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Abstract

Tensor categories, also known under the name of ”symmetric monoidal categories”, is an area of
import for research in pure mathematics, and with links to computation, logic and physics. In this
article, we go through their properties, introducing categorical concepts as needed as we go along.
We prove some well-known theorems, such as maclanes coherence theorem, for monoidal categories
(and in particular monoidal categories with a symmetry), and we zoom in on symmetric monoidal
categories with some more restrictive structure (e.g. rigidity). The work tries to lay the ground
for understanding the main theorem in P. Deligne & J.S. Milnes article ” Tannakian Categories”,
wherein it is shown that an exact, faithful k-linear tensor functor yields an equivalence of categories
between a more restricted type of tensor category, and the category of linear representations of a
group (perphaps affine group scheme) G.

Abstrakt

Tensor kategorier, ocksa kidnda under namnet “symmetriska monoidala kategorier”, ar ett
omrade med betydelse for bade forskning inom ren matematik, men ocksa med kopplingar till
omrade som teoretisk datavetenskap, logik, och fysik. I den hér artikeln, sa kommer vi ga igenom
dessa typer av kategoriers egenskaper, dar vi introducerar kategori-teoretiska koncept da de behovs.
Vi bevisar nagra vilkénda teorem, sa som Maclanes koherensteorem, bade for monoidala men ocksa
symmetriskt monoidala kategorier, och vi lagger sedan mer fokus pa en symmetriskt monoidala
kategorier mer fler restriktioner pa sin struktur (exempelvis rigiditet). Arbetet forsoker bygga en
en bas for att kunna forsta huvudsatsen i P. Deligne & J.S. Milnes artikel “Tannakian Categories”,
dér i de visar att en exakt, trogen, k-linjar tensor-funktor ger en ekvivalens av kategorier mellan
en mer restriktiv typ av tensor kategori, och kategorin av linjara representationer av en grupp
(kanske eg. affint grupp schema) G.
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1 Prelude

The author has made his best to indicate where proofs are not fully developed, or when things are
assumed for sake of brevity or to avoid too much complication. I’ve used GPT-4 to ask questions and
to create biblatex references (mainly when they were hard to find by a quick google search).

This work is mainly an expansion on themes encountered in the the first chapter of P. Deligne & J.S.
Milnes “Tannakian Categories” ([10]). The reader already familiar with category theory at reasonably
high level, might find that some of the things stated in the thesis are too elementary. The author of
the thesis did not know much beyond quite elementary category theory at the beginning of writing
this thesis, whence a lot of work has been done to expand on assumptions and formal machinery that
is in the background of a lot definitions and theorems in [10].

Originally, the intent and goal of the article was to apply the theory of tannakian categories to more
elementary algebraic structures; as a lot of work went into understanding the theory behind tannakian
categories, over time, this morphed into a thesis that seeks to understand and unpack as much as
possible (with due time constraints) of the theorems and concepts at work in chapter 1 of [10]. We
have mainly used [13] as a reference for the categorical side of the thesis. The author wants to thank
several people for being willing to answer questions, or engage in dialogue about the material in the
thesis; among them Rikard Bogvad, David Rydh, Gregory Arone, Kilian Liebe, Victor Groth, and the
larger math-community at mathoverflow (MO) and mathstackexchange (MSE).

2 Introduction

Tannakian formalism was perhaps first seriously investigated by Grothendiecks student, Neantro Saave-
dra Rivano. The findings were published in “Catégories Tannakiennes” ([14]). This was later on taken
up by another of Grothendiecks students, Pierre Deligne. What in Deligne & Milne is called “tensor
categories”, also goes by the name of “symmetric monoidal categories”, among others. John Baez
has at one point called symmetric monoidal categories a “Rosetta Stone”, for their connections to
areas such as logic, computation and physics (for example, in certain types of topological quantum
field theories; see also the cobordism hypothesis; [3]). In this work, we will be happy to cover more
basic properties of what we call tensor categories; we will cover certain coherence conditions that are
imposed by the axioms, maclanes coherence theorem for monoidal (& symmetric monoidal categories),
dual objects, morphisms of tensor functors, and some other results related to these constructions. One
of the goals of this article can be seen to be, to lay the groundwork for being able to understand what
one of the main theorems in ([10, proposition 2.11]) says.



3 Preliminaries; Categories

We begin by introducing some relevant notations and definitions.

Definition 1.1. (Category). A category C = (Ob(€), Mor(€)) consists of

1.

2.

A class ob(C) whose elements are objects of C.

For every X,Y € Ob(C@), a class Home(X,Y') where elements in Home(X,Y") are called mor-
phisms in C from X to Y.

For every X € Ob(C), there is a special element idx € Home (X, X) called the identity on X.
For every X,Y,Z € Ob(C), a function called composition
Home (Y, Z) X HOIIl@(AXF7 Y) — HOIHG(X, Z)

defined by
(9. f) —>go f=gf

The composition satisfies associativity:
h(gf) = (hg)f (when both sides make sense).
e Unitality: If f € Home(X,Y) then

idyOf = foidX
= f.

Definition 1.2. A category € is small if Ob(€), Mor(€) € Set.

Example 1.3. Some examples of categories are

Set with objects as sets and morphisms as functions.
Top with objects as topological spaces and morphisms as continuous functions.

Vecty over a field K, who:s objects are vector-spaces over k and where the morphisms are k-linear
maps.

Grp, where the objects are groups and the morphisms are group homomorphisms.

Take a set X with a preorder <. Then (X, <) defines a category where the objects are the

{fm,y}vif <y

elements of X, and Hom(z,y) := i
ag,ifx Ly

Cat, where objects are small categories (1.2), and where the morphisms are functors.

A special type of category, which will be relevant in the context of the bifunctor — ® —, are product
categories.

Definition 1.4. A product category is a category C x D whose objects are pairs (X,Y’) where

X e

Ob(€) and Y € Ob(D), whose morphisms are pairs (f,g) where f € Home (A, B) for objects

X,Y € Ob(€), and g € Homp (X, Y) for objects E, F € Ob(D).



Furthermore, we define composition in the product category as (f10 fa,91092) = (f1,91) o (f2,92) and
identities id(4, gy = (ida,idp) for objects (A, B) € Ob(C x D).

Definition 1.5. A category C is locally small if for all objects A, B € C, one has Home (A, B) € Set.

Example 1.6. Top x Top defines a product category. Morphisms are pairs of morphisms (f, g) where
f, g € Mor(Top).

Crucially connected to categories, are functors.

Definition 1.7. A functor F : € — D where C,D are categories, is a map that fulfills the following
properties:

e For each object X € Ob(€), F(X) € Ob(D)

e For each morphism f € Home(X,Y), we get a morphism F(f) € Homp (F(X), F(Y)), so that
the following conditions hold

1. F(idx) = idp(x) for all X € Ob(C).
2. F(go f)=F(g)o F(f) for all morphisms f € Home(X,Y') and g € Home(Y, Z2).

Remark 1.8. For a functor (1.7) F' : € — D, we generally call € the source category of F', and D its
target category.

Definition 1.9. A covariant functor is a functor F' : ¢ — D such that if f € Home(A, B) then
F(f) € Homp(F(A), F(B)).

Definition 1.10. A bifunctor is a functor F' whose domain is a product category (1.4). That is,
F:CxD — & for categories €, D, €.

We will mostly talk about the bifunctor @ : € x € — C. In this case, we will take as a given that the
following conditions hold (as in [9, chapter 2]):

e For every pair of objects X,Y € C gives us an object X @ Y € C.

For pairs of morphisms f: X - X and g:Y — Y’, we have a morphism f®g: XY — X'QY".

For identity morphisms idx and idy, we have idy ®idy =idxgy : X @Y - X ®Y.

For defined composites f' o f and ¢’ o g in €, it holds that (f'o f)® (¢’0g) = f' ®¢g o f®g.

We will take these as facts in the following text; so we will use these properties freely without men-
tioning them each time.

Definition 1.11. A forgetful functor F': C — Set is a functor that “forgets” some of the underlying
structure in the source category (1.8) €. There is, as of yet, no precise formal definition of exactly what
a “forgetful” functor is. Hence this serves more as a heuristic for when to call a functor “forgetful”.

Example 1.12. We have a forgetful functor F' : Rep,(G) — Vecty from the category of representa-
tions of a group G (with fixed field k), to the category of vector spaces over K. It takes a representation
(V, p) to the vector space V', and takes G-equivariant maps to the linear transformation corresponding
to them in Vecty.

If H < G is a subgroup, then one has a forgetful (restrictive) functor Res$ : Repy(G) — Repy(H).



If H < G with ¢ : H < G the inclusion homomorphism, then ~ ¢* : Rep,(G) — Repy(H) “pulls
back” a representation (V, p) from Rep, (G) to Repy(H) by ¢*(p) := poyp : H — GL(V), as illustrated
below.

H - G

Remark 1.13. Note that p in the above example is always K-linear.

Example 1.14. If € = Grp, the category of groups, then we have a forgetful functor F : Grp —
Set that takes objects G € Grp to their set in Set (without any relations imposed), and group
homomorphisms f: G — H to functions f : G — H between sets H,G in Set.

We now introduce the following lemma.

Lemma 1.15. Functors preserve isomorphisms.

Proof. Asin [13]: Let F': € — D be a functor, and let f : X — Y for X,Y € Ob(€) be an isomorphism
with inverse f~!:Y — X. By 1.7, we find that

so that F(f~1) is a right-inverse to F(f). By the same property, we have that

idpyy =F(f o f)
=F(f ") o F(f)

so that F(f~1) is a left-inverse to F(f). Hence F(f) is an isomorphism. O

A category € can have substructures that themselves are categories; this motivatives the following
definition

Definition 1.16. Let € be a category. Then we say that €’ is a subcategory of @ if
eif AcC = AccC
o if f € Mor(C') = f € Mor(C).
e VA € ¢, we have that id4 € Mor(€’), inherited from Mor(C).
e Vf € Mor(€'), where f: X — Y, we have that X,Y € €.
o IfVf, g € Mor(C') with g: A — B and f: B — C, we have that f og € Mor(¢).
This in turn makes €' = (Ob(€’), Mor(€’)) a category.

Definition 1.17. Let € be a category and let € be a subcategory. Then we say that €' is a full
subcategory if VX,Y € Ob(C’), one has Home/(X,Y) = Home(X,Y).



Definition 1.18. Let € be a category, and let f € Home (B, C). Then we say that f is an monomor-
phism, if

fogi=/foga
—t 91292

for g1,92: A= B.
Definition 1.19. Let C be a category, and let f € Home(B,C). f is an epimorphism if

giof=gaof
—t 91292

for morphisms ¢1,g2 : C = D in C.
More generally, we characterize a diagram in a category the following way.

Definition 1.20. Let C be a category. Then a diagram in C is a functor F' : § — C where the index
category J is small (see 1.2).

Usually, one write the diagram pictorially as its image, and leave the source category implicit.

Lemma 1.21. Functors preserve commutative diagrams

Proof. Let F': §J — C be a diagram in €, with J small. Let (fio...0 f,),(g10...09m) € Mor(J) with
fio...ofn=g10...0¢y and m,n € Z>. Then we find that F(g10...0¢y) = F(g1)o...0 F(gmn)
and F(fio...0f,)=F(f1)o...0F(f,) by functoriality of F' (use definition 1.7 repeatedly).

But since F' by assumption is well-defined, we get

F(fno...of1)=F(gmo...0q1)
= F(fn)o...0oF(f1)=F(gm)o...oF(g1).

1.1 Some special objects of interest, in categories

We want to introduce some objects in a given category C, with certain properties of interest.

Definition 1.22. Let C be a category, and let J € C. If for each object X € Ob(C) there ezists a
uniqe morphism f :J — X, then we call J an initial object of C.

Definition 1.23. Let C be a category, and let T € € such that for all objects Y € C there is a unique
morphism t : Y — T. Then we say that T is a terminal object of C.

Definition 1.24. Let C be a category, and let 0 be an object in € that is both an initial and terminal
object. Then we call 0 a zero object.

1.2 Natural transformations

We want to introduce a definition that is crucial to understanding the relationship between and within
categories

We will use the following definition



Definition 1.25. . Let F,G : € = D be functors from a category € to D. We then say that « is a
natural transformation from € to D if the following two conditions hold

1. For every object X € Ob(C), there is a morphism, ax : F(X) — G(X), called the component
of av at X.

2. For all components, and for every morphism f : X — Y where X,Y € Ob(@), the following
diagram commutes

F(X) —2* & G(X)
F(f) G(f) (1.1)
F(Y) . G(Y)

Furthermore, if for all X € Ob(C), the morphism ax is an isomorphism in D, then we say that
« is a natural isomorphism.

2 Tensor categories

Before defining tensor categories we need some axioms.

In the following, let € be a category and let ® : € x € — € be a bifunctor, where € x € is a product
category (1.4).

Definition 2.1. (Associativity constraint and pentagon-axiom). We define the natural isomorphism
(1.25) ¢ with components ¢xyz : X @ Y ®2Z) - (X ®Y)® Z for X,Y,Z € €. We call ¢ an
associativity constraint for (€, ®), as in [10], if the following diagram commutes

XY ®((ZeT))

idx ®¢y,z,T bx,v,zeT
Xo(Y®Z2)oT) (XeY)®(ZeT) (2.1)
X, y®2z,T PXQY,2,T
ox,v,z®idr
XeY®Z)eT) (XeY)oZzZ)eT
We call this the pentagon axiom.
Definition 2.2. (Commutativity constraint and hexagon-axiom). As in [10], and similarly to definition

2.2, we also define a natural isomorphism 1 with components
wX,Y XY —-Y X
for X,Y € C, which we call a commutativity constraint, where we have that

Yy, xo Pxy =ldxey : X QY - X QY.



We say that ¢ and ¢ are compatible if for all objects X,Y, Z € €, the following diagram commutes

bx,v,z

X®(Y®2) (X©Y)®Z
idx®vz,y Yxev,Z
X®((ZRY) Z@(X®Y) (2.2)
bx,2,y bz,X,Y
Px,z®idy
Xo2) oy 22N zox)0Y

We call this the hexagon axiom.
Before proceeding, we cover some more definitions.

Definition 2.3. (Equivalence of categories, see [13]) . We say that we have an equivalence of categories
C, D if we are given functors F' : € = D : F’ such that 1 :ide ~ Fo F’" and p : idp ~ F' o F. We write
C ~ D for this equivalence of categories.

Remark 2.4. Given a functor F : € — D, we say that it yields an equivalence of categories if there
exists a functor G : D — € such that the conditions in 2.3 are fulfilled.

Definition 2.5. . A pair (U,u) where U € € together with an isomorphism u: U — U ® U is called
an identity object of (C,®), if U ® — : € — € defined by taking X € € to U ® X € C, yields an
equivalence of categories (2.3, 2.4).

We are now ready to define a tensor category.

Definition 2.6. A tensor category consists of a 4-tuple (C,®, ¢, 1) where ¢ and ¢ are compatible
(see 2.2), and there exists an identity object (2.5). One could also call these categories symmetric
monoidal categories, as [10] points out.

Remark 2.7. Henceforth, we shall denote a tensor category in a more succinct way as (C, ®), or if we
are talking about objects X in (C,®), we will denote this as X € €, and morphisms f : X — Y in
Mor((€,®)) as f € Home(X,Y) or f € Mor(C).

2.1 Representations of a group G

Definition 2.8. We call a category G a groupoid if every morphism f : g — ¢ for g,¢' € G is
invertible.

Example 2.9. Every group (G, e) forms a groupoid with one object G and morphisms g : G — G for
each element g € G. Explicitly, we define g(¢') :=ge g’

Definition 2.10. (G-representation & G-Equivariance).

e Let (o, G) be the category consisting of one object, o, with elements g € G as morphisms. Let
F : (o,G) — C be a functor from (e, G) into another category €. The functor F' specifies objects
F(e) in C together with an endomorphisms g, : F'(e) — F(e) that has the following properties

1. hyg. = (hg). for all h,g € G.



2. €y — IdF(.).

Thus, F specifies a G-action of the group G on the object F(e) € Ob(€). If € = Vectk of all
vector spaces over the field k, we call F'(e) a G-representation. In the case of G-representations
F : (o, G) — Vectk where F'(e) =V for some vector space V over K, we have that g, : V — V' is
an automorphism of V, so that g. € Aut(V) for all g € G. This follows from lemma 1.15, since
F preserves isomorphisms.

Given functors F, F' : (¢,G) = C, such that F'(e), F'(e) € Ob(C). Let n € Home(F(e), F'(e)),
and g. € Aut(F(e)) as well as g. € Aut(F’(e)). Then we say that n is G-equivariant if the
following diagram commutes

Fo) ——" s (o)

that is, o g, = g« o n, where

and g € Mor((e, G)).

Example 2.11. Let G be a group and let K be a field. Then the category Rep,(G) of representations
of G over Kk has

e As objects in said category, Ob(Repy(G)), are pairs (V,p) of vector spaces V over k and
representations p of G on V.

e For (V,py), (W, pw) we have that
HomRepk(G) ((‘/7 PV)7 (VV7 PW))

comnsists of G-equivariant morphisms (2.10), where py : G — GL(V) is a G-equivariant group
homomorphism into the automorphism group GL(V) of V. Note here that if V. = W, but
pv # pw, then (V, py) and (W, pw ) are different objects in Repy(G).

e Composition consists of composition of G-equivariant maps.

e As identity object (2.5), we have the identity representation 1 : G — GL(1,k) = k* defined
by 1(g) = g, for all g € G, and V =K, i.e. (k,1) is the identity object (see definition 2.4). We
have canonical isomorphisms

Voakk2kegV
>~k
defined by
vRE—k®v
— kv



(recall that scalar multiplication of v € V by k € K is well-defined, since V' is a vector space over

k).
e With ® as bifunctor, Repy(G) forms a monoidal category. One defines

pvew(9) = pv(9) ® pw(g).

2.2 Tensor categories, again

We continue our investigation into tensor categories.
Proposition 2.12. Let (U,u) be an identity object (2.5) of the tensor category (C, ®).

(a) We get a natural isomorphism | with components lx : X — U ® X for each object X in €, so
that ly : U — U @ U is the same map as u in 2.5, that is, u = ly.

Furthermore, the following diagrams commute

Xov Ixey U®(X®Y)
du.xv (2.4)
XY Ix@idy UeX)®Y
Xov Lx@idy UeX)®Y
idx ®ly Y. x ®idy (2.5)
XoUeY) Xy (XeU)eY
Remark 2.13. Note that there is a typo in the proof of (b) in [10], in that Iy in
Yo v lys

lU U
a:U—UeU — UU —U
should be ;.
Proof. (2.4): Let’s note the following; since we have an equivalence of categories X ~ U ® X, we

have functors F' : € < € : G so that GF(X) 2 X and FG(U ® X) 2 U ® X for all objects X € C.
Furthermore, note that F(X) 2 U ® X so that

GF(X) = G(U ® X)
=~ X.

Assuming lx exists, then we have that Ix : X 2 U ® X and lygx : U® X 22U ® (U ® X). It follows
that {x is completely determined by the map idy ®lx : U® X - U ® (U ® X).

10



We find that idy ® Ix : U® X — U ® (U ® X) can be defined as the composition

—1
u®id x buU,x

UeX) — (UelU)eX) — (U [U®X)) (2.6)

where we have used that ¢y, x is an isomorphism, hence has an inverse (;551(] x-
The following part is inspired by [1].

We start with 2.4, then tensor the diagram with U ® —, which gives us the first diagram below. The
second diagram (the one after the downward arrow) is gotten by the naturality of ¢.

Uo(XoY) —8xeY | powe(XeY))
idu ®¢u,x,v
Us(XoY) idy ®(Ix ®idy ) Ue(UeX)eY)

Uo(XoY) —8xeY | yeoWe(XeY))
idu ®¢u,x,v

U®(X®Y) U (UX)®Y)

%
idy ®(Ix @idy )

U, X,y PUURX,Y

idy ®lx )®idy

UeX)®Y ( UeUeX)eY

From here, we use 2.6 together with the fact that by naturality (of ¢) together with ¢ being an
isomorphism at each component, we have

PuUex,y °idy @(lx ®idy) = (idy ®lx) ® idy oy, x,y
— idy ®<ZX ® idy) = ¢E,1U®X,Y o (idU ®lx) ® idy O¢U,X,Y

11



—1
¢U,UAX®Y

UR(XeY) — 2% | geU)e(XeY) — YUY L ygUe(XeY))

idv ®pu, x,v

A

U (UX)®Y)

U, X, Y
_— _—
UeX)®Y oHx)EHy (UeU)eX)®Y pE—— UeUeX)®Y
Pl x oy

UR((XeY) 2% | geU)e(XeY) — YUY L ygUe(XeY))

idv ®pu, x,v

A

ou,x.y 1PURU XY U (UeX)QY)
UeoX)oY ST rT— (Ue)eX)’Y W UeUeX)RY
(2.7)
where we have added ¢ygu,x,v to the second square. We want to show that
idu ®bu,x,y © ¢p.u xey = Puvexy © Puux ®idy © dueu,xy (2.8)
In (2.1), we set
X =U
Y =U
(2.9)
Z =X
T=Y

which by assumption gives us the following commutative diagram

U U (X®Y))

idy ®du,x.v buxxEY

U (U X)®Y) UeU)e (X®Y)
buvex.y breu.x.y
UeUeX)eY Pu.0,x Bidy (UelU)®X)®Y

If we start at (U @ U) ® (X ® Y) move towards U @ ((U ® X) ® Y) along the two paths available
(noting that we need to invert some maps), we find that

. -1 1 c1 =1
idy ®9u,x,y © 9y x xay = Prvexy © (Puux ®idy)™ o dugy,x,y

. ~1 —1 —1 -
— idu ®du.x,y © Py x xey = Puusx,y © Puux ®ldy ° dugu x,y

12



where we have used that

(Pvu.x ®idy)o (¢l?,1U,X ®idy) = idwgr)ex @idy
((ZSE}U,X ® ldY) © (¢U,U,X ® ldY) = idU@(U@X} ®1dy
— (Pux.x ®idy)™" = ¢y x ®idy .

This is exactly what we wanted to show (cf. (2.8)). Thus the rightmost subsquare in the square the
vertical arrow is pointing toward, in (2.7), commutes.

To elaborate on the first square: We note that ¢y ) ) is a natural (1.25) with respect to all
arguments. We rewrite the first square as

PU,X,Y

UR(X®Y) UeX)®Y

u®(idx ®idy) (u®idx ) ®idy

PUQU, X,y

UelU)e(XQY) ———————————= (UeU)egX)QY

We see that this square commutes since ¢ is natural with respect to functors F := (=) @ ((—) ® (=))
and G := ((—) ® (—)) ® (—). so that the leftmost square in the lowermost diagram in (2.7) commutes.
Hence the lowermost diagram in (2.7) commutes. One verifies that the larger diagram then commutes.

Lemma 2.14. If F : C€ — D is a functor which yields an equivalence of categories, then F reflects
commutative diagrams.

Proof. As we will show later (4.7), if F' yields an equivalence of categories, then F' is full, faithful and
essentially surjective. But then it follows that

F(gi)o---0F(gn) = F(f1)o- o F(fn)
— 910"'Ogn=f10"'0fn~

Using 2.14 with F' = U ® —, we find that (2.4) commutes.
(2.5): Let’s define idx ® ly explicitly, as the composition

Ixey YU, XY idx @Yy, U

¢X,Y,U
XY - U®(X®Y) — XY)oU — XY eU) — XeUY).
We use (2.4) to see that Ix ® idy = ¢y xyv o lxey-

We can then rewrite (2.5) as
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X0y — X L Ug(XeY) 2 L UeX)eY
YU, XY
(XeY)oU
idx ®ly ox,v,U Yy, x @idy

XY eU)

idx @Yy, U

bx.UY

XoUoY) " , (XoU)®Y

The inverted “right triangle” to the left commutes by definition of idx ® ly, and we find that the
second square is really the hexagon in (2.2), hence commutes.

That is
dxuy o (idx ®ly) = (¢x,uy o (idx @ Vy,r) o dx,v,v o Yuxey)olxey
= (Yu,x®idy )odu, x,v
= ((Yux ®idy) o (puxy)) © Ixey.
O
Remark 2.15. As in [10] we will henceforth denote the (up to isomorphism) unique identity object in
(€, ®) as 1.

Before proving our next proposition, we need to introduce some definitions, and lemmas. The structure
of our lemmas and proofs follows [(]

Definition 2.16. With respect to any identity object (U,u = ly), we define ry := ¢y x o Ix : X —
X ® U, which is a composition of isomorphisms, hence an isomorphism. Since this is well-defined for
all objects X € €, we can assemble rx for all X into a map between functors; since r is then defined
as the composition of natural transformations 1,1, we get a natural isomorphism r with components
rx (see 4.4 for a proof that a composition of natural transformations, is a natural transformation).

Lemma 2.17. Let F': C = D : G be functors, and let A : F = G be a natural isomorphism. Then
A"l G = F is a natural isomorphism.

Proof. By naturality of A, we have that, for arbitrary morphism f: X — Y in C, we have

Ay o F(f) = G(f) o Ax
< Ay oG(f) = F(f)oXx,
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or in diagram form,

So that A=! : G = F is a natural transformation (1.25). Since Ay' is an isomorphism at each X € C,
A~! is indeed a natural isomorphism. O

Proposition 2.18. Let (C,®) be a tensor category (2.6), and let X € C be arbitrary, and let 1 be an
identity object in C. Then it holds that

Lox =id1 ® I3

and

e | .
Txeo1 =Tx ® idy .

Proof. We note that from 2.17 it follows that [=! and r—! are natural isomorphisms. For l)}l, the
following diagram commutes by naturality of [=!, with respect to the functors 1 ® — and the identity
functor ide (that takes objects to themselves, and morphisms to themselves).

-1
ligx

1®(1®X) 10X
idy @l 5" [ (2.10)
l71
10X = X

So, by commutativity of (2.10), we have

I¥ cidi® Iy =1 oliay
= i1 ® I =1y

— lLhgx =id; ®lx

Similarly, we have that by naturality of »—!, the following diagram commutes

7"71
Xeol)el — 5 X1
— ot (2.11)
—1
X®1 X X

15



So (2.11) gives us that

1 -1 oeq -1 1
ry ory ®idy =1y °Tx o1

-1 . ~1
= ry ®id; =TXo1-

O

Proposition 2.19. Let (C,®) be a tensor category. Let 1 be an identity object in C, and let X, Y € C
be arbitrary. Then the following diagram commutes

¢71

(X®1)eY oy X®((1eY)
ry @idy
idx ®Iy"
XY
or equivalently
(Xe1)eY X1y X®1Y)
idx ®ly (2.12)
rx ®idy
X®Y

Proof. By 2.12, we know that (where U = 1)
ox,1y oldx ®ly = 91 x ®idy olx ®idy
= Iy ®idy oypx 1 ®idy = idx @Iy 0 dx v
but
Ix' ®idy oypx1 ®idy = (Ix' 0hx1 ®idy) ®idy
= T')_(l (9 ldy
idx ®ly" o ¢xh v

— rx ®idy = ¢x 1,y 0idx ®ly.

1 .
= ry ®idy

O

Proposition 2.20. Let (C,®) be a tensor category with identity object 1, and let X, Y € € be arbitrary.
Then the following diagram commutes

—1
Px,v,1

(XoY)®1l X® (Y ®1)

—1
TX®Yy

X®Y

or equivalently, that the following diagram commutes
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dx,v,1

X0 (Y ®1) (XeY)®1

TX®Y (2.13)
idx ®ry
XY
Proof. O

Lemma 2.21. Let (C,®) be a tensor category with identity object 1, and let X,Y be an arbitrary
objects in C. Thenry =1y.

Proof. Letting

in 2.4, and using 2.18, we see that

lh ®idy =¢1,1,10lie1

. (2.14)
= ¢1,1,1 0idy ®Iy.
O
If we again let
X=Y
=1
in (2.12), we get that
r1 ®idy = ¢1.1,1 0id1 ®l5. (2.15)
(2.14) and (2.15) together imply that r1 ® id; =1; ®idy.
Lemma 2.22. The functor — ® 1 : C — C yields an equivalence of categories.
Proof. Let F'=— ® 1 and let G = ide be the identity functor.
Then we see ! : FG = ide and r : idg = GF are natural isomorphisms. O

Then, by 4.7, we have that F' = — ® 1 is faithful, hence r; = [;.

Proposition 2.23. Let (C,®) be a tensor category (2.6). If (1,11) is an identity object (2.5), and
(1',1}) is another identity object in (C,®), then there is a unique isomorphism a : 1 — 1’ such that
the following diagram commutes

17



a a®a (2.16)

1 11

1/

Proof. Existence: We define a as the map

A Pyr1 lll
0 U 5191 —101 —1/

Lemma 2.24. The following diagrams commute.

1®X X®1
X a®idx X idx ®a (2.17)
' X X®1
Proof. We draw the following diagram (see p. 34 in [14])
X®1
/ idx ®1% rx @i
X X1 ®1) L S A SN (Xo1)®1
\ /
idx ®rq/
Tx®1/
X1

If welet Y =1 in (2.5) (also identifying U = 1’), the upper right triangle commutes. The lower right
triangle commutes by 2.20.

The outer perimeter commutes by naturality of 7.
We have

idx ®l) = ¢x'y 4 0Tk ®idy (2.18)
and

idx @1y =rxgr 0 dx1/1 (2.19)

18



so that

idy ®aory =ry o (idx ®(ry) ") o (idxy ®1}) orx

_ .1 -1 ! :
=TXe10Px1,100¢x 0Ty @idyory
_ -1 / .
=Txg1°Tx ®idyorx

~—————

Tx @1/ O

_ .1 /
= 7’X®1, OTxgl1 OTx

=Tx-

This shows the commutativity of the rightmost diagram in (2.17).

For the leftmost diagram in (2.17), we draw the following diagram.

10X

idy @1,
Ix U, ®idx x

b1 b xOY1 1 ®idx

X PTel)eX =2 2% S 191/ ®X) (2.20)
l1’®x
, r7' ®idx
5% 1
1" X

The upper triangle to the right in (2.20) commutes by (2.5), by setting X = 1 and with respect to I’
The outer perimeter commutes by naturality of I.

For the lower right triangle: From (2.4), we have that Iy gx = ¢;711’,X oly ®idyx. Recalling that
r1/ = 1,1/ 0 l1+, we find that
(611, x 0 Y11 ®@idx) o (rv ®idx) = (¢7 1/ x © Y11 ®idx) o (Y1, 0l) ®idx)
— b7k y ol @ idx
=lrgx
where we have used that 1/ 1 0 91,1/ = id1g1/. So the lower right triangle in (2.20) commutes.

Finally, we see that

a®idxolx = ((ry! oly) ®idx) olx

rit ®idx) o (I ®idx) o lx

rit ®@idx) o (Y11 ®idx) o ¢1.1/ x 0idy @y olx
rit ®@idx) o (Y11 ®idx) 0 1.1, x 0 ligx ol

T/ ®idx

P

=1l

We conclude that the leftmost diagram in (2.20) commutes. O
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Using 2.24 and that ;> = 17 (2.21), we see that

a®a=(a®idy)o (id; Qa)
—_———

——
1,01} ryory !
/ -1 / —1
=y oly)o(ryory )
~—~
21;1

=y olyt) o (Yraolioly?)
= le’ o (lfl oty 0 1/1) ° lfl
=l 0aoly!

which is what we wanted to show. Hence (2.16) commutes.

Uniqueness: Similar to [6], we note that if ¢: 1 — 1 is an arbitrary morphism, then by naturality of
[, the following diagram commutes

l1

1 1®1

¢ id; ®c (221)
Iy

1 1®1

Note that for any morphisms a,b such that 2.16 commutes, we have that the leftmost diagram com-
mutes, so that we get the rightmost commutative diagram.

1 al 11
1 % 1®1
a a@a
. N T T o T T®T
bt bbbt .
11— s 1®1
1 al 11

where 7 = b= o a. By (2.21) we know that (id; ® 7) ol; = I3 o 7. By the rightmost diagram above,
we know that
lioT=7T®T0l
— (d1®7)oly =7®To0ly
= id1®T=7T®T
id; ®1idy .

— 77l ®id;
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By 2.22 (assuming choice), we see that

T_l = 1d]_
<~ alob=1id;
< a=0b.
O
3 Iterates, Extensions
Let ¢ be a commutativity constraint for a tensor category (C,®). Then we can as in [10], given

®: € x € — €, create new functors defined by repeated application of ®.

Definition 3.1. Any functor F': €™ — € constructed by repeated application of ® is called an iterate
of ®.

Definition 3.2. A directed graph G = (V, E) cousists of a set of vertices V, and a set of edges E,
and two functions s,t : £ =3 V that takes an directed edge e € E to its source, respectively its target.

To set up the proof of proposition 3.9, we need some definitions:

Definition 3.3. A preorder is a binary relation R C X x X, which we will denote as <, on a set X,
such that the following conditions hold:

l.z<z (Vz € X).
2. fx<yand y <z, thenz < 2 (Vx,y,z € X).

Definition 3.4. If we add antisymmetric as a condition to 3.3 then we get a partial order on X.
That is, for each z,y € X, if z <y and y < = then x = y.

Example 3.5. Take the set Q of rational numbers with the binary relation <. Then the set Q together
with < forms a preorder (Q, <). As in example 1.2, (Q, <) also gives us a category.

Definition 3.6. A category C is a thin category if there is at most one morphism between each pair
of objects X, X' € €.

Example 3.7. A category X, obtained from a partial order (3.4) (X, <), is a thin category. Here,
the objects are elements x,y € X, and there is at most one morphism f :  — y. More precisely; when
x <y, then 3f : 2 — y, f € Homx(z,y), and if ~(x <y) = Homx (z,y) = @.

We will later construct a thin category W, consisting of “words” v, w such that if v, w is of the same
length, then there will be precisely one arrow v — w.

3.1 Coherence in tensor categories

If we let (C,®) be a tensor category (2.6), we see that we can form n-fold tensor-products by repeated
application of ® : € x € — €, e.g. if X,Y,Z € € then

(X, ®(,2)) =2((X,Y @ 2))

=X® (Y ®2). (3-1)

Lemma 3.8. An n-fold composition of functors Fy,o---0Fy : €1 — C,, is a functor (wheren € w = N).
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Proof. That composition is preserved is obvious since every F; preserves composition. The same holds
for identity preservation.

Proof sketch by induction for identity preservation: The base case n = 1 is obvious (F} being a functor).
Assume it holds for the composition Fj, o---0o F} : G; — C, that it is a functor, then we see that

(FryroFyo---0l)(ida) = Fuy1(idp,o.0m ()
=1idp,, 0. Fi(4)

where we used induction and that F,; is a functor. O

It follows from 3.8 that we can form n-fold tensor-functors ® : €* — € where n € w is finite, by
repeated application of the tensor-product, e.g. as in (3.1). We call such an n-fold tensor functor an
iterate. If we have two different iterates F, F' : €* = €, then one can construct a natural isomorphism
of F and F’ by (possibly repeated) applications of the associator ¢ and its inverse ¢~!. We can denote
this natural isomorphism by 7 : F' = F’. [8, VII, chapter II] gives a proof of this fact. One should
keep in mind that the proof Maclane ([8]) gives is for monoidal categories; we don’t neccessarily have
a commutator ¢ : X ®Y — Y ® X. But there is a way to extend the so called “coherence theorem for
monoidal categories” to tensor categories.

Proposition 3.9. Let (C,®) be a tensor category. The tensor structure on (C,®) then admits an
extension as follows: for each finite set I there is a functor @ : €1 — € and for each map a: I — J
=
between finite sets I,J, there is a natural isomorphism x(a) : Q@ X; = @ ( X Xj), such that the
i€l JEJ Nimj
following conditions hold:

a) If T only has one element, then @ is the identity functor ide; if o is a map between sets with only
iel
one element, then x(«) is the identity automorphism of the identity functor (i.e., the identity of
ide, in the functor category [C, €] ).

b) If we have a composition of morphisms I v J Ly K, they induce natural isomorphisms such
that the following diagram commutes.

® X, - ® (®x)

iel JEJT Nirsj

x(Ba) X(8) (3.2)

® (® x) eida 1) ®(®(®x))

keEK “i—k kEK j—k Mijg

Proof. We claim that this is a direct consequence of maclanes coherence theorem for symmetric
monoidal categories (see e.g. [8, chapter XI, 2]). This follows from the fact that any possible concate-
nation of maps in the diagram 3.2 can be composed as a “path” of maps only involving ¢, ¥, r,, their
inverses, and n-fold products, which commutes by the coherence for symmetric monoidal categories.
We will prove the coherence for symmetric monoidal categories (i.e. tensor categories) below. O

Remark 3.10. In 3.9, we have that I}, = Ba~1(k).

22



Remark 3.11. Note that by e.g. 7+ 7 in ® ®X¢ , we mean ¢ € I so that a(i) = j. So we could
jeJ \ir>g
just as well have written

R ®

JEJ \i€a=1(j)

Furthermore, we define C? = {x} such that @, : C? = {*} — C is the functor F, so that F,(x) = 1.

Remark 3.12. In 3.9, when we say that (), x) is an extension of the tensor structure on €, we mean
that e.g. if «: {1,2} — {1, 2} such that

then
x(a) =vx, x, : X1 @ Xo = Xo® X4

Before we prove 3.9, we will show the coherence theorem for tensor categories, without taking v into
account. The exact same arguments works for monoidal categories, that don’t have a commutator
(or even a braiding ¢'; the difference is that a commutator need to satisfy ¥4 g 0 ¥p 4 = idagn, but
this does not hold for a braiding).

In the proposition below, we will follow Maclane ([3, chapter 2, VII], but expanded to include the
exposition in [18]), but we will restrict our attention to tensor categories, which have a bit more
structure than just monoidal categories (although, formally, tensor categories are monoidal categories).
We will use ® instead of Maclanes [J, as ® is more apt in this context.

Before proceeding to the proof, we will introduce some definitions. We will call “products” X @ Y
binary words. In relation to binary word, we introduce the length of a binary word, recursively, as
follows.

Definition 3.13. A binary word of length 0 is the “empty word” eg. We can denote this as
Z(eg) = 0. A binary word of length 1 is the symbol (—) (i.e. Z((—)) =1).

More generally, we define Z(X @ V) = Z(X) + Z(Y).

Example 3.14. To give a concrete example of how to think about the length £ of a binary word,
take the binary word ((—) ® (—)) ® ey,

~ Z((-) @ (=) ®e) = ZL((-) @ (=) + ZL(e0)

We form a category W where the objects are the binary words of length n = 0,1,2,... and where we
have exactly one morphism between words if the words are of the same length, so that

(o}, if Z(X) = 2(Y).

Homyw (X, ¥) = {@, it 2(X)#2(Y).
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It follows easily that every arrow in ‘W is invertible, since every object (every binary word) is required
to have an identity morphism. A consequence of the uniqueness of arrows between words of the same
length, is that every diagram in W will commute. Another consequence of the commutativity of each
diagram, is that the coherence conditions for a monoidal category will hold in W, with e as the
identity object ([8] calls this the “identity object”). Since functors preserve commutative diagrams
(1.21), it follows that each commutative diagram in W, will yield a commutative diagram in € under
some appropriate functor W — C.

Proposition 3.15. For any tensor category (C,®) and object X € €, there is a unique functor
F:W — € such that (—) — X.

Proof. Our proof will follow [8]. For an excellent survey of the proof, see [18].

As in [8], we can write w — wyx to mean “substitute X for all blank (—) in the word w € W”. We set
(eo)X =1
(_)X =X
(v@w)x :=vx Quwx.

Note that this definition is recursive (since all binary words are recursively built up from ey and (—)
with ®).

If we fix a length . = n, we can construct a graph G, x, where the nodes are the words of length n,
that does not have an instance of eg (i.e. exclusively built up from (—) and ®), and edges morphisms
v — w. We will call these arrows we define basic arrows.

Remark 3.16. We identify these arrows with their image vx — wx in €, but will suppress the subscript
x going forward.

Definition 3.17. We will label words of length n without instances of eg, as pure binary words (as

in [14]).

Definition 3.18. We define the basic arrows in G, x recursively as
e Arrows of the form ¢, . 24 ® (v @ w) — (u®v) ® w, and its inverse ¢~ 1.

e S ®id, and id, ®p3, where id, is the identity such that its image under F is id, : vx — vx, and
where (3 is a basic arrow.

Remark 3.19. From the definition of basic arrows (3.18), we see that any basic arrow can only involve
one instance of ¢ or ¢!, exclusively; so, for example, (¢ ® id,) ® ¢~! is not a basic arrow. To see
this, note that if we recursively start by taking ¢, and then form ¢ ® id,,, then, we are not allowed to
add another instance of ¢, nor ¢!, since it would then take the form e.g. ¢ ® 8 or 8 ® ¢!, where

B # idy.

Definition 3.20. If a basic arrow (3.18) has an instance of ¢, we call it directed, and if it has an
instance of ¢~1, we call it antidirected.

Observe that in G, x, the paths (in the graph-theoretic sense; a joining of two nodes by a sequence
of edges that are all distinct) between words u,v of length n, are all possible compositions of basic
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arrows that when composed yield a morphism v — v. We aim to show that any sequence of edges
yielding a path in G, between arbitrary words u,v of length n, is the same morphism under F in C.

Definition 3.21. Denote as w(™ the unique word of length n with all parenthesis in “the front”.

We illustrate the definition of w(™ for n = 1,...,5 below.
L w® =(-)
2. 0w =(-)®(-)
3. w® = ((-)® (=)@ (-)
4w =)o) =) e (-)
5. w® = ((F) @ (=) @ (=)@ (=) @ (-)

Lemma 3.22. There is a directed path (i.e. only using basic directed arrows) from any pure binary
word v (3.17) of length n to w(™.

Before proceeding with the proof below, note that w(™) = w1 @ (-).

Proof. See also [18, proposition 3.3.14]. The results hold vacously for the case n = 1,2, since there is
only one pure binary word of length n =1,2; i.e. w w®).

Suppose it holds true for n, we want to show it holds for words of length n + 1. So let u = v ® w be a
pure binary word of length n 4+ 1. We divide into two cases.

Z(w) =1: If Z(w) =1; then w = (=) and £(v) = n. Then we know that there is a directed path

from v to w(™. We can then construct an arrow § ®id, : v @ w — w™ @ w = w™*Y | since w = (—).
B ®1id,, is directed and basic, by induction (and using the recursive definition).

Z(w) > 1: If Z(w) > 1, then w must be on the form w = s® ¢, so that u = v ® (s ® t). But then we
can take ¢, s+ as our basic directed arrow.

We conclude that the results hold, by induction. O

Since all basic directed arrows are invertible, from 3.22 we can, for any two words v, w of length n,
find a map v — w(™ — w, where the map w(™ — w is gotten by inverting the arrows in the directed
path w — w(™. By the fact that W is a thin category (3.6), this composition must be equal to the
unique arrow from v to w.

Definition 3.23. We define the rank of a word p by recursion, as in [8]:

* pleg) = 0.
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By [18, prop 3.3.11, prop. 3.3.12] we see that p(v) =0 <= v = w™, given that .Z(v) = n, and that
p(v) > 0 for all pure binary words v.

We will show that G, x commutes.
Lemma 3.24. Directed basic arrows decrease rank.

Proof. In the interest of not being to long-winded, we will exclude a full proof; One can give a proof
that proceeds by induction on the structure of directed arrows, where ¢ is the base case, then treating
the cases ¢ ® id,id ®¢, as in [18, proposition 3.13]. O

Remark 3.25. In the lemma below, we will identify arrows between pure binary words v, v’ with their
image in € under F in 3.15.

Lemma 3.26. Let v be a pure binary word of length n, and let 5 :v — v’ and v : v — v” be two basic
directed paths from v to pure binary words v',v" of length n. Then there exists a pure binary word z
and arrows 8’ : v — 2,7 : v — z that are compositions of directed basic arrows, so that the following
diagram commutes

v

3 %

Proof. We proceed by induction on the rank n of a word v. For the base case n = 0, we know that
plv) =0 <= v= w™. Then the results hold vacously, since there are no basic directed paths 3,
with domain w(™), since by 3.24 they must decrease rank, but we know that p(v’), p(v) > 0.

Suppose it is true for every word of length less than n; we want to show that it holds for a word v of
rank n.

So let v be a pure binary word of rank n, and assume that 3,~ are given. If § = -, then we just take

!
Z=v

=",
If 8 # ~, write v = u ® w. Then § will have one of the following three forms:
e 3 ®id,, so that 8 only “acts” on u.
e id, ®F, so that 8 only “acts” on w.
e ¢, in which case u@ W =u® (s @ t).

The same three cases holds for -, so in total we have 9 different cases.

If § and v acts inside the same factor, e.g. w:
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U V=uRQ W

8 v kﬁfﬁf////// ¥ @idu

I o no__ 0
(% vy ~ V=0 QW v =] Quw

~ -
N .
N .
. o
3h S~ -7 3n’ h®id,, h ®id.,
~ -
0 K

21 21 Qw

The diagram to the left commutes by induction on the length n of words (the base case is clear, since
there is only one pure binary word of length 1, which is (—); for which it holds vacously). So the right
diagram commutes by induction and bifunctoriality of ®.

If either 8 or v is ¢: If both 8 and v equals ¢, then we can just take z = (u ® s) ® t as their common
codomain. Assume that 8 = ¢, and § # «. Then ~ acts inside say u. We then get the following
diagram

v=u®(st)

YRidsgt

(u®s)®t U ®(s®t)

(v®ids)®id,

z=U®s)t
which commutes by naturality of ¢ (also note that by byfunctoriality of ®, (y®ids) ®id; = vy ®idsgt)-

If v acts inside w, specifically inside s or ¢; let v for example act inside ¢{. Then we get a diagram

v=u®(s®t)

id, ®(ids ®7)

(u®s)®t u® (s®t)

(idy ® ids) @7’

(u®s)t

that again commutes by naturality of ¢.
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B = ¢ and ~ acts inside inside w, but not inside s or ¢:

v=u®(s®(pRq))

¢u,s,p®q idy ®¢s,p,q

(u®s)®(p®q) u®((s®p)®q)

(u,s,p®id)0du s@p.q

(u@s)®p)@q

which is the pentagon axiom 2.1, hence commutes (note that we have here used the identification
remarked on in 3.16 to use the pentagon axiom). O

Lemma 3.27. Ifv € W is a pure binary word, and 3,,0---0B1,7¢0---0y1 : w = w™ are compositions
of basic directed arrows in W, then their image under F': W — € defined in 3.15, is equal.

Proof. We proceed by induction on the rank p of a pure binary word v. If p(v) =0 <— v = w™
and this is trivial (the compositions must both be the identity in W, and by functoriality they both
are the identitiy in the target category).

Assume it holds for rank p < n; we want to show it holds for p = n.

We want to show that the following diagram commutes
w

B Y1

X
/

Uy U1

Yeo---0y2

Bmo---0f2

/
N

w®
By 3.26 we know that there exists a pure binary word z and 8’ : u; — z and v/ : v1 — 2z such that the

following diagram commutes

B1

U

7N
\ A

By 3.22 there is a directed basic arrow I' : z — w(™) ~» we have the following diagram
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w™

Consider the fact that 8, and v; decrease rank (3.24), from which it follows that p(u1) < p(w) and
p(v1) < p(w). By induction, both the lower left and lower right triangles commute. It follows that

Bpo-ofr=T"0p op
=I"ox om
= oo

O

Lemma 3.28. If 3,,0---0081,v0 -0 : v = w are compositions of basic arrows from a pure binary
word v to a pure binary word w, then their identifications in C are equal.

Proof. Let

67; DU > Uil

Yi S8 — Si+1
where we let

Ui41 = Si+1

=w
and
Ul S1
= .
which leads to the following diagram
BQ /Bm—l
Us SRR > U,

le y
Y2 Ye—1

»
=
2\
~
»
~
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By 3.22 we know that for each pure binary word w; and s;, there is a directed path (composition of basic
directed arrows to w(”)). Let’s denote the corresponding paths as I's; : s; — w™ and Ty, tu; — w(™
with

Ty, =T
=T, :v— w™
Fum+1 = FSIH—I

=Ty w — w™,

Then we get the following (schematic) diagram

w(™

Note that we have triangles in 3.4 of the form (4
w™
Ty
Ui4-1
where (; is a basic directed arrow. By 3.27, this diagram commutes, for each ¢ = 1,...,m. By the
same lemma, triangles of the same form involving words s;, s;4+1 and w™ and arrows Iy, Ts,,, and

7;, commutes.
By hypothesis of 3.28, we don’t know that 3; is directed; so assume that 3; was anti-directed.

Then we see that 3, s directed, so that, again by 3.28, the following diagram commutes
w™)

T, FuiJrl

(Ba)~*
Uj; Uj4-1

Finally, note that each I'y,, s, is an isomorphism in W, and functors preserve isomorphisms, so the
identification with the respective morphisms in € are all isomorphisms, and the same holds for 5;.

We have thus seen that in €, we have either (for 5;)
—1
PypooBi =1 < pi=I, ol

Ly, 0 (51’)71 =Ty, &= Bi = r-t o r;.

i1
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The same holds for ;. Consider the path (5, o--- o ;. We rewrite this as

Bmo--0f = (F;i“ ol )o(T oy, Jo---o(l,}oly,)
=T;! or,
Um+1 1

=T, 'ol,.

The path 44 0 -+ 0~ yield the same morphism ')t o---0oT, =T,! oT,. Hence 3.3 commutes. [
O

The proof then proceeds to incorporate units 1 in € and the natural isomorphisms [, r into the results.
That is, we want to treat cases where not only we have pure binary words, but also words including
instances of eg, the “empty word”. Also note that we have only looked at a functor such that it “fills”
all instances of (—) with the same object X € C. But we also want to treat cases where we have
multiple objects X, Y, Z € C that gives us e.g. tensor-products on the form X ® (Y ® Z). We will not
provide explicit details for every step, but just give a sketch of how to continue the proof.

[8] considers graphs G, with vertices all words of a the same length n, where the words are no longer
pure. One then forms, recursively, directed and anti-dericted unitor arrows consisting of r and [, just
as we did earlier with ¢. The graph G/, then becomes infinite, since by definition of ., the length of
an instance of the empty word e is 0. Still, G,, is contained in GJ,. [18] gives the details for proving
that G, commutes (identifying morphisms with their image in the target category) by a similar proof-
strategy to what we have already covered (note that we find that there seems to be some smaller gaps
in atleast one proof in [18], but in general, it is a good thesis).

We let (C,®) be a tensor category. We then define an iterated functor category, 1t(€), such that:

e Objects in It(C) are functors F : @* — € for n € N, where, for n = 0, we set €° = 1, the identity
object.

e Morphisms in It(C) are natural transformations F = G.
o We give It(C) a monoidal structure as follows:

(a) We give It(C) a product
©: It(@) x It(C) — It(C),

where we want ® to have the properties of a bifunctor. If F': C" — €, G : €™ — C are two
functors (i.e. objects in It(C)), then we let

FoG:emtm e,
explicitly defined by
F O) G(Xl, e ,Xn7Xn+1, e 7X'm+n) = F(Xl, e ,Xn) (39 G(Xn+17 e 7Xm+n)

on objects X; € C.

For morphisms (i.e. natural transformations) in It(C); if F1,Gs : €™ = € and F5,Gs :
C™ =3 € are objects (functors), and 1 : F} = G1, A\ : F; = G2 are morphisms, then we set

NOAXN: F1 ©G = F»© Gy,
such that, for objects X; € C, we have

77@)\(X1,...7Xn,Xn+1,...,Xm+n) = ('f])Xl ,,,,, X ®()‘)Xn+1 ,,,,, Xontn



Remark 3.29. Note that below, we make the weaker assertion that it holds when (€, ®) is a
tensor category, instead of just a monoidal category. The stronger assertion also holds.

Lemma 3.30. Let (C,®) be a tensor category. Then (It(C),®, ¢, ®,1,1) is a monoidal category,
where,

(a) ®:Tt(C) x It(C) — Tt(C) is our bifunctor.
(b) The identity object is a functor ¢ : {x} — € such that c¢(x) = 1.

(c) For any functors F; : €™ — C, for i € {1,2,3}, we define ®p, p, 5, : F1 © (F2 © F3) =
(F1 © F2) © F3 as the morphism in It(C), so that for objects X1,..., Xn14n14ns € C, we
have

Pry, s (X1, Xy tmotng) = (R) (X0 Xy ) Fa (X 410000 X 1), P (Xng iy 415Xy g i)

(d) For any functor F; : C° — C in It(C), we define the natural transformation (morphism)
rp, : ¢c©OF = F such that on objects (x, X1,...,X;) in the product-category {*} x C, we
have

(r) (6, X1, Xi) = (NP, X0)s

while 1g, : F; ©® ¢ = F; is defined similarly.
We now reach the main result.

Lemma 3.31. For every tensor category (C,®), there exists a unique functor Gig : W — It(@),
where Gig((—)) = ide : € — € is the identity functor on C.

Proof. By 3.30 we know that It(C) is a monoidal category. Then from 3.15 we get the existence
of a unique functor Giq such that Gijq(—) = ide, since ide is an object in It(C). O

To illustrate why this gives us coherence in (€, ®) of formal diagrams (i.e. diagrams consisting
only of ¢, 1, and their tensored products), we investigate the behavior of Giq(—).

For a morphism ¢(_).(_).(_) : (=) & (=) ® () = (=) @ (~)) @ (~) in W, this gets mapped to
(as in the proof of 3.15)

q)id,id,id cid @(ld ® ld> — (ld ® ld) ®id.

We may then give ®iq iqiq any arguments X1, Xo, X3 € C to obtain ¢x, x, x, : X1® (X2 ®X3) =5
(Xl ®X2) ® X3 in C.

Recall that W is a strict category, so that all diagrams commute. By 1.21, we see that the
image of a diagram in W is commutative in It(C). So the image will be a commutative diagram
in It(C) consisting of natural isomorphisms between functors, with the identity functor in each
argument, of It(€), since functors also preserve isomorphisms (1.15). We can then give any
arguments Xi,..., X, to the image of a commutative diagram of words of length n (in W), to
such a commutative diagram, to see that it commutes in €. This concludes our investigation of
coherence in tensor categories (excluding ).

Now, we need to fold 1 into this mix, to make a coherence argument for symmetric monoidal categories,
or, as in [10], tensor categories. [3, chapter 2, XI] gives us such an argument. Recall that the symmetric
group of n letters, Sy, is generated by adjacent transpositions 7; = (i i + 1) for 1 < ¢ < n — 1, subject
to the following relations:
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Lr2=1 (Vie{l,....n—1}).

K3
2. (TiTj)Qzl — TiTj; = T;T; (V‘Z—j‘ZQ)
3. (iTin1)? =1 = TiTi1Ti = Tit1TiTiv1 (Vi such that 1 <i<n-—2).

The relations are easy to check: (a) holds trivially, since the order of any transposition is 2. The
second relation hold since disjoint transpositions commutes (disjointness assured by |i — j| > 2), so
that

(rimy)? = 77}

where the last equality follows from (a). For (¢): note that 7;(7; +1) = (i i+ 1 i + 2), hence has order
3, and the result follows.

For a given tensor category, what we call a permuted word wr induces a functor (wr)e : €* — C
defined by permuting the indices of the argument, so that

(w’T)@(Xl, N ,Xn) = w(XT(l), N ,XT(n)).

For example, if w = ((—=) ® (—)) and 7 = (1 2), then

(wr)e(X1, X2) = ((=) @ (=)(Xr), Xr(2)
= ((=) ® (=) (X2, X1)
= Xy ® X;.

One can see that if wr and vo in the same # of letters, n (where 7,0 € S,,) there is atleast one map
between (w7)e(X1,...,Xn) and (vo)e(Xy, ..., X,), gotten from combining instances of directed and
anti-directed arrows (as defined earlier for ¢; see 3.18; 3.20) of ¢ and 1.

Furthermore, if we suppress ¢ in (2.2) as well as parentheses, we get the following two diagrams:

XoYeZ v Z0XQY XoYeZ v Y®ZoX
id @y »®id P®id id @y
X®Z®Y YRX®Z
(3.5)
where the rightmost one comes from the identification
Z =X
X=Y
Y =27

at the object Z® (X ® Y) in (2.2). From 2.2, with ¢ suppressed, we can also note that any instance
of ¢ exchanging blocks

We note that 9 o 9 = id, so that ¢ mirrors the first relation (1) of transpositions 7;. For the second
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relation, by bifunctoriality of ®, we have

id @y

(XY)®(ZaT) XeY)®(Tw®Z)

P’ ®id ¥’ ®id

YoX)®((ZeT) —dew YeoX)e(TeZ)
which mirrors 7;7; = 7;7;. For the third relation, we consider the following diagram.

Y®id

XRY®Z YX®Z

id @y
id®
1 P / \

X®RZRY Y®RZ®X

P )
N / Ph®id

ZRXRY id @y ZRY ®X

The triangles commute by (3.5), and the square in the middle commutes by naturality of ¢, since
naturality in 1) means that for any objects A, A’, B, B’ and morphisms f: A — B and g: A’ — B/,
the following diagram commutes,

A® B B® A

f®g 9 f

AB — s B A
Yar B

so we take f = id, g = ¢ (with appropriate objects) above. If we think of ¢ ® id as 7y and id ®1) as
To, we see that
T1T2T1 — T2T17T2

holds, for fixed arbitrary objects X,Y,Z € €. This mirrors the third relation of 3.1. Hence # fulfills
all the relations of transpositions 7; € S,,, for fixed n. Since any permutation of a word w of length n
corresponds to a composition of directed and anti-directed y-arrows (with ¢ suppressed), which fulfills
the relations of transpositions, any two paths f,,0...0 f; and ggo---0gy of directed and anti-directed 1
arrows, corresponding to the same permutation « € S,,, will be equal, which is forced by the fact that
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the relations defining S, (i.e. Sp:s group presentation) are fulfilled. From the following diagram(s)

X 1®X X®1 10X

Ix Px,1

rx
Y1, x “

X®1

we find that removing an identity object before or after applying ¢ are identical operations. This
motivates how to fold the natural isomorphisms r,! and the object 1 into our coherence results for
tensor categories. By this proof (sketch), the coherence theorem for tensor categories is done. We then
claim that as a consequence, 3.9 follows.

Given an arbitrary tensor category (C,®), it is assumed that an extension such as in 3.9 has been

given.

4 Invertible objects
We start by giving a weaker version of when a functor has an inverse.

Definition 4.1. Let F : € — D be a functor. If there is a functor G : D — € so that G o I’ = ide and
F oG =idyp, then we call G a quasi-inverse to F.

Given a tensor category, we introduce a definition relating to when we should call an object invertible.
Definition 4.2. Let (C,®) be a tensor category. We call an object L in € invertible if
L®—-:C=C

defined by
CoX+—LeXel

yields an equivalence of categories.

As we shall see in 4.7, it follows that there is an object L’ in € so that L ® L’ = 1. On the other hand,
if L ® L' =1 holds, and we denote this isomorphism by d, then we see that L ® — and — ® L’ acts as
quasi-inverses of each other: For an arbitrary object X in €, we have

idr ®Yx s L1’ x It

Lo-)o(-ol)X)=Le(Xal) — Le@eX) S lel)eX o5 10X -5X
(4.1)

We claim that ( ® idx is a natural isomorphism in X, for an arbitrary isomorphism ¢ : X — Y.
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Proof.

A X®A cotda YoA X
f idx ®f idy ®f ¢
B X®B SLL Y ® B Y
The square to the right above commutes, for arbitrary morphism f: A — B in C. O

Remark 4.3. One can similarly show that idx ®( is a natural isomorphism in X. Note that the
isomorphism part is not needed to show that for arbitrary morphism (, we have that ( ® idx and
idx ®C are natural in X.

Lemma 4.4. Assume that o : F — G and f : G — H are natural transformations between parallel
functors F,G,H : C — D. Then there is a natural transformation o« : F — H so that

(Boa)a :=Paoaa

Proof. For f: A — B, we contemplate the following rectangle

FA) —— 24 5 GA) —— 4 H(A)

E(f) G(f) H(f)

F(B) — 2 . qB) — HB)

Let z € F(A). Then we have that

(H(f)oBaoaa)(z) = (BpoG(f)oaa)(z)
= (BpoapoF(f))(x)

so that the larger square commutes, for an arbitrary morphism f € Mor(C). O

We see that by 4.4, (4.1) is a natural isomorphism

e:(L®—)o(—®L) = ide.

Similarly, we find that for arbitrary X € €, we have

—1
Y, x®idp, X,L,L'

idx ®§ T
(—L)o(Le-)(X)=LeoX)oLl — (XoLol — Xo@Lel) — X®1-—X.

—1
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This is a composition of natural isomorphisms, hence a natural isomorphism. It follows that this
defines a natural isomorphism

n:(—L)e(Le-)>ide.
This shows that L ® — defines an equivalence of categories, with quasi-inverse (— ® L').

Example 4.5. In the category Repﬂd(G) of representations of G over finite dimensional vector spaces
over K, the invertible objects are precisely the 1-dimensional representations. This should be clear from
the fact that if (L, p_) is a 1-dimensional representation, then L = k. Hence we see that L @ W =
ko W= W.

To expand on this, we introduce the following definitions

Definition 4.6. Let C and D be locally small categories. Let F' : € — D be a functor. Define
Fxy :Home(X,Y) — Homyp (F(X), F(Y)). We say that F is

o Faithful if Fx y is injective for all objects X,Y in C.

e Full if F'x y is surjective, for all objects X,Y in C.

e Fully faithful if it is both faithful and full.

e Essentially surjective if for each object B € D,3A € € so that F(A) = B.

We will prove that any functor that defines an equivalence of categories, possesses these three proper-
ties. The structure of our proof will follow [13] (chap. 1.5, page 31).

Proposition 4.7. A functor F' : € — D defining an equivalence of categories, is full, faithful and
essentially surjective.

Lemma 4.8. Let C be a category and let f € Home (A, B), together with isomorphisms A =2 A’ and
B = B’. Then these morphisms together determines a unique morphism [’ : A’ — B’ so that all of
the following four diagrams commute.

A= N A— = SN A= A A— = A
f f f f f f f f
B—= . p B—= . p ;R — - Y B+—— B

We start by proving 4.8, going from the leftmost diagram to the rightmost.

Proof.  First diagram: Let 4 : A= A’ and dg : B = B’. We let the leftmost diagram define f’, so
that f/:=dgofo 521, where we have used that d4,dp are isomorphisms, together with the definition
of f'.

Second diagram:

dpof=0dp0(0z" of 0da)
= f'oda.
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Third diagram:

fod b= (65" 0f 0da)ody’
_ (5;1 Of/

by similar reasoning as in the 2nd diagram.
Fourth diagram:
f=05"0f 004

from the definition of f’, and from the fact that §4,dp are isomorphisms. O
We now proceed to prove proposition 4.7.

Proof.

Essentially surjective: We start by supposing that F,G : € &= D defines an equivalence of categories,
so that FG ~idp and GF ~ ide. Then we see that for objects d € D we have FG(d) ~ d, so that F'
is essentially surjective.

Faithful: Let f,g:c= ¢ in C. We let 1 be a family of morphisms that define the natural isomorphism
between GF and idp. We get the following diagram

GF(c) 77; c
GF(f)=GF(g) forg
nt
GF([d) ———— ¢

that commutes by naturality.

We see that

font =n," o GF(f)

= f=n2"oGF(f)on.
=1, o GF(g)one
=g

Remark 4.9. In the third equality above, we used that GF(f) = GF(g).

Then, we see that f = g, and that the morphism making the diagram commute is unique (either by
definition or by using lemma 4.8). Again, by lemma 4.8, we assert that this morphism f = g is such
that diagrams that defines a natural isomorphism GF ~ ide commutes.

Tt follows that if F(f) = F(g) then f = g, so that F' is faithful. One can appply the same reasoning
to f',¢' : d = d' € Mor(D) together with FG ~ idp to get a unique morphism f’ = ¢’ so that the
diagrams associated to F'G ~ idp commutes, hence G is also faithful, by the same reasoning.
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Full: Let k : F(¢) = F(c). From GF ~ ide, we get an natural isomorphism n with components 7., ..

We use this to define h

—1

GF(c) Je

h

C
GF(k) |

GF() — 2 ¢

~

/

by lemma 4.8, we see that h is the unique map that makes the diagrams in 4.8 commute. By naturality,

we also have

—1

GF(c) 77; c

GF(h) h
nt

GF(d) ————— ¢

we see from this that

hznciloGF(k)onC
< G(k)=nwohon!

and
h=mn. OGF( ) o ne
= GF(h) Ne ohon !
G(k) = GF(h).

Since we already showed that G is faithful, we find that F'(h) = k, so that F'is full.

O

We will leave the proof of the converse out for now; i.e. that if one assumes the Aziom of Choice, then
one can prove that any functor F' that is faithful, full and essentially surjective defines an equivalence

of categories.

Remark 4.10. By definition 4.1, we see that if L ® — : € — € defines an equivalence of categories, then

by proposition 4.3, L ® — is essentially surjective ~» there exists an object L=! in € so that

(:LoL t=1.

The remark above motivates our next definition:
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Definition 4.11. Let (C,®) be a tensor category, and let L be an invertible object. Then we call
(L71,6) an inverse of L, where § : & X; =1, with X, := L and X_ := L%
ie{£}
Remark 4.12. Note that in a tensor category (€, ®), one has
Lol 'L 'eL~1,;

hence (L,d) is an inverse of L~1.

Proposition 4.13. If (L1,01), (La,d2) are both inverses of an invertible object L, then there exists a
unique somorphism o : L1 = Ly so that

520(idL® CV) :51 Ll > L®Ly—1
Proof. By assumption, L ® — yields an equivalence of categories. Hence, by 4.7 we know that L ® —
is fully faithful ~» Hom(L1, Ly) — Hom(L ® L1, L ® Ls) is bijective mapping, and is explicitly defined

by
Hom(Lq, Ly) 3y +—id, ® v € Hom(L ® L1, L ® Ls). (4.2)

Since d : L ® Lo & 1, we get a bijection

Hom(L ® L1, L ® Ly) = Hom(L ® Ly, 1). (4.3)

by post-composing with s, i.e.
Hom(L ® L1, L ® Ly) 5 g — 5. (g) = 62 0 g € Hom(L ® Ly, 1).
Composing 4.2 and 4.3, we get a bijection
F :Hom(Lq, Ls) - Hom(L ® Lq,1). (4.4)
Since §; € Hom(L ® L4, 1), it follows that there is a unique oo € Hom(Lq, L2) so that
F(a)=dy0(id,® a) =6, <= (id,® a)=0d,"0 6.
It remains to show that « is an isomorphism. Similarly, as before, we see that
Hom(Lg, L1) = Hom(L ® Lo, L ® L1) (4.5)
is a bijection by 4.7, defined by Hom(Ls, L1) — id;, ® 7, and that
Hom(L ® Lo, L ® L) — Hom(L ® Lo,1) (4.6)
is a bijection, defined by Hom(L ® Ly, L ® L1) 3 f — 01, (f) =010 f € Hom(L ® Lo, 1).
By composing 4.5 and 4.6, we have a bijection

G : Hom(Lg, L1) = Hom(L ® Lo, 1).

Since 62 € Hom(L ® Ly, 1), there is a unique map S so that

G(B) =6, 0 (idL ® B)
= 4,
= (idr® 6):6;10 0.
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It follows that

idrer, = (65 161)(d; 02)
= (idy ® a)(idr ® B)
= (idz ®apf)

id, ®idp,

= aff=idg,.

and
idrer, = (07 162)(85 101)
= (idp ®p)(1dL ®«a)
= (id; ®Ba)
= (id; ®pBa)
=idp, ®1dL1
— BO& = idLl .
Therefore, « is an isomorphism. L

5 Internal Hom

We start by introducing a certain kind of category

Definition 5.1. Given a category €, we call the category C°PP the opposite category, where one has
that Ob(C°PP) = Ob(C), but to every morphism f € Home(A, B) there is a corresponding morphism
fopp S Hom@opp (B7 A)

Ob(C°PP) = Ob(C) f € Home(A, B) oy f°PP € Homeorr (B, A)
Gorr 5 4 s AeC A B
f fore
B A

5.1 Hom(A, —) and Hom(—, A)

e Let C be a locally small category, and let f : X — Y be a morphism. Then we see that for
g € Hom(Y, A), we can precompose g with f, i.e. f*(g) :==go f: X — A.

That is, for each object A, and morphism f, we find that f : X — Y ~» Hom(Y, A) TN Hom(X, A).
It follows that we can define an contravariant functor Hom(—, A) : € — Set, which takes

objects X to Hom(X, A) and morphisms f: X — Y to Hom(f, A) : Hom(Y, A) — Hom(X, A).

Assume that f : X — Y and h : Y — Z. Then we see that hf : X — Z, and that for
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g € Hom(Z, A) we have
Hom(hf, A)(g) == (hf)"(9)
=go(hf): X = A
as well as

Hom(hf,Y)(g) = (Hom(f,Y) o Hom(h,Y))(g)
= (f"eh")(9)
=["(goh)
=gohof

where we used that function-composition is associative, . At last, we see that for a morphism
f:X — Y and Hom(idy, A) = id} we have that for g € Hom(Y, A) one finds

id}-(g) = goidy
= g.
e On the other hand, let f : X — Y be a morphism in €, and let g € Hom(A, X). Then we can

define f.(g) := fog: A — Y. Thus we claim that Hom(A4, —) is a covariant functor that takes
objects X in € to Hom(A, X) and morphisms f : X — Y to Hom(A4, f) = f..

Let f: X Y andlet h: Y — Z, and let g € Hom(A, X). Then

Hom(A, hf) = (hf)«(g)
=hfog:A—Z

and

(Hom(A, h) o Hom(4, f))(g) = h«(f«(9))
=h.(fog)
—hofog.

Lastly, we find that if ¢ € Hom(A, X), then
(idx)«(g9) =idxog
= g.

This shows that Hom(A, —) is a covariant functor.

5.2 Representable functors, presheafs, and internal-hom adjunctions

Definition 5.2. We call a functor F' : € — Set a representable functor if it is naturally isomorphic
to the hom-functor Hom(A, —) for some object A of C, and we call (F,¢) the representation of F,
where ¢ : Hom(A, —) = F is the natural isomorphism with components at objects B € €, i.e. so that
the following diagram commutes for each morphism f: X — Y in C
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X Hom(A, X) ox F(X)
(5.1)
Hom(A. f) F(f)
Y Hom(A4,Y) oy F(Y)

and where Hom(A, f) is defined as Hom(A4,X) > g+ fog € Hom(A4,Y).
We introduce one more crucial definition, closely related to definition 5.2.

Definition 5.3. Let € be a category, and let G : € — Set be a contravariant functor. Then we call G
a presheaf. Furthemore, we say that G is representable if it is naturally isomorphic to Hom(—, A)
for some object A € €. We can just as well define a presheaf as a functor F': C°PP — Set.

Definition 5.4. Let C be a category. Then we define PSh(C) := [C°PP, Set] as the presheaf cat-
egory on C, with objects as functors F : €°PP — Set and morphisms « € Mor(Psh(€)) as natural
transformations between functors F, G : C°PP =% Set.

We want to relate this to tensor-categories.

Definition 5.5. Let (€, ®) be a tensor category. If the contravariant functor Hom(—®X,Y) : € — Set
defined by €5 T — Hom(T' ® X,Y) € Set is representable (5.3) for objects X,Y in €, then we denote
the object corresponding to the representation as Hom(X,Y') (given that Hom(X,Y) exists).

Then Hom(— ® X,Y’) would be an example of a representable presheaf.

To clarify what we mean by Hom(X,Y") being the corresponding object of the representation; we mean
that Hom(— ® X,Y) is naturally isomorphic to Hom(—, Hom(X,Y)), that is, the following diagram
commutes for each morphism f: B — A in C

B Hom(A® X,Y) = Hom(A, Hom(X,Y))
! Hom(f®X.Y) Hom(fHom(X.y))  (5:2)
A Hom(B® X,Y) U Hom(B, Hom(X,Y))

and we call evx y : Hom(T®X,Y’) — Y the morphism corresponding to idgom(x,y) under the (natural)
isomorphism 7gom(x,y) (see diagram below)
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THom (X,Y)

T Hom(Hom(X,Y) ® X,Y) = » Hom(Hom(X,Y), Hom(X,Y))
f Hom(f®X,Y) Hom(f,Hom(X,Y))
Hom(X,Y) Hom(T ® X,Y) 77; » Hom(7T,Hom(X,Y))
(5.3)
We see that
Hom(T ® X,Y) = Hom(T, Hom(X,Y)). (5.4)

If we assume that Hom(X,Y") exists for every pair of objects X,Y in C, then

Hom(Hom(X,Y) ® Hom(Y, Z) ® X, Z) ~ Hom(Hom(X,Y) ® Hom(Y, Z), Hom(X, Z)) (5.5)

where one finds that

PHom (X,Y),Hom(y,z)®idx

Hom(X,Y) ® Hom(Y, Z) ® X S— Hom(Y, Z) ® Hom(X,Y) ® X

idHom (v, 7z) ®evx,y evy,z

— Hom(Y,Z2) ® Y ——— Z.

To prove our next proposition, we need a lemma, known under the name “Yoneda lemma”.

Lemma 5.6. Let F': C — Set be a any (covariant) functor from a locally small category C, and let
X be an object of ©. Then there is a bijection

Nat(Home(X, —), F) =2 F(X).

Furthermore, natural transformations o : Home(X,—) — F correspond to ax(1x) € F(X), and this
correspondence is natural in X and F'.

Proof. We start by proving the bijective property.

Bijection: Let ¢ : Hom(Home(A, —), F') — F(A), where Hom(Home(A, —), F') is the class of (natural
transformations) from Home (A, —) to F.

¢ is defined explicitly by taking a natural transformation o : Hom(A, —) — F to aa(14) € F(A), i.e.
¢
ar— aa(la).
This map is clearly right unique and left total, hence a function.

We want to find an inverse function ¥ : F(A) — Hom(Home (A, —), F') such that for z € F(A), we get
a natural transformation ¥(z) : Hom(Home (A4, —) — F.

It follows that we must define components ¥(z)p : Hom(Hom(A, B)) — F(B), so that for f : A —
B € Mor(C@), we get
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W(z)a

Hom(A, A) F(A)
Hom(A,f)=f« F(f)
Hom(A, B) ve)s F(B)

We find that 14 € Hom(A, A) get’s taken to (¥(z)g)(f) by going downward left and then right, while
14 get’s taken to F(f) o (¥(x)a)(1la) via the right-downward route.

We see that we need to define U(z)4(14) = «, since we want

O(V(z)) = U(x)a(la)

=xT.

It follows, since we need naturality, that

F(f)(x) = ¥(z)p(f) (5.6)

We conclude by showing that for a generic morphism ¢ : B — D € Mor(€), ¥(z) is a natural
transformation. I.e. showing that the following diagram commutes

‘II(I)B

Hom(A, B) F(B)
Hom(A,g)=g. F(g)
Hom(A, D) v@)o F(D)

For that, let f € Hom(A, B). Then along the right-downward path we get that f gets taken to

(F(g) o ¥(z)B)(f) = F(g) o ¥(2)5(f)
= F(g)(F(f)(x)).
On the downward-right path, f gets taken to
(W(z)p o g)(f) = ¥(z)p(gf)
= F(gf)(z)
using 5.6

Since F is a functor, we have F(gf) = F(g) o F(f), so that the paths gives the same element in F (D),
i.e. the diagram commutes, for arbitrary morphism g € Hom(B, D), where B, D € C are arbitrary.
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We have already seen that W is a right-inverse to ¢, and we want to show that U is a left-inverse to ¢;
that is, that

o) = Vaa(la)
=«
for a natural transformation « : Hom(A4, —) — F. From (5.6) (with x = aa(14) € F(A)) have that
U(aa(1a))B(f) = Fflaa(la)) (5.7)

Since « is a natural transformation, the following square commutes

A Hom(A, A) oA F(A)
f Hom(A, f)=/. F(f) (5.8)
B Hom(A, B) s F(B)

from which it follows that

so that \I/(QA(IA))B(f) e OLB(f) by (57)
This concludes the proof of the bijection Hom(Home (A, —), F) & F(A).

We prove naturality. Naturality: The assertion about naturality in X and F' corresponds to the
following claims:

1. Naturality in F' means that, given a natural transformation 5 : F — G, the element of G(A)
representing the composite natural transformation fa : Hom(A,—) — F — G is the image
under 84 : F(A) — G(A) of the element of F(A) representing « : Hom(A, —) — F, that is, the
following diagram commutes

Hom(Hom(4, —), F) or y F(A)
B Ba
Hom(Hom(A4, —), Q) i » G(A)

where we have ¢p : Hom(A, —) — F(A) and ¢¢ : Hom(A4, —) — G(A) defined explicitly by
¢p(a) = aa(la)

pc(Boa)=(Boa)a(la).
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To show that Sa(dr(a)) = ¢c(B o a) for @« € Hom(Hom(A, —), F), we will use

We note that we have parallel functors Hom(A, —), F, G : € = Set, and natural transformations
a:Hom(A,—) — F and §: F — G. This gives us that (Boa)(1a) := (Saoaa)(la) by 4.4.

That is, we have

da(Boa)=(Boa)a(la)
= (Baoaa)(la)
= Ba(¢r(a))

where the last equality follows from ¢z (@) := @a(14) and associativity of morphisms.

2. “Naturality in X” amounts to the assertion that given f : A — B € Mor(C), the element of
F(B) representing the composite natural transformation o f* : Hom(B, —) — Hom(4,—) — F
is the image under F(f) : F(A) — F(B) of the element of F(A) representing «, i.e. the following
diagram commutes

Hom(Hom(A, —), F) 2 F(A)
() F(f) (5.9)
Hom(Hom(B, —), F) 2 F(B)

We see that the image of a along the right-downward path is F(f)¢a(a) = F(f)(aa(la)) and
that the image of o along the downward-right path is

¢((f*)" ca) = dplao f7)
= (ao f*)p(1p).
We use the following lemma

Lemma 5.7. Let C be a category, and let f : A — B € Mor(C). Then the pullback f* :
Hom(B,—) — Hom(A, —) is a natural transformation.

Proof. We contemplate the following diagram

X Hom(B, X) i Hom(A, X)
g Hom (B, g)=g. Hom(A,9)=g- (5.10)
y Hom(B,Y) Ty Hom(A,Y)

We want to show that for arbitrary h € Hom(B, X) we have that (g« o f%)(h) = (fy o g«)(h).
This should be clear by definition. O
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It follows that af* as assumed, is a composition of natural transformations. We have parallel
functors Hom(A, —), Hom(B, —), F' : € — Set, and natural transformations f* : Hom(B,—) —
Hom(A, —) and a : Hom(A,—) — F. By 4.4, we have that

(af*)B(1B) = (aB o f5)(1B)
=ap(f)

From diagram (5.8) we then see that ap(f) = F(f)(ca(14)). It follows that

so that diagram (5.9) commutes.

There is a dual statement of the “Yoneda Lemma”:

Lemma 5.8. Let F': C — Set be any (contravariant) functor from a locally small category €, and
let X be an object of C. Then there is a bijection

Nat(Home(—, X), F) = F(X).

Furthermore, natural transformations « : Home(—, X) — F correspond to ax(1x) € F(X), and this
correspondence is natural in X and F. [J

A corollary of 5.6, called Yoneda embedding, follows. Before we give the corollary, we want to
clarify what we mean by embedding (in this context).

Definition 5.9. Let F': € — D be a functor. If F is faithful, and injective on objects in C, then we
call F' an embedding.

Lemma 5.10. The functors y and y' below, define full and faithful embeddings

e Y Set®"” e Y Set®
A Hom(—, A) A Hom(A, —)
! e f f*
B+ HOIH(—,B) B HOHI(B,—)

Proof. To show that y, 1y’ are injections, we use the following lemma:
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Lemma 5.11. Let f,g : A = B be parallel morphisms in a category C. Then the induced natural
transformations
fxy g« : Hom(—, A) = Hom(—, B)

and
f*,¢" : Hom(B, —) = Hom(A4, —)

by post-and-pre composition, respectively, are distinct.
Proof. We have that (fi)a(ida) := foids and

(9«)a(ida) :=goida
=49

but since f, g are distinct

~ (f)a(ida) # (g+)a(ida)
= fu # g

Similarly, we have that

(f*)p(ids) # (9")s(ids)
— [T #g"

Using 5.11, we see that g,y are injective.
For each pair of objects A, B € €, and natural transformation
ay : Hom(A4, —) — Hom(B, —),

we want to show that 3f € Mor(C) so that

From 5.6 we know that there is a bijection
Nat(Hom(A4, —), F) = F(A).
Taking F' = Hom(B, —), we see that there is a bijection
Nat(Hom(A4, —), Hom(B, —)) = Hom(B, A)
Let f : B — A correspond to ay. Then again, by 5.6, we know that (af)a(ida) = f.

We note that
f* :Hom(A, —) = Hom(B, —) € Nat(Hom(A4, —), Hom(B, —))

is such that

(f)a(idy) =idgof
= f.
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By the bijective property of 5.6, we need ay = f*.

Similarly, for pair of objects A, B € C', and natural transformation
ay : Hom(—, A) = Hom(B, —)

we want to show that there exists a morphism f in € so that

y(f) = [«

= Q.

By 5.6, and taking F' = Hom(—, B), we have
Nat(Hom(—, A), Hom(—, B)) = Hom(A, B).

Hence to each morphism f € Hom(A, B), there exists a unique natural transformation oy so that
(af)a(ida) = f.

We find that f: A — B is such that
f« : Hom(—, A) = Hom(—, B) € Nat(Hom(—, A), Hom(—, B)).
Then

(f)a(ida) = foida
— 7

It follows that f. = ay.

For the next proposition, we will introduce a further notion of a certain type of functor.

Definition 5.12. A functor F : € — D is called conservative if F(f) being an isomorphism in D
implies that f itself is an isomorphism in C.

Proposition 5.13. Assume that Hom(X,Y') exists for every pair of objects X,Y in a tensor category
(€,®). Then Hom(Z ® X,Y) = Hom(Z, Hom(X,Y")) for all objects X,Y,Z in C.

Proof. We follow the structure of the proof in [11].

Let A, X,Y, Z be arbitrary objects of €. Then we have

Home (A4, Hom(X ® Y, Z)) ~ Home

~ Home

A (X®Y),Z)

(AR X)®Y,2)

A® X,Hom(Y, Z))

A, Hom(X, Hom(Y, Z))

~ Home

—~ o~~~

~ Home

where we have repeatedly used that Home (T ® X,Y) ~ Home(7,Hom(X,Y)) and the associator ¢
for the third isomorphism (recall that ¢ is a natural isomorphism).

Since A was arbitrary, we have that for all objects A in €, the isomorphism

Home(A,Hom(X ® Y, Z)) ~ Home (A, Hom(X Hom(Y, Z7)))
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holds. It follows that
Home(—,Hom(X ® Y, Z)) ~ Home(—, Hom(X, Hom(Y, 7)) (5.11)
in PSh(C).

Recall that from 5.10 we get that the functor F' : € — PSh(C) defined by ¢ 3 A —— Home(—, A4) €
PSh(C) = [€°PP, Set] is fully faithful.

Let’s denote the natural isomorphism in (5.11) with «. By the fullness of F', we find that there exists
an f: X —Y € Mor(C) so that F(f) = a.

Lemma 5.14. Fully faithful functors are conservative.

Proof. Let F': C — D be a fully faithful functor, and let & € Homqp (F(A), F(B)) for objects A, B
in G, be an isomorphism. Then there exists a=! € Homqp (F(B), F(A)). Since F is full, there are
f:A— Band f=': B — A in Mor(€) so that F(f) = a and F(f~!) = a~!. By functoriality of F

we have

F(f~to f)=F(f~") o F(f)

and

F(fof™Y)y=F(f)oF(f™)
—aoa !

= idF(B) .

By functoriality of F', we have that F'(id4) = idp(4) and F(idp) = idp(p). By faithfulness of F', one

finds that f~'o f =id4 and fo f~! =idp. It follows that f is an isomorphism. O
Using lemma 5.14, we find that Hom(X ® Y, Z) = Hom(X, Hom(Y, Z)). O
5.3 Duals

Let (C,®) be a tensor category. We note that we have an isomorphism
Hom(1,Hom(X,Y)) ~ Hom(1 ® X,Y) ~ Hom(X,Y) (5.12)

using 5.4 for the first natural isomorphism, and l;(l :1®X ~ X in the last isomorphism. We introduce
duals.

Definition 5.15. Let X be an object in €. We denote the dual of X as XV, defined explicitly as
XV = Hom(X,1).

Definition 5.16. There is an alternative characterization of the dual of an object X € €, for (€, ®)
a tensor category: It is a pair (YV,Y ® X =5 1) with a morphism ¢ : 1 — X ® Y such that

e®idx <

¢ idx ® ev rot
XR1ex & XeY)eX 2 Xe(YeX) — Xe©1& X (5.13)
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and

—1
X,Y

r idy ®e€ by ev®id 1ot
Y2yel — vYeXey) 2 YeX) ey — 1oV XY (5.14)

are the identity maps idx, and idy, respectively. (5.13) and (5.14) together are usually called the
zigzag-equations or the snake equations.

We then have a natural map evy : Hom(X,1) ® X — 1 or, more succinctly, evy : X¥ @ X — 1.

From 5.4, we see that Hom(T, X") = Hom(7, Hom(X, 1)) ~ Hom(7T ® X,1). Since T is an arbitrary
object, we have a natural isomorphism

v : Hom(—, X¥) ~ Hom(— ® X, 1) (5.15)

where we let F' denote the functor F' : Hom(— ® X,1) : C°PP — Set (note that we are implicitly
assuming that € is a locally small category here). By 5.6, we find that v is uniquely determined by
yxv(idxv) = evy (see 5.2).

If we let € = C°PP in 5.6, we see that Homeers (X, —) = Home(—, XV). This clarifies the concordance
between what we wrote above, and our formulation of 5.6.

For a tensor category (€, ®), we let the functor Hom(— ® X,Y") act on morphisms f € Home (7, B)
by Hom(— ® X, Y)(f) = Hom(f ® X,Y) : Hom(B® X,Y) — Hom(T ® X,Y), defined by

Hom(f @ X,Y)(g9) =go (f®idx): T®X —>Y
for g € Hom(B ® X,Y).
The following diagram shows us that

yr(f) = F(f)(evx,y)

5.16
=evyo(f ®idx) (5.16)
f
T Hom(X"Y, XV) e y F(XY)
idxv ¢+ eVx
Hom(f,XV) F(f)
[ yr(f) = F(f)(evx)
XV Hom(T, XV) = s F(T)
(5.17)

Since yr is an isomorphism, it follows that for every g € Hom(T' ® X,Y) we get a unique f: T — XV
so that 5.16 holds. We also see that this applies more generally, since instead of XV = Hom(X, 1) we
could have taken Hom(X,Y") for arbitrary X,Y (atleast assuming we are in a tensor category where
Hom(X,Y) exists for all objects X,Y).
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The following diagram (cf. diagram 1.6.1 in [10]) illustrates the more general situation:

T T®X
y f®idx g (5.18)
Hom(X,Y) Hom(X,Y)® X oy Y

From this, we can make the map X — XV into a functor:
Let f: X — Y € Mor(€). We note that evyo(idyv®f) : YV®X — 1, hence evyo(idyv®f) € F(YV).

Since yyv : Hom(YY, XV) = Hom(Y"V ® X, 1) is an isomorphism, there is a unique map *f : YV — XV
so that yyv (f) = evy o(idyv ®f). But recall that yyv (*f) = evx o(f ® idx)

~evy O(tf®idx) = €eVy O(idyv ®f) (519)
Or, in diagrammatic form
Y\/ ® X f®1dX X\/ ® X
idyv of evy (5.20)
YVeY e 1

Let f : X — Y be an isomorphism in a tensor category (€, ®) and assume that XV, YV exists. Then
its image under our functor (—)¥ is an isomorphism, since functors preserve isomorphisms (1.15).
Hence it follows that 'f : YV — XV has an inverse (!f)™! : XV — Y. We denote this inverse by
V=0t XV =YV,

By properties of the tensor product as a bifunctor, we find that
evxo('f ®idx) o (fY ®idx) = evy o(idyv @f) o (f¥ ®idx)
— eVxy = eVy O(fv & f)
Remark 5.17. Note that

evy O(tf ® ldx) o (fv ® ldx) =evy O(tffv (9 1dx)
=evyx O(idxv ®idx)

= €evx.

by 5.15.
Remark 5.18. If f: X — Y, then !f : YV — XV is explicitly defined as (see [4, chap. 2.4])

tryViaS Yy o x @ XV UP YV gy @ xV VB xV (5.21)
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With the above remark in mind; if f: X - Y and g: Y — Z, so that go f : X — Z we have that
“gof)=(evz®id) o (i[d®(go f) @id) o (id®ex) : 2" — XV,

We aim to show that this is equal to ¢ f o tg: Consider the following diagram

evy ®id

i € i i v i i € i i IVt
zv M8 v oy oyY 4O L ove 2o yY evz @i YV d@ex Yo Xexy 488 yvyvey g xVv XV

.N id ®id ® id ®ex id ® id ®e x evy ®id ®id evy ®id... evz ®id
i €x \ \ / / /

ZVoX®X' = Z"eYeY'eX XY, s ZVRZRYV®X®XY e 7VRZeY'eY®XY *>dZV®Z®XV

id ®ey id ®g evy ®1
... f®id id®g... id id
id @ f@id f®i id®g id ®g®i
id ®ey ®id evy ®id

VoYXV 2P0, Ve YeYVeYe XY YR VY o XV

\id
(5.22)

In the diagram above, we have suppressed all canonical isomorphisms. All subdiagrams except the
lowermost commutes by bifunctoriality of ®, and the lowermost diagram is the a snake identity (5.16).
To clarify what we mean by bifunctoriality, we can exhibit an expanded diagram for the uppermost,
leftmost diagram as

~

Zv = ZV 9191 988 v oy e vy @1 v ey ey @ X @ XV

ZV®1®1W>ZV®1®X®X T ZVeYYVe XXV

which commutes by bifunctoriality.
By following the outermost perimeter in (5.22) , and using the snake identity, we see that
(evy ®id)o(id ® f®id)o(id ®ex )o(evz ®id)o(id ®g®id)o(id ®ey ) = (evz ®id)o(id ®g®id)o(id ® f ®id)o(id ®ex)

= "folg="(gof).
For arbitrary X € C, we have

‘(idx) = (ev®id) o (id ® id ® id) o (id ®e)
= (ev®id) o (id ®e)
== ldXv

again, by a snake identity (5.16).
We conclude that (—)Y is indeed a functor.

We see that evy otpx xv : X ® XV — 1, where we remember that 1x xv is the commutator with
respect to X, XV. We let XV := (XV)V. By (5.15) we then have a natural isomorphism

v : Hom(—, X¥V) ~ Hom(— ® X", 1) (5.23)
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which affords us with a bijection
vx : Hom(X, XVV) 2 Hom(X ® XV, 1). (5.24)

Hence we have a unique map ix : X — XYV so that yx(ix) =evx o hx xv.
We introduce a definition in relation to iy, and a crucial definition related to representable functors.

Definition 5.19. Let (€, ®) be a tensor category. If ix : X — XYV (the map we induced from the
canonical isomorphism (5.23)) is an isomorphism, then we call X reflexive.

Definition 5.20. Let C be a category and let A be an object in €. A universal property of A is a
representable functor F' together with a universal element X € F'(A) that together define a natural
isomorphism Home(A, —) ~ F or Home(—, A) ~ F, by 5.6.

Remark 5.21. F in 5.20 is covariant in the first case, and contravariant in the second.

Definition 5.22. Let F : € — D be a (covariant) functor, and let X be an object of D, and A, A’ be
objects of €. A universal morphism from X to F is a unique pair (A, : X — F(A)) that has the
following universal property (5.20): For each morphism f : X — F(A’), there exists a unique map
h:A— A" in G, so that the following (leftmost) diagram commutes

X K F(A) A
» F(h) n (5.25)
F(A) A

Dually, a universal morphism from F to X is a unique pair (A, u: F(A) — X) that satisfies the
following universal property: For each morphism f’: F(A’) — X, there exists a unique morphism
R’ : A" — A so that the following diagram commutes

X - F(A) A
v F(r') 3/ (5.26)
F(A) A

Lemma 5.23. Let (A,p: F(A) = X) and (A", : F(A") — X) both be universal morphism from F
to X. Then there is a unique isomorphism k : A — A’ so that p' o F(k) = pu.

We contemplate the following diagrams

X - F(A) A XX P Al
R F(k') Ell p F(k) Ik
F(A") Al F(A) A

55



We find that there are unique £/, k so that

o F(K) =y (5.27)
p o F(k) = p. (5.28)
It follows that
po F(k') = p
— (WoF(k)oF(K)=p
— poF(kk)=p
and
poF(k)=p
< (uoF(K))oF(k)=pn
< po F(K'k) = p.
Again, by the universal property, we have
X <— F(A A D F(A A’
\ . \ N
A A

Clearly b/ = id’; and h = id4. By uniqueness of h’, h together with (5.27) and (5.28), we see that
kok' =idy and k' o k =id4 so that k is the unique isomorphism such that p’ o F(k) = pu.

Proposition 5.24. Let (C,®) be a tensor category, and let X be an object in C that has an inverse
(X156 XX > = = 1). Then X is reflexive, and the map

f: Xt XV

determined by &, is an isomorphism.

Proof. By 5.8, we have an isomorphism

Nat(Hom(—, X 1), Hom(— ® X,1)) = Hom(X ' ® X, 1).

Since § € Hom(X ! @ X, 1), there is a unique corresponding natural transformation

a € Nat(Hom(—, X 1), Hom(— ® X, 1))
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Again, by 5.8, for each object Y € @, with f:Y — X!, we get the following commutative diagram

Hom (X1, X1 St Hom(X ' ® X, 1)
idy-1 5
Hom(f,X 1) Hom(f®X,1)
f ay (f) = F(£)(9)
Hom(Y, X 1) 2 Hom(Y ® X, 1)

Similar to the proof of 4.13, we get a bijection
Hom(Y, X!) — Hom(X ® X1, 1)

defined by
Hom(Y, X 1) 2 f+— f®idx — o (f ®idy) € Hom(X @ X1, 1).

It follows that ay is isomorphism, for each Y € €, so that « is a natural isomorphism

Hom(—, X ') ~ Hom(— ® X, 1). (5.29)

By (5.15), we also have
Hom(—, X") ~ Hom(— ® X, 1).

Lemma 5.25. Let F': C — D be a fully faithful functor, and let X,Y € C. Then we have that
FX)2FY) = X¥Y.

Proof. Let f: F(X) 5 F(Y) in D. Therefore, since F is full, there exist a morphism g : X — Y so
that F(g) = f. By 5.14, g itself must be an isomorphism. O

From this we see that both (X ~1,§) and (XV,evx) satisfy the same universal property (5.22). To be
more precise, let F = Hom(— ® X,1) and let A= X"! 4/ = § and let X = 1 in (5.26). Similarly, we
canlet A= XV, i/ =evy and X = 1.

By 5.23, there exists a unique isomorphism ¢ : X! — XV so that evy o(¢( ® idx) = 6.

(5.24) gives us the following relations, where the the diagram to the right commutes

X X ® Hom(X,1)

evx othx xv

ix ix ®idHom(x,1)

~

Hom(Hom(X,1),1) Hom(Hom(X,1),1) ® Hom(X,1)
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or with simpler notation, as

X X®XY

. . . evy o v
X lx®ldxv X, X

evxV g

X‘\//\/ X\/VE@ X\/ 1

We have natural isomorphisms

Hom(—, XVY) ~ Hom(— ® X", 1)
~ Hom(—® X~ 1,1)
~ Hom(—, (X~ 1)71).

In the last (natural) isomorphism, we used (5.29) with X := X 1. By 5.10, it follows that (X~1)~1 =
XVV. We also know that X = (X 1)7! —= X = XVV.

Hence we have
evx wa,xv

XXV 1

evxV y

XVW e XV 1

and natural isomorphisms
Hom(—, X) ~ Hom(—, X"")
~ Hom(— ® X", 1)
~ Hom(—® X1, 1).

For any finite families of objects (X;)ies and (Y;):ecr, there is a morphism

) Hom(X;;, Y;) — Hom <® XZ-,®YZ-> (5.30)

el el el
If we take T = ®H0m(Xi,Yi), X = ®Xi and Y = ®Y in diagram 1.6.1 in [10], we see that

iel iel iel
(5.30) is the unique morphism such that the diagram
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(@ Hom(xi 1)) o (@)

i€l i€l

feid g x, g
el
R evy;
m(@xi,@@m)@(@&) Y,
el el 1€l el

commutes.

Let X1 =X, Xo=1=Y; and Y5 =Y. By (5.30) we get

Hom(X,1) ® Hom(1,Y) = XY ® Hom(1,Y) 2 XV ®Y - Hom(X ®1,1®Y) = Hom(X,Y) (5.31)

Remark 5.26. Since

Hom(—,Y) ~ Hom(— ® 1,Y)
~ Hom(—, Hom(1,Y))

and the isomorphisms are all natural, we see that Hom(—,Y") ~ Hom(—, Hom(1,Y")) in PSh(C). Recall
that X —— Hom(—, X) is fully faithful by 5.10.

Using 5.25, we find that
Hom(—,Y) ~ Hom(—,Hom(1,Y)) = Y = Hom(1,Y). (5.32)
This explains the first isomorphism in (5.31).

If we take Y; =1, for all ¢ € I, and use (5.30), we see that

&) X" = (X Hom(X;,1) — Hom (@XiJ) = <®X2>V.

i€l i€l iel iel

6 Rigid tensor categories
Definition 6.1. Let (C,®) be a tensor category. Then we call (€, ®) a rigid tensor category if
1. Hom(A, B) exists for all A, B € C.

2. Morphisms Hom(A;, B;) ® Hom(As, By) — Hom(A4; ® Ag, By ® Bs) are isomorphisms for all
Al, A27 B17 BQ € C.

3. All objects in C are reflexive.
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If (C,®) is a rigid tensor category, so that the conditions in 6.1 are fulfilled, then the morphisms in
( .30) are all isomorphisms. This is clear from the fact that I is finite in 5.30. So, for example, let
I =1{1,2,3}. Then
(Hom(X1,Y7) ® Hom(X5,Y3)) ® Hom(X3,Y3) = Hom(X; ® X3, ® Ys) ® Hom(X3,Y35)
= M(Xl RXo®X3,Y1®Y® Yg)

The same idea applies more generally for any finite set I: Put an arbitrary ordering on I, so that
I'={i1,...,in}. Let f;, ;, denote the isomorphism

Hom(X;,, X;,) ® Hom(X;,,Y;,) = Hom(X;, ® X;,,Y;;, ®Y;,)
and let f; @...0i,,i,,, ® id denote the isomorphism

M(Xil®"'®Xig’n1®"'®Yiz)® ® m(xian)
i€I\{igye uyin}

~Hom(X;, @ ® Xi,,,, Yy, ®- @Y, )© (&)  Hom(X,Y)).

1€I\{ig11,--in}

If £ =n — 1 then we define f;,g...9i,_,,i, as the isomorphism

in

Hom [ & Xi, X Vi|@Hom(X;,.Y;,)|=H (@Xﬂ@}f)

i€N\{in} €I\ {in} iel iel

fiq,io®id
- QHom(X;,Y;) = Hom(X;, ® Xy, Y, @Y,)® (X)) Hom(X,,Y)
i€I\{i1}
fi1®iq,i3®id

= Hom(X;, ® X;, ® X, V;, @Y, @Y)® Q) Hom(X,Y))
1€\ {i1,i2}

i€l i€l

Example 6.2. Let G be a group and let k be a field. Then the category Repfkd(G) of finite dimensional
representations of G is rigid. One has that

Vv = HomRepad(G)(V, k)
for each object (V, py) in Repy (G), and where we define pyv (g) := (pv(g)~1)V.

We have maps evyV @ VV — k defined by k¥ ® ¢ — @(k), and coevy : k = VV ® V defined

by k — k- Y vf ®e; where {e1,...,e,} is a basis for V and {v},...,v}} is a basis for V'V, and
i=1
. 1, ifi =
vilvs) =0 = {0 if i # j

For more details, see [12].
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Lemma 6.3. Any functor F : € — D that is full, faithful and essentially surjective, defines an
equivalence of categories.

Remark 6.4. Compare 6.3 with 4.7.

Remark 6.5. Note that in the proof of 6.3, we need to assume Azxiom of Choice.

Proof. Assume that F : ¢ — D is full, faithful and essentially surjective. Since F' is essentially
surjective, we know that for each D € D, the set Ap consisting of elements C’ in € such that F'(D) = C’
is non-empty. Then we can form the family of sets (Ap)pen. Assuming Aziom of Choice ([5, p.
909]), there exists a choice function G : Ob(D) — |J Ap such that G(D) € Ap = G(D) is
DeD

such that F(G(D)) = D. By essential surjectivity, the choice-function also defines an isomorphism
ep : F(G(D)) 2 D. Let £ € Homp (D, D) be arbitrary. Then by similar reasoning as in the proof of
4.8 there is a unique morphism f such that

F(G(D)) = D
El; Vi
F(GED’)) — 2 D

commutes. Explicitly, we want foep = ep o f = f = 65,1 oloep. Since F is fully faithful, the
map Home(G(D),G(D')) — Homqp (F(G(D)), F(G(D')) is bijective, so there is a unique morphism
G¢ € Home(G(D),G(D")) such that F(G(¢)) = f.

From this, we see that the morphisms ep assemble into the components of a natural transformation
e: FG = idyp.

We need to prove that G is functorial (remember, G was originally a choice function). We note that
by the functoriality of F', one has F' (idg(D)) =idpg(p)-
Then we see that for £ = idp one has
idp oep = ep o F(G(idp))
= ep =€p o F(G(idp))
— idp = F(G(idp)).
But we also have
€Ep © F (idg(D)) — €p O idF(G(D))
=e€p
=1lpoep

Diagrammatically, this is



commutes, for both F(G(idp)) and F (idg(p)) By uniqueness of G/, we need G(idp) = idg(p)-

Let ¢/ : D' — D”. Then we know that G(¢ o £) is such that

FG(D) 2 D
F(G({'o £)) Lot
F(G(D")) —— 22— D"

commutes. We contemplate the following diagram

F(G(D)) = D
F(G(2)) 0
F(G(D")) -z D’
F(G(£)) 4
F(G(D")) ——=2"—— D"

We know that the upper and lower constituent squares of the diagram commutes. We find that

l'oloep ="V 0o(loep)
=/ o (ep o F(G(¥)
= oep)o F(G(t
— (epn o F(G(?
=epro(F(G'))o F(
— epn o F(G(E) 0 G(1)).

By uniqueness, we see that G(¢' o £) = G(¢') o G(£). We conclude that G is indeed a functor.

Lemma 6.6. Let FF : C — D be a full and faithful functor. Then F both reflects and creates
isomorphisms.

Definition 6.7. A functor F' : C — D reflects isomorphisms if F'(f) is conservative (5.12).
Definition 6.8. A functor F creates isomorphisms if F(X) 2 F(Y)inD — X 2Y in C.

Proof. For reflection, see the proof of 5.14. For creation, see proof of 5.25. O
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By fullness and faithfulness of F', we see that F' both reflects and creates isomorphisms. Then we can
define ¢ : € — GF(C) by finding isomorphisms Fne : F(C) — FGF(C). Let Fne :== e}%c). Then
ne will be defined as the unique morphism ne € Home(C,GF(C)) such that its image under F is

e;(lc). We see that it follows from 6.6 that n¢ is an isomorphism.

Let f € Home(C,C”), and consider the following diagram

F(C) e FGF(C) —— 9, p(c)
F(f) FGF(f) F(f)
F(C L FGF(C") €r(C) F(C")
We have
F(f)oep(cy o Fno = F(f) o (epc) o Fne)
= F(f) © (EF(C) © 6F(C))
= F(f)cidr()
=F(f)
and

er(cry 0 Fner o F(f) = (erp(cny o Fner) o F(f)
= (GF(C/) ° 6}(1(;/)) o F(f)
=idp(cr o F(f)
=F(f)

so that the outer rectangle commutes.
The right square commutes since € is a natural transformation (applied to the morphism F(f) in D).

Then we see that

F(f)oepcyo Fnc = epcry o Fnor o F(f)
= €F(C’) o (FGF(f) OF’I’Ic).

Lemma 6.9. Let C be a category. If f € Mor(C) is an isomorphism, then f is monic.

Proof. Let f:C — C" with inverse g : ¢/ — C, and assume that h,k : A = C, such that
foh=fok. (6.1)
Applying g on the left side of both sides of (6.1), we see that
go(foh)=go(fok)
< (gofloh=(gof)ok
— idgoh=idcok
<~ h=k.
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Since €p(cr) is an isomorphism, by 6.9, €p(cr) is monic.

ercry © (Fmer o F(f)) = epcry o (FGF(f) o Fne)
— F??C/ OF(f) ZFGF(f) OF770~

Hence the left-hand square also commutes, and we have a commutative rectangle where all constituent
squares commutes. Then faithfulness and functoriality of F' gives us that

Fner o F(f) = F(ncr o f)
=F(GF(f)onc)
= FGF(f) o Fnc

= ncrof=GF(f)onc.

That is,
C e GF(C)
f GF(f)
o —1" 5 GF(C)

commutes, for all C' € €. We conclude that 7 : ide = GF is a natural transformation.

As we saw that ep and n¢ were isomorphisms for all D € D and all C € €, we have that € : FG = idp
and 7 : ide = GF are indeed natural isomorphisms. O

Proposition 6.10. Let (C,®) be a rigid tensor category. Then the (contravariant) functor F': € — C
defined explicitly by X — XV for X € € and f — ' f for f € Mor(C) is an equivalence of categories.

Proof. Going back to the (contravariant) functor (—)¥ : € — € covered in (5.19), (5.20), (??), defined
by taking objects X € € to their dual XV, and morphisms f : X — Y to 'f : YV — XV, we see that
in a rigid tensor category we have:

XVV x >y X
t(tf):XVV%YVV}—>f:X%Y

We aim to show that (—)Y yields an equivalence of categories. By 6.3 it is enough to show that (—)V
is full, faithful and essentially surjective. Essentially surjective is clear, since for each object X € C,
we know that XVV =2 X. So for any X € €, we can choose XV such that XV — XVV =~ X. We aim
to show that the map Home(X,Y) — Home(Y"Y, XV) is a bijection.

By (5.32) and 6.1 we see that

XY ®Y = Hom(X,1) ® Hom(1,Y)
=“Hom(X®1,1®Y)
~ Hom(X,Y).
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So

Hom(X,Y)2 X'®Y
o~ X\/ ® Y\/\/
o~ Y\/\/ ® X
~ Hom(Y", XV)

where we in the last isomorphism used (5.31).

By (5.12) we find

Hom(1,Hom(X,Y)) ——— Hom(1, Hom(Y", XV))

IR
IR

Hom(X,Y) = Hom(Y'V, XV)
O
ev
Definition 6.11. For any X € C, we have f : Hom(X, X) = XV®X 1 Applying the functor
(5.31)

Hom(1,—) to f we get

Hom(1, f) := trx : Hom(1, Hom(X, X)) = Hom(X, X) — Hom(1,1)
or in other notation trx : End(X) — End(1). We call trx the trace morphism.
Definition 6.12. For any X € C, the rank of X, denoted rank(X), is defined as

rank(X) := trx (idx).

Remark 6.13. [10] warns us that 6.12 only makes sense in characteristic 0.

We have the following set of equations:

{trX®X/( f&f)=tr(f)-tx(f)
tra(f) = f

Applying (6.2) we have

rank(X ® XI) = trX®X/ (ldX & ldX/)
= rank(X) - rank(X").

and

rank(1) = try (idy)
=idy .
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7 Tensor functors
We let (C,®) and (€', ®") be tensor categories. Let’s introduce a functor related to tensor categories:

Definition 7.1. A tensor functor (C,®) — (€', ®’) is a pair (F,c) where F': € — € is a functor,
and c_ _ 1 —® — — F(— ® —) is a natural isomorphism. (F,c) has the following properties:

e For all XY, Z € C, the following diagram commutes

idp(x) @cr(x),F(Y) CR(X),F(X®Y)

FX)e (FY)® F(Z)) FX)®' F(X®Y) FX® (Y ®2)

Pr(x),F(¥),F(2) F(éx,v,2)

Cr(x),F(y)®idp(y) CP(X®Y),F(Z)

(F(X)® F(Y))®' F(Z) FIX®Y)®' F(Z) F(X®Y)®2Z)

e Forall X,Y €€

CFP(X),F(Y)

F(X)® F(Y) F(X®Y)
Yr(x),F(Y) F(yx,y)
F(Y)®' F(X) e F(Y ® X)

commutes.
e If (U,u) is an identity object of (C,®), then (F(U), F(u)) is an identity object of (€', ®).

The above conditions are those given in [10]. We will add the following two conditions, coming from
[7] (1.29, 1.30 on p. 47): The squares below must commute

7./ -1 l/ —1
F(X)®'1 reeo) F(X) 1@ F(X) e F(X)
idp(x) ®a’ F(rx) a/®idp(x) F(lx)
F(X)® F1) ——— 5 F(X®1) F1)® F(X) —— 5 F1® X)
(7.1)

where a’ is the canonical isomorphism coming from 2.23 applied to F(1) and 1’ in €’ (using the third
condition in 7.1, i.e. that F(1) is an identity object).

Together, these conditions gives us, for any every finite family of objects (X;);cs, an isomorphism



Furthermore, for any map « : I — J, where I, J is finite, the following diagram commutes

Q F(X) c F (@ Xi>

i€l i€l

X' (e) F(x(a))

L) E— o
JEJ \1—J JjeJ =] JEJ \ir>j
(F, c) takes inverse objects to inverse objects. Let X,Y € C, if Hom(X,Y) exists, then
Flevxy) : F(Hom(X,Y)) &' F(X) - F(Y)
affords us with morphisms
Fyy : F(Hom(X,Y)) = Hom(F(X), F(Y)).

To expand on this point: Recall that Hom(T ® X,Y") ~ Hom(7, Hom(X,Y")). €’ is a tensor category,
so assuming Hom(X,Y) and Hom(FX, FY) exists, we have

Home: (F(Hom(X,Y)) ® FX,FY) ~ Home (F(Hom(X,Y)), Hom(F X, FY)).

Then we see, that there is a unigue morphism Fxy corresponding to F(evx y) o ¢ such that the
rightmost diagram below commutes (cf. (5.18)).

F(Hom(X,Y)) FHom(X,Y))® FX
Fx vy e Fx.y®'idrx F(evx,y)oc
Hom(FX, FY') Hom(FX,FY)® FX vrxry FY

Letting Y = 1, we get

F(Hom(X,1)) = F(XV) F(Hom(X,1)) ® FX
™ o Fx®'idrx F(evx,y)oc
m(FX7F1) = F(X)\/ M(FX,F]_) ®I FX evpx

67



where we have used the last condition in 7.1, i.e. that F'1 is an identity object of €.

Lemma 7.2. Let (F,c): (C,®) — (C',®") be a tensor functor of rigid tensor categories. Then F
preserves duals.

Proof. As in [10], we want to show that F' preserves duality

>

X F(X)
Ix F(lx)
10X F(1®X)
e®idx F(e®idx)
(XeY)eX F(XeY)®X
idx bxv.x F(idx)=idp(x) Fox'y x)
X@ (Y oX) FX® (Y ®X))
idx ®ev F(idx ® ev)
X®l1 F(X®1)
53 F(ry)
X F(X)
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We rewrite the right diagram above the following way.

Ur(x)

F(X) 1 ® F(X)
F(lx) (1) a'®'idp(x)
F(1®X) = F(1)®' F(X)
F(e®idx) (2) F(e)®idp(x)
, ' ®@idp(x) , ,
F(X@Y)®X) +—F—— F(X®Y)®' F(X) (F(X)®' F(Y)) ® F(X)

Fléxly.x) (3) F(X) @' (F(Y) &' F(X))

idp(x) ®'c

Fidx)=idr(x)

F(X® (Y ® X)) . F(X)&' F(Y @ X)

F(idx ®ev) (4) idp(x) ® F(ev)

F(X®1) - F(X) &' F(1)
F(rgh) (5) idp(x) ®a’ !
F(X) F(X)&' 1

(o)™
(7.5)
We see that subdiagram (1) in (7.5) above, commutes by (7.1), (2) commutes by naturality of ¢, (3)
commutes by the first condition in definition 7.1, (4) commutes by naturality of ¢, and (5) commutes
by (7.1).

We let

’

a F(G ) c !
oy =1 5 F(1) — F(X®Y) — F(X)& F(Y) 6

F(evx) o't

Viy = F(Y)® F(X) — F(Y ©X) — F(1) — 1.

Then we see that €ry and eviy are the corresponding duality data for F(X), by following the
rightmost outer circuit in (7.5), and using that

C_1 ®/ ldF(X) OF(E) ®/ 1dF(X) oa’ ®l ldF(X) = G/FX ®/ ldF(X)
and similarly with ev’;

idp(x) ®'a"to idp(x) &' F(ev) o idp(x) ®c = idpx) & eViy .
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F(idy)=idp(y)

By similar reasoning, we see that the following diagram commutes

(F(Y)® F(X))® F(Y)

F(Y) ihite) F(Y)&'1
(1)
F(ry) idp(y) ®a’
®1) . F(Y) &' F(1)
(2)
F(idy ®e) idp(y) ®'F(e)
id ;-1
X oY) . FY)® F(X®Y) —=0%° | piy) e (F(X) &' F(Y))
W.F(m
. (3)
F((“bY;X,Y)
X)®Y) — FY®X)® F(Y)
) (4) .
F(ev®idy) F(ev)®'idp(y)
FeY) ' P& F(Y)
. (5) N
F(ly) (a')7'® idp(y)
F(Y) S V& F(Y)
[

(7.7)
where (1) commutes by (7.1), (2) commutes by naturality, (3) commutes by the first condition in 7.1,
(4) commutes by naturality, and (5) commutes by (7.1). Hence (F(Y), €, evly) is the duality data for
the image of X under the tensor functor F' (cf. 5.13, 5.14). O

Definition 7.3. Assuming that C,D are locally small categories. Then an adjunction consists of a
pair of functors F: € = D : G such that

Homqp (F(X),Y) = Home (X, G(Y)) (7.8)

for each pair of objects X € C and Y € D. We call F left adjoint to G and G right adjoint to F',
and we usually denote this by F' 4 G, or equivalently G + F.

By the isomorphism (7.8), we get pairs of morphisms
Homyp (F(X),Y) 3 f* «v f € Home(X, G(Y)) (7.9)
that we call adjunct or transposes of each other.

Diagrammatically, this is the assertion
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Homsp (F(—),—)

/ﬂ\

IR

CoPP x D Set

HOm({ (—,G(—))

Following [13], we can say a bit more. Naturality in D amounts to the assertion that for any morphism
k:D — D' in D, the following diagram commutes in Set

D Homq (F(X), D) = Home (X, G(D))
k ~ K G(k)«
D' Homp (F(X),D’) —_— Home (X, G(D"))

So for any f* € Homp (F(X), D) and k : D — D', we have that
(ko f5) = (ko f*)"
=G(k)so f°
=G(k)o f’.

Naturality in C, on the other hand, means that for each h : X — X', the diagram below commutes in
Set

X Homyp (F(X'), D) ———r——— Home(X',G(D))
h ~ F(h)* B
X' Homq (F(X), D) = Home (X, G(D'))

What this means, is that for any h: X — X’ and f* € Homp (F(X’), D), we have

(F(R)* o f*) = (f* o F(h))’
=h*o f°
=f’oh.

Example 7.4. In particular, — ® X 4 Hom(X, —) is an adjunction, in a rigid tensor category (€, ®).

Similar to as in [13], we can pictorially represent an adjunction F' 4 G as

e i D Homq (Fe,d) 2 Home (¢, Gd)

If we fix ¢ € €, we get that Fc represents the (covariant) functor Home (¢, G(—)) : D — Set (since the
latter is naturally isomorphic to Homqp (F¢,—)). Then, by Yoneda lemma (5.6), we see that

Nat(Homp (F'e, —), Home(c, G(—))) = Home (¢, G(F¢))

71



gives that the natural isomorphism « : Homqp (F'¢, —) = Home(¢, G(—)) corresponds to ap.(idp.) :=
Ne. This motivates the following.

Lemma 7.5. Let F 4 G be an adjunction; then there is a natural transformation n : ide = GF,

called the unit of the adjunction, with components nx : X — GF(X), defined to be the transpose of
the identity morphism idp(x).

Proof. Naturality of n:

Consider the diagrams

X ™ L GF(X) F(X) o) F(X)
! GF(f) F(f) F(f) (7.10)
Y i GF(Y) F(Y) e F(Y)

That the right hand diagram commutes follows trivially; For the left hand diagram, we use the following
lemma.

Lemma 7.6. Consider a pair of functors F : € < D : G with isomorphisms
Homqp (F(X),Y) 2 Home(X, G(Y)) (VX € ,VY € D). (7.11)

Then we have that: If naturality of the families of isomorphisms in (7.11) holds <= for any
morphisms h : ¢ — ¢ € Mor(C) and k : d — d' € Mor(D), the right-hand diagram below commutes if
and only if the left-hand diagram below commutes

¢ b
Fe / d c / ad
Fh k ey h Gk
Fc . d c - Gd'
g g

Proof. We will only prove = , since this is what we need.

= : Assume that the isomorphisms in (7.11) are natural, and furthermore, assume that the left-hand
diagram above commutes.

Then we have
gFoFh=kFkof’ (7.12)
Then, by naturality, (7.12) and reasoning as in 7.8, we see that

Gko f* = (ko %)
= (¢ o Fh)’
=g’ oh,
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so that the right-hand square commutes.

On the other hand, if the right-hand square commutes, we have
Gko f* =g’ oh. (7.13)
Then, we see that
(ko f*’ =Gko f°
=g’ oh
= (¢* o FR)’.

But (—)° is bijective, hence k o f# = g* o Fh. O

It follows from 7.6, by the way n:s components was choosen, and the obvious commutativity of the
right diagram above, that the left-diagram commutes, so that n : ide = F'G is natural. O

Dually, given an adjunction F' 4 G, one can, by fixing d € D, and using the contravariant Yoneda lemma
(5.8) find that the object Gd € C represents the functor Homqp (F/(—),d) : C°PP — Set, and that the
natural isomorphism 5 : Home (F(—),d) = Homp (—, Gd) corresponds to an element Sgq(idaq) == €4
By dualizing 7.5, we get that the €4 gives us a family of morphisms who assemble into the components
of a natural transformation ¢ : F'G = idp.

We state the dual lemma.

Lemma 7.7. Let F - G be an adjunction. Then there is a natural transformation € : FG = idop,
called the counit of the adjunction, such that ex : FG(X) — X is defined to be the transpose of the
identity idg(x)-

Lemma 7.8. Let

¢ L D

-
G

be an adjunction, with unit 1 and counit €. Then the following diagrams commute, in the functor
category [C, D] (leftmost diagram) and [D, C] (rightmost diagram), respectively.

F——X__ . pGF G —2" L GFG
. el ) Ge (7.14)
idp idg
F G

Remark 7.9. By eF we mean, that for each X € €, we have e X = epx, and similarly for nG.
Definition 7.10. We call the identities in (7.14) the triangle identities for adjunctions.

Proposition 7.11. If we have
N K
¢ 1L D and e 1 D
— —
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so that F,F' are left adjoint to G, then F = F', and there exists a unique natural isomorphism
0 : F = F’ such that both diagrams below commutes in their respective functor categories , [C, D] and
[D, C], for the left and right diagram below, respectively

ide =———= GF FG ——— idyp
> Go oG f
n €
GF’ F'G
Proof. |13, proposition 4.4.1, p. 132]. O

Remark 7.12. By dualizing 7.11, we get a dual lemma, where we have two right adjoints F, F’, and
one left adjoint G, such that the following pair of diagrams commutes

ide &—2%—— GF FG ——— idp
) Go 0G f
n €
GF' F'G

We see that 1,7’ corresponds to the two counits.

We introduce an equivalent definition of an internal hom object.

Definition 7.13. Let (€, ®) be a tensor category. An internal hom in € is a functor
Hom(—,—):CPP x C—C

such that VX € €, we have a pair of adjoint functors

—®X
_
¢ 1 C.

Hom(X,—)

Proposition 7.14. Let (F,c) : (C,®) — (€', ®") be a tensor functor (7.1) of rigid tensor categories
(6.1). Then
Fxy : F(Hom(X,Y)) - Hom(F(X), F(Y)) (7.15)

is an isomorphism for all X,Y € C.

Remark 7.15. Note that there is a typo in (7.15) above, in [10, proposition 1.9, page 11].
Proof. We proceed similarly to [2].

Lemma 7.16. If F: C = D : G such that FF 4 G, where ¢ : FG = idp and n : ide = GF are the
counit and unit respectively, then the leftmost diagram below commutes <= the rightmost diagram
below commute.
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fF

b
A f—> GD FA—— D
ﬁ g’ ey Fb gt
B—— C FB — FC

c

Proof. Assume that the leftmost diagram commutes. Since functors preserve commutative diagrams,
we get the leftmost diagram below

fﬂ
P o
FA——— FGD FA—— FGD ————— D
Fb Fg® ~ Fb Fg’ ;
g
FB —— Fc FB —— Fc
Fec Fec

leading to the rightmost diagram above, which also commutes, since by definition, we have f* :=
ep o Fg’ (and similarly for g*), and since we know that

Ff°oFb=Fg oFc
<« epoFfoFb=¢cpoFg¢ oFc
«— ffoFb=g'oFe,
which is what we wanted to show.

On the other hand, if the rightmost diagram commutes, by applying the functor G to the rightmost
diagram in 7.16, we get the leftmost diagram below, leading to the rightmost diagram below

fb
# m
GFA — %", GD A" qrA—S 3 ap
GFb Ggt ~ b (1) GFb Ggt
c (2) GFc dere
C ——e GFC
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where the rightmost diagram commutes since G preserves commutative diagrams, basic properties of
categories, and naturality of 7 (in (1) and (2)). We have also used that f° = G/f* o n4 (and similarly
for g°).

By following the down-right path from B, we see that ¢’ o ¢ = f? o b, which is what we wanted to
show. O
Applying 7.16 to the adjunction — ® FX 4 Hom(F X, —) and the diagram to the left below, we get
the diagram to the right below

F(evx,y)oc

F(Hom(X,Y)) — Y, Hom(FX, FY) F(Hom(X,Y))® FX FY
« B ~ a®idg x eVZFIX,FY
FXV®Y) ———— F(X)V &' FY FXV®Y)® FX — e FIX)V@' FY)® FX
(7.16)
We will utilize the following set of natural isomorphisms
Home/ (— ® FX,FY) ~ Home/(—, Hom(FX, FY))

~ Home/ (—, F(X)" @ FY)
~ Home/ (—, F(XY) ® FY)
~ Home/ (—, F(XY ®@Y)).

By 7.12 we find that there is a unique such 3 so that the diagram below commutes, and that § is an
isomorphism.

F(X)V®' FY @ FX

seid| vExry (7.17)
Hom(FX,FY)®' F X — FY
eV}?X,FY

We choose v as the unique morphism making the following diagram commute:

F(XV®Y) F(XV®Y)®' FX
" Fevrtee (7.18)
- -
F(X)V @' FY FX)VQFY® FX —— > FY
EV%X,FY

coming from 7.12. It follows that 7 is an isomorphism.

a in 7.16 was choosen to be the image under F of the unique isomorphism b (again, by 7.12, but now
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in C) such that the diagram below commutes

Hom(X,Y) ® X Xy Y
b®id )
evyy
XVeoYeX

Since F preserves isomorphisms, F'(b) = « is an isomorphism. Applying F' to the commutative diagram
above, we again get a commutative diagram

FHom(X,Y)® X) —————— >+ FY

F(evx,y)

F(b®id
(b@id) Flevk.y)

F(XV®Y ®X)

By naturality of ¢, we also get the following diagram

FXVQY)® FX - FXV®Y®X)
a®id F(b®id)
FHom(X,Y))® FX ———— F(Hom(X,Y) ® X)

Then we have

Flevx,y)o F(b®id) = F(ev y)
<= Flevxy)ocoa®idoc ! = F(evky)

<= F(evyy)ocoa®id= F(evﬁgy) oc

By (7.18) we have F(evky)oc = GV%:X_’FY oy ® id. Hence the rightmost diagram in diagram (7.16)
commutes, so by lemma 7.16 the leftmost diagram commutes. Since 3, v, a are isomorphisms, it follows
that F'x y is an isomorphism.

O

Definition 7.17. A tensor functor (7.1) (F,c) : (C,®) — (€',®’) is a tensor equivalence (or an
equivalence of tensor categories) if F': C — € yields an equivalence of categories (2.3).

Proposition 7.18. Let (F,c) : (C,®) — (€', ®") be a tensor equivalence (7.17). Then there exists a
tensor functor (F',c') : € — € and isomorphisms of functors F' o F = ide and F o F' = ide/ that
commutes with tensor products. [
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8 Morphism of tensor functors

Definition 8.1. Let (F,¢),(G,d) : € = €' be tensor functors (7.1). Then we say that a morphism
of tensor functors (F,c) — (G,) is a natural transformation A : F' = G such that, for all finite
index sets I, and families (X;),.; of objects X; € €, the following diagram commutes

%F(Xi) — > F (% Xi>

® Ax, A@ x; (8.1)

iel

QG(X” — 4 @ (@ XZ)

[10] points out, that it is enough to require that (8.1) is commutative when I = {1,2} or when I is the

empty set. If [ = &, then 8.1 becomes

1 ——= L FQ)

1 —= G

We see that when (8.2) commutes, and o : 1’ =5 F(1) and 8 : 1’ = G(1), with idy, : 1/ — 1’ we have
that A\ = (B oidy) oa™! so that A; is an isomorphism.

Definition 8.2. Hom®(F,G) := {\ | A is a morphism of tensor functors}.

Proposition 8.3. Let (F,c),(G,d) : € = € be tensor functors (7.1). If C and €' are rigid tensor
categories (6.1), then every morphism of tensor functors (8.1) X\ is an isomorphism.

Proof. We give a proof sketch for how to proceed. The natural transformation p : G = F making the

following diagram commute

FXY) — XY (XY

12
12
—~
®
W
~

FX)Y ————— G(X)Y
(1x)
for all X € C is an inverse of A\. Recall that in a rigid tensor category, each object is of the form XV,
so we can assume that all objects are of the form XV, so that Axv = Ax since (XV)¥ = X (up to
canonical isomorphism).

We have seen, in the proof of (7.2), that a tensor functor (7.1) of rigid (6.1) tensor categories C, €',
preserve duality; i.e. if X is a dualizable object, then F(X) is a dualizable. So, suppose we are given
A F = @G, such that A is a morphism of tensor functors, that is, fulfills the condition given in 8.1.
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Let X be a dualizable object. We claim that Ax : F(X) — G(X) is invertible, with inverse the
transpose Axv : G(XV) — F(XV).

Let ev: XV ®X — 1and €: 1 - X ® XV be the duality data for X. Furthermore, let cp x vy :
F(X)®' F(Y) S F(X®Y) and cg xy : G(X)® G(Y) — G(X ®Y) be the natural isomorphisms
coming from 7.1 for F,G respectively. Let ap : 1’ = F(1) and ag : 1/ 5 G(1) be the unique
isomorphism between identity objects in €, coming from 2.23.

As in [17], we get the following diagram
aridox Ve GX fox ax .
dex
1y ce®idex 1) Gllsx)
F(1) &' GX 2aBidex G(1) @' GX G(1® X) GX i GX
F(e)®'idax (2) G()®'idax (3) G(e®idx) (4) G(ry") réx 2
F(X @ XV) @' GX —xexv@idex iy o XV e/ GX — ¢ L (X XY e X) Csevx)
cp'®idax (7) eg'®'idax (®) cc )
F(X)® F(XV) & GX —XEMv@ox | oy o g(xV) o/ GX —ox e, gy o/ q(xV o X) — X6 | ax o/ a(1) (13) FX &'V
(2) Ax ®id ®id (11) Ax®'id (12) Ax®'idex
idpx ® G(ev)

idrx @Axv Bidex F(X) & G(XYV) &' G(X) — X, px o/ G(XY © X) FX & G(1)

We then see that
e (1) commutes by 7.1.

(1)) commutes by 8.2.

* (2)
(

(

(

/
commutes by naturality of .
!/

2)" commutes by bifunctoriality of ®.

3) commutes by naturality of cg.

4) commutes by the snake equation (5.13), if we unpack the suppressed ¢, and functoriality of

Q

5) commutes by 7.1.

6) commutes by naturality of 7.

(
(
(7) commutes by the constraint 8.1.

(8) commutes by the structural constraint for tensor functors in 7.1 (one has to “unpack” the
suppressed associators ¢ and F(¢) to see this).
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e (9) commutes by naturality of cq.
e (11), (12) commutes by naturality of A.
e (13) commutes by bifunctoriality of ®.

It follows that the diagram above commutes. Then we see that, if we follow the outer perimeter of
the diagram, by (5.21) and (7.6), we have Ax o (id @ eviy ) o (Id®@Axv ®id) o (€px ®id) = id, but
(id®evy xy) o ([d@Axv @id) o (€py ®id) = *(Axv) so that Ay o /(Axv) =id.

According to [17], a similar diagram shows that {(Axv) o Ax = id.

9 Tensor subcategories

Recall the definition of 1.16.

Definition 9.1. A subcategory D of € is called replete if for any D € D, we have that if f: DY
for f € Home(D,Y), then Y € D and f € Homp(D,Y).

Definition 9.2. Let C be a category. We say that a subcategory D of C is a strictly full subcategory
if D is full, and replete.

Definition 9.3. Let D be a strictly full subcategory of a tensor category €. We call D a tensor
subcategory of € if it is closed under finite tensor-products. That is, if A, B €D = A ® B. One
could also define D as a tensor subcategory if it contains an identity object for €, and if A® B € D
whenever A, B € D.

Definition 9.4. Let (C,®) be a rigid tensor category. Then we call a tensor subcategory D a rigid
tensor subcategory if for all objects D in D, one has that DV is in D.

Subcategories that fit the descriptions of either 9.2 or 9.3 become tensor categories in their own right,
with the tensor product as bifunctor.

10 Abelian tensor categories

10.1 Buildup; introducing definitions

In this section, we build up the constructions we need, in order to finally be able to define what an
abelian category is. This is a special type of category, modelled on the prototypical example Ab,
where objects are abelian groups and morphisms are group homomorphisms.

Definition 10.1. We call a category C preadditive, if for all objects A, B € €, Home(A, B) has
the structure of an abelian group, and if there is a composition-operation Hom(A4, B) x Hom(B, C) —
Hom(A, C) that is bilinear. What bilinarity amounts to is the following:

e Let f € Hom(B, () and let g,h € Hom(A, B). Then fo(g+h) = fog+ foh, where + is the
group-operation in Hom(A, B) on the left hand side, and the group-operation in Hom(A, C) on
the right hand side.

e Let f,g € Hom(B,C) and let h € Hom(A, B). Then (f+¢g)oh = foh+goh (again, with + the
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group-operation in the obvious respective groups on the left hand side and the right hand side).

Remark 10.2. Another way to phrase definition 10.1 is to say that C is preadditive <= C is enriched
over Ab, in the sense that all hom-sets have the structure of an abelian group, and where composition
is bilinear, in the sense given above.

Definition 10.3. Let C be a category and let A be an object in €. Then the functor F' : § — C
defined by F'(j) = A for all objects j in g, and F(f) = id4 for all morphisms f in J, is the constant
functor at A. We will denote the specified constant functor as AA.

Definition 10.4. Let C be a category and F' : § — C a diagram, and let A be an object in €, with
constant constant functor AA. Let A : AA — C be a natural transformation. We then call the natural
transformation A\ the cone over the diagram F with summit or apex A and the components

(Aj 1 AA(j) = A= F(j))jes
the legs of A.

We get the following commutative diagrams, for each f € Homy(,j) with 4,5 €

f
i AA() = A A F(i) A
Aq
Aj
AA(f)=ida F(f) ~s F(%) )
f . Aj .
J AA(j) = A ()

where ~ follows from the fact that the leftmost diagram commutes, hence we have
)\jOidA :F(f)OAZ
We also want to define a dual concept.

Definition 10.5. Let F': § — € be a diagram, let A be an object in € and let A : ' — A A be a natural
transformation. We call A a cone under F with nadir A and legs (\; : F(j) = AA(j) = A)ey.

We find the following commutative diagrams, for each f € Mor(J)
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i F(7) A AAG)=A F(i) ) F(j)
Xi by
F(f) AA(f)=ida ~
. . Aj X
J () AA(f) = A

where id 4 o\; = \; so that
idA O>\1' == >‘j e} F(f)
<= A\ =)o F(f).

Example 10.6. As in [13], to illustrate 10.4, let F' be a functor indexed by the poset-category (Z, <).
Then a cone over F with summit ¢ consists of morphisms (A, : ¢ = F(n)),,c», so that for each pair
Ay Ap, with n < m, and morphism F(n) — F(m), their respective triangles in the diagram below,

commutes
/A2 A/XD\M Az\
—-1) ——— F(0) F(1)

S F(-2) ——— F( (0
Example 10.7. To illustrate 10.5, we again take the poset (Z, <) with morphisms (A, : F((n) — ¢),, 2,
where, for each pair of objects n,m € Z such that n < m, morphisms A, \,,, and F(n) — F(m), the
triangle they constitute in the diagram below, commutes

F(2)

S F(-2

(0) F(1) F2) —— ...

) F(-1) F
\AQ\)\1 A

We are now ready to define limits and colimits.
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Definition 10.8. Assume that J is small and C is locally small. Let F : J — € be a diagram (1.20).
Then let

Cone(—, F') : C°PP — Set (10.1)
be the functor that sends X € € to the set of cones over F with summit ¢ (recall 10.4).

A limit of F is a representation for Cone(—, F'). By 5.6, a limit consists of an object lim F' € € together
with a universal cone X :lim F' = F, called the limit cone, which defines the natural isomorphism

Home(—,lim F') ~ Cone(—, F). (10.2)

Definition 10.9. Again, assume that J is small and C is locally small. Let F': J — C be a diagram.
Let

Cone(F,—) : C — Set (10.3)

be the functor that sends X € C to the set of cones under F' (see 10.5). Then a colimit of F is a
representation for Cone(F, —). Asin 10.8, by 5.6, a colimit consists of an object colim F' € C, together
with a universal cone X\ : F' = colim F', called the colimit cone, giving us a natural isomorphism

Home(colim F,—) ~ Cone(F, —). (10.4)

One might ask what we mean by universal cone in 10.8 and 10.9. The following definition aims to
make this clear.

Definition 10.10. We say that a cone A : X = F from the constant functor at X to the functor
F : J — Cis universal if for any other cone n: Y = F (Y again a constant functor), there is a unique
morphism u : X — Y such that for all objects A, na factors through u and A4. The diagram below
illustrates what we mean

X
i
I
=l
nAa : nB
\I/
Y
2N
F
F(A) D p(B)
In the diagram above, we have that
Agou=mny
ABpou=npg
F(f)oda=Ap

holds for arbitrary objects A, B € J.
Dualizing 10.10, we get the following definition.

Definition 10.11. A cone X : F = X from the functor F : J — € to the constant functor at X is
universal if for any other cone n : F = Y (Y again the constant functor at Y'), there is a unique
morphism u : Y = X such that the following diagram commutes
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F(A) , F(B)
Y
4 iEI!u 5
X
so that
woAg =14
uoAp =1g
Ao F(f) = Aa.

Definition 10.12. Let X,Y be objects in a category €. Then a (binary) product of X, Y (if it exists),
which one can denote as X x Y, is an object in €, that comes equipped with a pair of morphisms
x : X XY = X 7y : X XY — Y that have the following universal property (5.20):

e For every other object Z € € and every pair of morphisms fx : Z — X and fy : Z — X, there
is a unique morphism f : Z — X x Y such that the following diagram commutes

Dualizing 10.12, we get the following definition.

Definition 10.13. Let € be a category and let X,Y € €. Then a (binary) coproduct of X,Y (if it
exists), which we denote as X [[Y, is an object in € together with morphisms ix : X — X [[Y and
iy : Y — X []Y that satisfies the following universal property:

e For any other object Z, and for every pair of morphisms fx : X — Z and fy : Y — Z, there is
a unique map f such that the following diagram commutes

A
/H’f\

There is also a definition when 10.12 and 10.13 coincide. To describe this object, we need a few more
definitions.
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Definition 10.14. Let C be a category, and let f : X — Y be a morphism in C. If for any object
Z € € and any pair of morphisms g, h : Z = X it holds that fog = f o h, then we call f a constant
morphism.

Definition 10.15. Let € be a category, and let f : X — Y be a morphism in €. If for any object
Z € € and any pair of morphisms g, h : Y = Z it holds that go f = ho f, then we call f a coconstant
morphism.

Definition 10.16. If C is a category, and f : X — Y is a morphism in € that is both a constant
morphism (10.14) and a coconstant morphism (10.15), then we call f a zero morphism.

We can put the above three definitions into the context of a certain property an arbitrary category €
can possess.

Definition 10.17. Let € be a category. Then we say that C is a category with zero morphisms if
e for every pair of objects X,Y € C, there is a zero morphism (10.16) Oxy : X — Y, giving us
what we can call a system 0_ _ such that it gives us a zero morphism, for every pair (X,Y") of

objects in C.

e For all objects X, Y, Z and morphisms f: X — Y and g : Y — Z, there is a zero morphism Ox z
such that the following diagram commutes

I SR

X Y
BOXY Oxz BOYZ
Y Z

Definition 10.18. Let X,Y be objects in €, for a category C, and let C be a category with zero
morphisms (10.17). Then we say that X @Y (if it exists) is a binary biproduct if it holds that

e There are projection morphisms mx : X @Y — X, 7y : X @Y — Y, together with embedding
morphisms ix : X - X @Y iy : Y — X @Y satisfying

(a) mx oix =idy.

(b) wx oty =0xvy.
o (XY, mx,my) is a product (10.12).
e (X@Y,ix,iy) is a coproduct (10.13).

Definition 10.19. A equalizer of a parallel pair of morphisms f,g : X = Y is a system
(E,e: E— X) such that the following holds:

e foe=goe.

e For any other such system (E’,e’ : E/ — X), there is a unique map u such that ¢’ = e o u. Or,



in diagrammatic form, as

f
e e
%\7] — X _ Y
Al ,
e
E

Definition 10.20. A coequalizer of a parallel pair of morphisms f,g : X = Y is a system
(Q,q:Y — Q) such that the following holds:

e gof=gqog.

e Given any other pair (Q’,¢ : Y — Q') with the same property, there is a unique morphism
u: Q — Q' such that ¢ = u o q. This is usally written in diagrammatic form as

f
_— q
X _ Y —— C?
¢ iﬂ!u
Q

Definition 10.21. Let C be a category with zero morphisms (10.17). Let f : X — Y be an arbitrary
morphism in €. Then we say that a kernel of f is an object K and a morphism k : K — X, defining
a pair (K, k), such that the following holds:

X
%
K

e Let k' : K/ — X be any other morphism such that f ok’ = Og/y. Then there is a unique
morphism wu such that the following diagram commutes

X

kl

K
bt

e The following diagram commutes

f
Oxy %

so that fok =0xy.

f
Oy v

Okry
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k then has the property of being a monomorphism. It is easy to show that any two kernels (K, k) and
(K',K') of f then gives rise to a canonical isomorphism K 2 K’ via the induced unique maps u, v
that comes from the diagram above (v induced from permuting the two systems of kernels of f in the
diagram above).

In for example an abelian category (see 10.24), we can also more succintly define ker(f) as eq(f,0x,y),
the equalizer (10.19) of f and Ox y.

Dualizing 10.21, we get the following definition.

Definition 10.22. Let € be a category with zero morphisms (10.17), and let f : X — Y be an
arbitrary morphism. Then the cokernel of f is an object () together with a morphism ¢ : ¥ — @
such that the following holds:

e The following diagram commutes

~

Oxq

such that go f = 0xq.

e For any other object Q" and morphism ¢’ : Y — @’ in € such that ¢’ o f = O0x¢, there exists a
unique morphism v : Q — Q' such that the following diagram commutes

Y
Oxq Q \

X —mMmM

Oxaqr

The map ¢ then also has the property of being an epimorphism. In a similar fashion as we mentioned
for the kernel, it is then easy to see that there is an induced canonical isomorphism @ = @’ for any
two systems of cokernels (@, q) and (Q’,¢’) of f, coming from the existence of unique maps u,v in the
diagram above (by just permuting the two systems we get a unique v : Q' — Q).

In for example an abelian category (see 10.24), we can also more succintly define coker(f) as coeq(f,0x,y),
the coequalizer (10.20) of f and Ox,y.

Remark 10.23. If each morphism f : X — Y in € has a kernel (10.21) and cokernel (10.22), then we
say that C has all kernels and cokernels.
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10.2 Completion; the definition of an abelian category

Definition 10.24. We call a category C an abelian category if
1) It has a zero object (1.24).
2) It has all binary biproducts (10.18).
3) It has all kernels (10.21) and cokernels (10.22).

4) Every monomorphism (1.18) is the kernel of some morphism, and every epimorphism (1.19) is
the cokernel of some morphism.

10.3 Additive categories; Abelian tensor categories; End(1)

After some interlude exploring abelian categories, we will specifically look at abelian tensor categories.
We will assume that such categories are additive. To say what we mean by additive, we first introduce
a related notion.

Definition 10.25. We say that a category C admits all finitary products if for any finite set of
objects X1,..., X, € C (n € Zsg), there is an object X; x ... x X, € C.

Definition 10.26. Let C be a preadditive (10.1) category. Then we say that C is additive if C admits
all finitary products (10.25).

Definition 10.27. If C is an abelian category (10.24), then we call a sequence

e Xy —— Xy — X —— Xy —— -
frt2 frnt+1 n frn—1 frn—2

exact if ker(f,) = im(f,+1).

Lemma 10.28. Right adjoints (7.8) preserve limits (10.8).
Proof. [13, Theorem 4.5.2]. O

Dualizing 10.28, we get the following corollary.
Corollary 10.29. Left adjoints preserves colimits.

Proposition 10.30. Let (C,®) be a rigid tensor category (6.1). If C is abelian (10.24), then ® is
biadditive and commutes with direct and inverse limits in each variable; in particular, it is exact in
each variable.

Proof. As we have seen, Hom(X ® Y, Z) ~ Hom(X, Hom(Y, Z)) for all objects X,Y,Z € C (since by
rigidity, Hom(X,Y") exists for all pairs of objects X,Y € €C), so — ® Y has a right adjoint Hom(Y, —).
By 10.29, it follows that — ® Y preserves colimits.

We also want to show that — ® Y has a left-adjoint. We consider

Hom(X @ YV, W) ~ Hom(X, Hom(Y", W))
~ Hom(X,Y @ W)
~ Hom(X, W ®Y),
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where the last canonical isomorphism above is using the functorial isomorphism
Yap:A®B—-B®A (VA BecC).

We have also used that in a rigid abelian tensor category, all objects X € € are of the form ZV for
some Z € C and that Hom(X,Y) ~ XV ® Y. Hence — ® Y has a left-adjoint — ® YV, so preserves
limits.

Furthermore, we note that

Hom(Hom(XY,Y"),Z) ~ Hom(X ® YV, Z)
~ Hom(X,Hom(Y", Z))
~ Hom(X,Y ® Z),

so that Y ® — has a left-adjoint Hom(—,Y"). Hence Y ® — preserves limits.
We also have

Hom(Y ® X,Z) ~ Hom(X ® Y, Z)
~ Hom(X,Hom(Y, Z)).

so that Y ® — has a right adjoint Hom(Y, —), and so preserves colimits.

It follows that ® is exact in both variables. And this in turn implies that —® — : € x € — € is additive
(see e.g. [10]).

O

We will introduce two definitions of the image (in a categorical setting) of a morphism f. We start
with the most general definition.

Definition 10.31. Let € be a category, and let f : X — Y be an arbitrary morphism. Then the
image of f, denoted im(f), if it exists, is defined as a monomorphism m : I — X from some object I,
such that:

e There exists some morphism e : X — [ such that f =moe.

e m satisfies the universal property that if there is some other morphism e’ : I’ — X such that
f =moe¢, then there is a unique map v such that m = m’ owv.

Pictorially, we represent this as

X f 'Y
I
%E”’U
I

In an abelian category, we can define the image as given below, although when suitable, we use the
general definition given above.
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Definition 10.32. In an abelian category C, we define the image, im(f), of a morphism f as the
kernel of its cokernel, im(f) = ker(coker(f)).

Definition 10.33. An additive functor F' : € — D between additive tensor categories C,D is a
functor fulfilling any of the two equivalent definitions below (cf. [10]):

1. FIXY)2FX)® F(Y) (VX,Y € ©).
2. FX)QFY)2XF(X®Y) (VX,Y € ©).
Definition 10.34. Let C be an abelian category. Then a short exaqt sequence is a sequence
o-xLyLzso
such that im(f) = ker(g) and the sequence is ezact at X,Y, Z.
Definition 10.35. A subobject X of an object Y € € is a monomorphism X — Y.

Proposition 10.36. Let (C,®) be a rigid abelian tensor category. If U is a subobject of 1, then
1=U®U™"L. Therefore, 1 is a simple object if End(1) is a field.

Remark 10.37. In 10.36, we have UL := ker(1 — U").

Proof. By assumption, we have a monomorphism ¢ : U — 1. We let V' = coker(t).

We consider

0-US15V =0 (10.5)

Here, p is the map associated with the cokernel V. It follows that pot = Oyy. In an abelian category,
we have im(¢) = ker(coker(¢)), but coker(:) = p so that im(¢) = ker(p).

By 10.30 we know that tensoring with — ® U is ezact, hence we get a short exact sequence
0-UQU—=-U1-UV —=0.

Since right adjoints preserve monomorphisms, we see that tensoring U <— 1 with T'® —, for any object
T, gives us a monomorphism T® U — T ® 1 ~ T, and since every isomorphism is mono and epi, it
follows that the composite of the canonical isomorphism with the induced (from tensoring) mono is
mono. So, in particular, tensoring U — 1 with U ® — gives us a mono U ® U — U, and tensoring
U—1withV®—givesusamonov: VU —=V®lx~V.

Consider the following diagram

p
U « L y 1 »

'
UoU —*—— U —"—5VaU
(10.6)
where ', p’ are the induced maps from tensoring with — ® U (up to natural isomorphism U ® 1 ~ U).
Both the lower and upper sequence is exact, and it is clear that the leftmost diagram commutes. That
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the righthand square commutes follows by the diagram below, where the rightmost upper diagram
and lower leftmost diagrams commutes by naturality, and the lower rightmost diagram commutes by
bifunctoriality.

1 b Vv
1 L 191 poid Vel
L| id ®¢ id ®¢
U——" 11U peid VeU

Note that v is a monomorphism, so that since v o p’ = 0, it follows that p’ = 0. Therefore, (using that
p’ is epi) any distinct two maps g,h: V ® U — D, for arbitrary D, are such that

gop=hop
=0.

This in turn implies that there is a unique map V ® U — V ® U, and this must be the zero map!
Therefore, V@ U = 0. We also note that U ® U is a subobject of 1 ~ 1 ® 1 (a composition of
monomorphisms is a monomorphism!). Since we then have an exact sequence 0 - U @ U — U — 0,
this implies that im(:") = ker(0), but ker(0) = id, and im(s') = ¢/ if /' is a monomorphism, hence ¢ is
an isomorphism, such that ¢ o = ¢, where ¢ : U ® U — 1. Hence U @ U = U as subobjects of 1.

We claim that TQ U =0 < T ® U — T is zero. <= follows from the fact that T @ U — T is
mono, and any mono which is the zero-morphism must have 0 as domain, hence T @ U = 0. =
follows by definition.

Furthermore, we have the following sequence of natural isomorphisms:

Hom(T @ U,T) ~ Hom(T @ U @ TV, 1)
~ Hom(T,U"Y ®T).

where the first (natural) isomorphism comes from Hom(7T, XV) ~ Hom(7T ® X, 1), and the second
one comes from noting that UY @ T ~ Hom(U,T) (by rigidity), and so that Hom(T ® U,T) =~
Hom(7T,Hom(U, T)).

So we in fact have the following equivalences

TeU=0 <+ TU - Tiszero < T = U ®T is zero (10.7)

The above set of equivalences comes from that the associated natural isomorphism respects the Ab-
enrichment, hence are abelian group homomorphism. It follows that a zero-map must be sent to zero,
just as was written in (10.7).
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Taking arbitrary object X € €, and subobject T of X, then if we postcompose Hom(7T,UY @ T') with
idyv ®t, where + : T — X identifies T as a subobject of X, it follows that if T — UY ® T is zero
< T — UV ® X is zero (since post-composition is an abelian group homomorphism). In fact, the
kernel of f: X — UY ® X must be the largest subobject T (with mono ¢ : T — X) of X such that
for=0. It follows that

T =ker(X - U" ® X).

Then we have (since im(¢) = ¢ for a monomorphism in an abelian category) an SES
05U+ —=1-UY —0.
Upon tensoring with — ® X, which is exact by 10.30, we get an SES
0-Ur0X =10 XX >U'®X —0.
Then we see that UV ® X ~ T as subobjects of X. If we let X = V, then we see that UY @ V ~ V,
since VU =0,sothat T =V.
If we instead let X = U, and noting that U ® U = U, we see that T ~ U+ ® U so

TeRU=0
= UteU)aU=0
= UreUeU)=0

— Ut eU=0.

Upon tensoring (10.5) with Ul ® — we get an exact sequence

000U Ut —-UraV —0.
Since U+ ® U = 0, it follows that ker(U+ — UY ® V) is a monomorphism (since its kernel is zero by
exactness at Ul). Since U+ — UL ® V is also an epimorphism, it follows that

Ut~>utev
:V,

where the last equality comes from our earlier result. One should then show that U @ U+ = 1. O
Lemma 10.38. An exact functor F : C — D between abelian categories C, D preserves images.

Proof. Note that an exact functor F' : € — D between abelian categories preserves kernels and
cokernels, and that im(f) = ker(coker(f)), hence

F(im(f)) = F(ker(coker(f))
= ker(coker(F(f))
=1im(F(f)).
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One property of additive functors F' : € — D between abelian categories, is that they act like group
homomorphism, in the sense that if f,g € Mor(€), then

— F(f)~F(g) =0
— F(f—g)=0.

Proposition 10.39. Let F' : C — D be an exact functor between abelian categories. Then
FX)=0 = X=0 (VX € @)

implies that F is faithful.

Proof. Note that

F(f)=F(g)
F(f—-g)=0.

We want to show that if FX =0 = X =0, then
F(f-9)=0
— f=g.
Lemma 10.40. If C is an abelian category, then for arbitrary morphism f: X — Y in C, it holds that

f=0 < im(f)=0.

Proof. If f = 0, then one finds that coker(f) = id, and in turn that ker(id) = 0. Since im(f) =
ker(coker(f)), it follows that im(f) = 0.

On the other hand, if im(f) = 0, then from 10.31, we see that f factors as

f=00yo0xy

=0xy.
Hence f = 0. ]
Therefore,
F(f)=0
<~ im(F(f)) =0 (by 10.40)
<= F(im(f)) =0 (by 10.38) (10.8)
m(f) = 0
f=0

Here, we have used that im(F(f)) = F(im(f)), and that im(F'(f)) is a monomorphism. If a monomor-
phism is 0, the domain of the monomorphism is 0. IL.e. then we see that the system (im(F(f)), m)
with m mono, is such that im(F(f)) = 0. From our assumption that FX =0 = X = 0, then we
see that im(f) = 0, and so f = 0 by 10.40. Hence (10.8). O
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Theorem 10.41. Let (C,®),(C',®") be two rigid abelian tensor categories, and let 1,1’ be identity
objects of C and €, respectively. If End(1) is a field, and 1’ # 0, then every exact tensor functor
F:C— € is faithful.

Proof. Assuming that if End(1) is a field then 1 is a simple object, we want to show that X # 0 <
X ® XV — 1 is an epimorphism, and that this is respected by F, and that this implies that F is
faithful, where X ® XV — 1 is the map evoyxv x. We will just write this as ev going forward.

We claim that the following shows that if X = 0, then X ® XV — 1 is not an epimorphism. We have
0 ®0Y — 1. Without thinking about what 0V is; note that

Hom(0 ® 0, 1) ~ Hom(0, Hom(0", 1)), (10.9)

and that the latter is the one-element set consisting of the zero morphism. But (10.9) is an isomorphism!
So Hom(0 ® 0¥, 1) must consist of the zero morphism 0¢yggv)1 : 0 ® 0¥ — 1. Consider that Opgov 1
is not an epimorphism, since it is coconstant (10.15) so that we have, for Y # Z, Oy ggov 0 Opgov,1 =
0z,0s0v © Oogov,1 but Oy,og0v # 0z,080v-

For the other direction, we proceed as in [15]: Assume that ev is not an epimorphism. Then there are
morphisms «, : 1 — Z such that a« cev = foev but a # . Since we are in an abelian category,
Hom(1, Z) has the structure of an abelian group, so a — 8 is defined. Then we can form ker(a — ).
Consider the following diagram.

XXV

The diagram describes a well-defined situation, since by preadditivity of €, a oev = foev <=
(a — B) oev = 0. Then we see that there is a unigue morphism u : X ® XV — ker(a — ) such that
ev = k ou, where k : ker(a — ) — 1 is a monomorphism (see 10.21). This means that ker(a — 3) is a
subobject of 1. By assumption, End(1) is a field, so by 10.30, 1 is a simple object. Therefore, we know
that ker(a — ) = 0 or ker(a — 8) = 1.

If ker(ae— B) = 1, then k must be an isomorphism, since End(1) is a field. It follows that ko (o — ) =
0 < (a—B) =k 100. Since 0 work as the additive identity in an abelian group, we have

Elo0=k"10o(0+0)
— kto0=0
= a—-F=0
= a=0 (contradiction!).

So ker(a — 8) = 0. Therefore, k : 0 — 1 is the zero morphism.
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Then we get the following diagram

XXV

so that ev = Oou. Hence ev must be the zero morphism, since any zero morphism factorsas A — 0 — B
u k
([8, chapter 2, VIII]), so in particular ev: X ® XV — 0 — 1 =0xgxv 1.

The chain of natural isomorphisms Hom(X ® XV, 1) ~ Hom(X"V ® X, 1) ~ Hom(X", XV) is in fact an
isomorphism of abelian groups'. Note that map between hom-sets defined by pre-or-post-composition
by some map f is an abelian group homomorphism. This explains why the first natural isomorphism
above is a group homomorphism. The second natural isomorphism is an adjunction. We see that
ev — 0 under this isomorphism. This follows from the fact that Hom(X ® XV,1) — Hom(X" ® X, 1)
is explicitly defined by f +— f := fo4. So Hom(X ® XV,1) — Hom(X" ® X,1) — Hom(X", X")
maps ev oty as follows:
evory — evorp? = ev i id.

But recall that ev = 0, hence the identity morphism for XV must in fact be the zero-morphism (since
a group homomorphism takes zero to zero). It follows that XV is the zero-object. Since € is rigid,
each object is reflexive, so XV =2 X = 0V = X. One checks that 0¥ = 0 (using that the associated
evaluation and coevaluation maps are zero-morphisms, together with the snake-identity), hence X = 0.

To prove the theorem, note that X @ XV, F(X ® XV) are internal hom-objects, and that F preserves
the associated counit from X ® XV. Therefore, if X # 0, then evot) : X ® XV — 1 is an epimorphism,
and F preserves epimorphisms, so F(evoy) : F(X @ XV) — F(1) 2 1’ is an epimorphism, and
hence FX # 0. This follows from the fact that if FX = 0, then F(f) would be the zero-morphism
0 — 1/, which is not an epimorphism. The criterion 1’ # 0 ensures that this holds, since otherwise,
we would have that F'X = 0 would imply that the counit was the unique map 0 — 0, which must be
an isomorphism, hence epi (this shows why this fails unless 1’ # 0).

But the argument in the preceding paragraph is the contrapositive of FX =0 = X = 0. Hence F
is faithful by 10.39. O

Definition 10.42. When (C,®) is an abelian tensor category, then we say that a family of objects
{Xi}icr is a tensor generating family for C, if all objects of € are isomorphic to a subquotient of
P(X;) for some P(t;) € N[t;]ier-

Remark 10.43. Note that P(¢;) is some polynomial in the variables t; for i € I, interpreted so that if
e.g. I ={1,2,3} with P(t;) =t} + ta + t1t3 € N[t t2, 3], then

P(X;) = (X1®X1)® (X2) ® (X1 ® X3).

Furthermore, we have an action of R := End(1) on objects X in € as in the diagram below.

1See e.g. [19)].
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1 X Ix 19X

¥ P PRid

1 X 19X

—1
%

where 1 := Iy' 0o p ®idolx € End(X). So we have an action A : R x X — X defined so that

Alp,—): X = X.

For arbitrary f € End(X) and v induced from A, we have
fov=fo(lx op®idoly)
=1 oid®f o p®idoly
=l op®@idoid®foly
= ("l op®idolx)o f
=1of,

where we have used naturality of ,/~' and bifunctoriality of ®. By applying this with X = 1, and
using the commutativity of the diagram below

1
Wh
1

then we see that R = End(1) is in fact a commutative ring.

—h=  J1@1

®

p®id

P

—1_ -1
L =€

Remark 10.44. To see that R is a ring, note that R has an abelian group structure coming from the
Ab-enrichment, and o acts as multiplication, with id; the multiplicative identity.

If we let f: A — B be an arbitrary morphism in an abelian tensor category (€, ®), and r € R, then
we can define
rofi=1o(r@f)olx : X =Y.

By biadditivity of ® and the left and right distributivity of o, this defines an action of R on the
hom-sets of (€, ®). For example, we note that, again for arbitrary morphism f: X — Y, we have

idy-f =l o (id®f)oly = f

by naturality of I. This endows Home(A, B) with an R-module structure.
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One checks that the action defined is such that o is R-bilinear with respect to it. For example, if r € R
and f: X Y and g:Y — Z, then

(r-g)of=lz'o(r®g)olyof
Lo(r@g)o(idi®f)olx

=l o(r®gf)elx
=r-(gof),

where we have used naturality of [ and bifunctoriality of ®.

ZZ
1

11 Criterion for rigid abelian tensor categories

Definition 11.1. Let Vectk denote the category consisting of objects as finite-dimensional vector
spaces over a field k, with morphisms as linear maps.

As in [10], we present the following proposition, which characterizes rigid abelian tensor categories.

Proposition 11.2. Let C be a k-linear abelian tensor category, such that K is a field, and let @ : CxC —
C be a k-bilinear functor. Suppose that we have an exact, K-linear, faithful functor F': € — Vecty,
a natural isomorphism ¢xy,z (associator), and a natural isomorphism ¥x y (commutator) such that
the following holds:

(a) Fo® =®o (F x F).
(b) F(éx,v,z) is the associativity isomorphism in Vecty.
(c) F(x,y) is the commutativity isomorphism in Vecty.

(d) There exists an identity object U in C, such that K — End(U) is an isomorphism, and F(U) has
dimension one.

(e) If F(L) has dimension one, then there is an object L=! € C such that L@ L~! =U.

Then it follows that (C,®,d,v,U) is a rigid abelian tensor category. O

12 Main theorem

We arrive at the main theorem of this article, as presented in [10]. We will not prove this theorem,
only state it. We will introduce two more definitions, before stating the theorem.

Definition 12.1. A rigid abelian tensor category € with k = End(1) a field, is called a neutral
tannakian category over k, if it admits an ezact, faithful, k-linear tensor functor (7.1) w : € — Vecty.

Definition 12.2. Any such functor w as in 12.1 is called a fibre functor.

Theorem 12.3. Let (C,®) be a rigid (6.1), abelian (10.24) tensor category, such that End(1) = K,
for a field K, and let w : € — Vectk be an exact, faithful, K-linear tensor functor. Then the functor
C — Repy(G) defined by w, is an equivalence of categories.

Proof. See [10, theorem 2.11.(b), p. 21]. O
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Remark 12.4. Although we did state in our introduction that G was some group, G in 12.3 is really
some affine algebraic group scheme.

What the statement above then claims, is that any neutral tannakian category € that admits a fibre
functor from € to Vecty induces an equivalence of categories between C and the category of linear
representations of some affine algebraic group scheme G, on finite dimensional K-vector spaces.
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