y)o (XQR(Y,Z)).

Proof. Consider the diagram (4.2.5) with the dotted arrows. The triangles

(XRYQ®Z, YRX®Z, Y®Z®X)and (X®ZQY, ZRXR®Y, ZRY®X)

commute by the definition of a braiding. The square (X Y ® Z, X ® Z ®

Y, YRXQ®Z, Z®Y ® X) commutes by the functoriality of R. q.e.d.

Note that if R is a braiding, then
RY,X) " XY SY®X

is also a braiding. We denote it by R~

Definition 4.2.16. A tensor category with a braiding R is called a com-
R(X,Y
mutative tensor category if R = R™!, i.e., the composition X ® Y g)

Y®X R )X®stequalt01d;(®y

Remark 4.2.17. Commutative tensor categories are called “tensor categories”
by some authors and tensor categories are then called monoidal categories.
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4.3 Rings, Modules and Monads

By mimicking the definition of a monoid in the tensor category Set (by Exam-
ple 4.2.2 (v)), or of a ring in the tensor category Mod(Z) (see Example 4.2.2
(1)), we introduce the following notion.

Definition 4.3.1. Let T be a tensor category with a unit 1. A ring in 7T is
a triplet (A, s, €4) of an object A € T and two morphisms p: A A — A
and e4: 1 — A such that the diagrams below commute:

A A A
ARL 2L A0A 10A L A0A AA9A-% L agaA

= lm = ilm A®jia \L \LMA
m pa) o

A, A, AQA——A.
Note that €4 is a unit and w4 is a composition in the case of rings in Mod (k).
Remark 4.3.2. Some authors call (A, na, €4) a monoid.

Definition 4.3.3. Let T be a tensor category with a unit 1 acting unitally on
a category C (see Definition 4.2.9). Let (A, a4, €a) be a ring in 7T .

(i) An A-module in C is a pair (M, py) of an object M € C and a morphism
Upm: AQM — M such that the diagrams below in C commute:

eAQM HAQM
1M ———AQM AQAQM ——AQM

M, AQM M.

(ii) For two A-modules (M, uy) and (N, uy), a morphism u: (M, uy) —
(N, un) is a morphism u: M — N making the diagram below commuta-
tive:

AQu

AQM AQN

l,U-M \LMN
M——=N.

Clearly, the family of A-modules in C forms a category Mod(A, C) and the
forgetful functor for: Mod(A, C) — C is faithful.

Lemma 4.3.4. Let 7 and C be as in Definition 4.3.3, let (A, pa, €4) be a ring
in T and let (M, py) be an A-module in C. Then the diagram below is exact
in CN:

na®@M

A®A®M:§A®M%M‘
AQup
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EAQM

Proof. The morphisms s: M 1M —— AQM andu: AQM ~1QAQ

MMA@A@Mbatlbfy

upos=idy, (AQuum)ou=souy, (ts@M)ou=idsgy -
Hence, it is enough to apply the result of Exercise 2.25. q.e.d.
Recall that, for a category C, the tensor category Fct(C, C) acts on C.

Definition 4.3.5. Let C be a category. A ring in the tensor category Fet(C, C)
is called a monad in C.

The following lemma gives examples of monads and A-modules.

L
Lemma 4.3.6. Let C ——= (' be functors such that (L, R) is a pair of ad-
R

joint functors. Let ¢: id¢ — Ro L and n: L o R — idg be the adjunction
morphisms.

(a) Set A:=RoL, ep:=¢ and p:=RonoL. (Hence, tp: AcA = RoLoRoL —
RoL=A.) Then (A, pa,€a) is a monad in C.
(b) Let Y € C'. Set X = R(Y) € C and ux = R(ny): A(X) = RoLo

R(Y) Rlatr)), R(Y) = X. Then (X, ux) is an A-module and the corre-
spondence Y — (X, ux) defines a functor @: C' — Mod(A, C).

Proof. Leaving the rest of the proof to the reader, we shall only prove the
associativity of w,, that is, the commutativity of the diagram

AoAoA(X) D 4 g A(x)
lA(MA(X)) \LMA(X)
Ao A(X) X A(X).

We have A(ua(X)) = RoLoR(n(L(X))), ta(A(X)) = R(n(LoRoL(X))) and
na(X) = R(n(L(X))). Setting B:=Lo R and Y := L(X), the above diagram
is the image by R of the diagram below

n(B(Y))
_—

Bo B(Y) )

B(Y
i (n(Y)) ln(Y)
Y
n(Y) v

B(Y)— 1~

The commutativity of this diagram follows from the fact that n: B — id¢: is
a morphism of functors. q.e.d.
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Lemma 4.3.7. Let (A, ua, €4) be a monad in C.

(a) For any X € C, (A(X), na(X)) is an A-module.
(b) The functor C — Mod(A, C) given by X +— (A(X), ua(X)) is a left adjoint
of the forgetful functor for: Mod(A,C) — C.

Proof. (i) is left to the reader.
(ii) We define maps

Hom yq(4,0) ((A(Y), ma(Y)), (X, px)) LUT Hom (Y, X)

as follows. Tov: (A(Y), ua(Y)) = (X, ux) we associate a(v), the composition

y 29 Ar) S x.

A
Tou: Y — X, we associate B(u), the composition A(Y) A AX) 5 x.

It is easily checked that @ and B8 are well defined and inverse to each other.

q.e.d.
The next theorem is due to Barr and Beck.
L
Theorem 4.3.8. Let C ——= (' be functors such that (L, R) is a pair of
R

adjoint functors. Let (A = Ro L,&a, ta) and @: C' — Mod(A,C) be as in
Lemma 4.3.6. Then the following conditions are equivalent.

(i) @ is an equivalence of categories,
(ii) the following two conditions hold:
(a) R is conservative,
(b) for any pair of parallel arrows f, g: X = Y inC’, if Coker(R(f), R(g))
R(f)
exists in C and R(X) —= R(Y) ——=Coker(R(f), R(g)) is ezact in
R(g)
C" (see Exercise 2.25), then Coker(f, g) exists and Coker(R(f), R(g)) —

R(Coker(f, g)).

In particular, if C' admits finite inductive limits and R is conservative and
exact, then @ : C' — Mod(A, C) is an equivalence of categories.

Proof. (1) = (ii). We may assume that A is a monad in C and R is the forgetful
functor C" = Mod(A, C) — C. Hence, L is the functor X + (A(X), ua(X))
by Lemma 4.3.7. Then (a) is obvious. Let us show (b). Let f, g: (X, ux) =
(Y, y) be a pair of parallel arrows and assume that X = ¥ — Z is exact in
C". Then A(X) = A(Y) — A(Z) as well as A%(X) = A%(Y) — A2(Z) are
exact by Proposition 2.6.4. By the commutativity of the solid diagram with
exact rows
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AX) —= A(Y) ——= A(2)
l \LMY w
v
X—Y——Z,

we find the morphism w: A(Z) — Z. It is easily checked that (Z, w) is an
A-module and (Z, w) >~ Coker(f, g) in Mod(A, C).

(ii) = (i). Let us construct a quasi-inverse ¥: Mod(A,C) — C' of @. Let
(X, ux) € Mod(A, C). Applying L to uyx: A(X) — X, we obtain

L(px)

(4.3.1) LoRoL(X)————= L(X).
n(L(X))
Applying R to this diagram we get
RoL(px)
RoLoRoL(X)———= RoL(X)
R(n(L(X)))
A(px)
which is equal to the diagram Ao A(X) ——————=% A(X) .
The sequence wa(X)
A(px) wx
(4.3.2) Ao AX) —= AX) ———— X

wa(X)

is exact in C* by Lemma 4.3.4. Therefore, (b) implies that (4.3.1) has a cok-
ernel

L(px)

(4.3.3) LoRoL(X)————= L(X)— 2>,
n(L(X))

and there exists a commutative diagram

A(X)=RoL(X) > x

w 5T

R(Y).

We set @((X, ux)) = Y. Since the following diagram commutes
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¢ and ¥ correspond by the adjunction isomorphism Hom, (L(X),Y) =
Hom (X, R(Y)). This implies that the diagram

RL('//)

A(X ——————> RoLoR(Y)
l lR('I(Y))
X f R(Y)

commutes. Hence, @Y ((X, ux)) ~ (X, ux).
Conversely, for Y € C', let us set (X, ux) = ®@(Y) = (R(Y), R(n(Y))) €
Mod(A, C). Then the two compositions coincide:

LoR(n(Y)) a(7)
(4.3.4) LoRoLoR(Y)—————=<LoR(Y)—=>Y.
n(LoR(Y))

Applying R to this diagram, we find the sequence A o A(X) = A(X) —> X
which is exact in C* by Lemma 4.3.4. Hence, (b) implies that

R(Y) =X ~ R(Coker(LoRo Lo R(Y) = LoR(Y))).

Then (a) 1mphes that ¥ =~ Coker(L o Ro Lo R(Y) = L o R(Y)). Hence,
v(P(Y)) ~ g.e.d.

Exercises

Exercise 4.1. Let Pr be the category given in Notations 1.2.8 (v). Let
F:Pr — Pr be the functor given by F(u) = id, for any u € Mor(Pr).
Let ¢: idpy — F be the morphism of functors given by &. = p.

(i) Prove that F and ¢ are well-defined.

(ii) Prove that F oe: F — F? is an isomorphism but ¢ o F: F — F? is not
an isomorphism.

Exercise 4.2. Let 7 be a tensor category with a unit object 1. Let X € T

and @: 1 — X. Prove that if the compositions X >~ 1®X *2X x ® X and
X~X®1— Xex x ® X are isomorphisms, then they are equal and the inverse

morphism p: X ® X — X gives a ring structure on X.

Exercise 4.3. Prove that if a tensor category has a unit object, then this ob-
ject is unique up to unique isomorphism. More precisely, prove the statement
in Remark 4.2.7. Also prove that if (1, 0) is a unit object, then o ® 1 = 1 ®o.

Exercise 4.4. Let 7 be a tensor category with a unit 1 and a braiding R.
(i) Prove that the diagram below commutes:



108 4 Tensor Categories

R(1,X)
19X ————>X®1
B(X) A
X.

(i) Prove that R(1,1) =id1g1.

Exercise 4.5. Let k be a field and recall that k* denotes the group of its
invertible elements. Let L be an additive group and denote by C the category
whose objects are the families

Ob(C) = {X = {X;}ier; X; € Mod(k), X; =0 for all but finitely many /},

the morphisms in C being the natural ones. For X = {X;};c; and Y = {Y;}jer,
define XY by (X®Y); = @1y Xy ® Yy
(i) Let ¢: L x L x L — k* be a function. For X, Y, Z € C, let

a(X,Y,2): (XQY)®Z > XQ (Y Q@ Z)
be the isomorphism induced by

c(l1,l2,13)

(X1, ®7Y1,) ®Z, X, ® (Y, ®Z,).

Prove that (C, ®, a.) is a tensor category if and only if ¢ satisfies the cocycle
condition:

(435) C(ll +12, 13, 14)6‘([1, lg, 13 +l4) = C(ll, 12, lg)C(ll, 12 + l3, 14)6'([2, 13, 14) .

If ¢ satisfies the cocycle condition (4.3.5), we shall denote by ®. the tensor
product in the tensor category (C, ®, a.).

(ii) Let b and ¢ be two functions from L x L x L to k* both satisfying (4.3.5).
Let ¢: LxL — k™ be a function and for X, Y € C,let £(X,Y): XQY — XQY
be the isomorphism in C given by

p(L.l)
X[®Yl/—)X[®Y[/.

Prove that (ide, &) is a tensor functor from (C, ®,, ap) to (C, ®., a.) if and only
if

(,0(12, 13)()0(11’ 12 + 13)
ol l2)p(l +12,13)

(iii) Assume that ¢ satisfies the cocycle condition (4.3.5) and let p: LXL — k*
be a function. Let

(436) C(ll,lg,lg) = b(ll,lg,lg) .

RX,Y) XQY—->Y®X
be the isomorphism induced by

p(LI)
XYy, —> Y X,.
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(a) Prove that R satisfies the Yang-Baxter equation (4.2.6) if
c(li, o, I3)c(la, I3, Iy )e(Is, 11, 1) = c(ly, I3, 12)c(l3, 1o, I )c(l2, 11, I3) .
(b) Prove that R is a braiding if and only if

c(l1, 1o, 13)c(l2, I3, 11) _ pl1,12)p(l1,13) _ plla +1s3, 1)
c(la, 1, 13) ol o+ 13) p(la, 1) p(ls, 1)

(iv) Let ¥: L — k be a function. Define 0: id¢ — id¢ by setting 0x|x, =
¥ (1) idy,. Prove that 6 is a morphism of tensor functors if and only if

Ul +12) = Y (l)v(la) .

(4.3.7)

(v) Let L = Z/2Z.

(a) Prove that the function ¢ given by

-1 iflj=Ilb=Il3=1mod2,
(4.3.8) c(lh, Ia, I3) = P T m s e
1 otherwise
satisfies the cocycle condition (4.3.5).
(b) Assume that there exists an element i € k* such that i = —1 and let ¢
be as in (4.3.8). Prove that the solutions of (4.3.7) are given by

o1 = {j:i if1=1' = Tmod2,
1 otherwise.

(vi) Let L = Z/2Z. Prove that two tensor categories (C, ®,., a.) and (C, ®,, ap)
with ¢ as in (4.3.8) and b(l1, l2, I3) = 1, are not equivalent when k is a field of
characteristic different from 2.

(vii) Let L = Z/2Z, and b as in (vi). Let R be the braiding given by p(I,1') =
—1 or 1 according that / = I’ = 1 mod 2 or not. Prove that (C, ®,,a,) is a
commutative tensor category. (The objects of C are called super vector spaces.)

Exercise 4.6. Let 7 be a tensor category with a unit object 1. Prove that if
0: id7 — id7 is an isomorphism of tensor functors, then 6; = id;.

Exercise 4.7. Let 7 be a tensor category with a unit object. Prove that if
(X,Y) and (X, Y’) are dual pairs, then ¥ and ¥’ are isomorphic.

Exercise 4.8. Let 7 be a tensor category with a unit object 1 and acting
on a category C. Prove that this action is unital if and only if the functor
C> X 1Q®X € is fully faithful.

Exercise 4.9. Let A be the category of finite totally ordered sets and order-
preserving maps (see Definition 11.4.1 and Exercise 1.21).
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(i) For 0,7t € A, define o0 @  as the set o Ut endowed with the total order
such that i < j for any i in the image of o and j in the image of 7 and
o0 - oUtand Tt — o U7t are order-preserving. Prove that A is a tensor
category with a unit object.

(ii) Let R(0,7): 0 ® T — T ® 0 denote the unique isomorphism of these two
objects in A. Prove that R defines a commutative tensor category structure
on A.

(iii) Let 7 be a tensor category with a unit object. Prove that the category
of rings in 7 is equivalent to the category of unital tensor functors from A to
7.

Exercise 4.10. Let G be a group and let us denote by G the associated
discrete category. A structure of a tensor category on G is defined by setting
81 ® g2 = g1g2 (g1, 82 € G). Let C be a category. An action of G on C is a
unital action ¥ : G — Fct(C, C) of the tensor category G on C.

(i) Let T : C — C be an auto-equivalence. Show that there exists an action ¥
of Z on C such that ¢(1) =T.

(ii) Let Ty and T be two auto-equivalences of S and let @19 : Ty 0 To 5 ThoTy
be an isomorphism of functors. Show that there exists an action ¥ of Z2 on
C such that ¥ ((1,0)) = Ty and ¥ ((0, 1)) = To.

(iii) More generally, let Ty,...,T, be n auto-equivalences of C for a non-
negative integer n, and let ¢;; : T; 0 T} = T; o T; be isomorphisms of functors
for 1 <i < j < n. Assume that for any 1 <i < j < k < n, the diagram below
commutes

T;0T;oT;

yw

TiOTkOTj TjOT,‘OTk

pikoT; i \LT/ oPik

TkOTiOTj TJ‘OTkOTi

m %

Ty oTjoT;.

Denote by uq,...,u, the canonical basis of Z". Prove that there exists an
action ¥ of Z" on C such that ¥ (u;) = T; and the composition T; o T; =~

1//(14,- ® Ltj) = w(uj ® I/t,') l) Tj o Tl coincides with Dij-
Exercise 4.11. Let 7 be a tensor category with a unit object (1, 0). Let

a € End7(1).
(i) Prove that the diagram
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1——1

commutes and that 1®a =a ® 1.

(ii) Prove that End (1) is commutative.

(iii) Define
R : End;(1) » End Fct(T,T)(' ® 1) < End Fct(’T,T)(idT) ,
L : End7(1) - End g7 7y (1®+) <= End gy (7 7 (id7) .

where R(a)y ® 1 = X ® a and 1®L(a)x = a ® X. Prove that if 7 has a
braiding, then R = L.

Exercise 4.12. Let 7 be a tensor category with a unit object (1,0). Let
X,Y €7 and assume that X @ Y ~1 and Y ® X >~ 1. Prove that there exist

isomorphisms £: X®Y =1 and n: ¥ ® X => 1 such that the diagrams below
commute.

E®X Y ®¢&
XRYQX —1QX YoXQYy —Y®1

T

X®1 X, 1®Y Y.

Exercise 4.13. Let 7 be a tensor category with a unit object (1, o). Assume

to be given X € 7, a positive integer n and an isomorphism A: X®" = 1.
Consider the diagram

xemnt) X2 x 91
(4.3.9) A@,Xi l

18X —— X.

(i) Assume that (4.3.9) commutes. Prove that there exists a unital functor
¢: Z/nZ — T such that ¢(1) = X. Here, the group Z/nZ is regarded as a
tensor category as in Exercise 4.10.

(ii) Prove that if 7 has a braiding, the fact that the diagram (4.3.9) commutes
does not depend on the choice of the isomorphism A: X®" > 1. (Hint: use
Exercise 4.11 (iii).)

(iii) Give an example of a braided tensor category 7 and (X, A) such that
(4.3.9) does not commute. (Hint: use Exercise 4.5 (v).)



