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]. Categories

§1.1 Definition of a Category

Category theory arises from the idea of a system of “functions” among some objects.

A*>B

b

A category consists of objects A, B,C,... and arrows f : A — B,g : B — C,... that are closed
under composition and satisfy certain conditions typical of composition of functions. Before formally
defining what a category is, let us begin our discussion with the setting where the objects are sets and
arrows are functions between sets.

Let f be a function from a set A to another set B. This is mathematically expressed as f: A — B.
Explicitly, it refers to the fact that f is defined for all of A, and all the values of f are contained in B.

In other words, range (f) C B.
Now suppose we have another function g : B — C. Then there is a unique function go f : A — C,

given by
(gof)(a) =g(f(a)), foracA. (1.1)

This unique function is called the composite of g and f, or g after f.

A*>B

—

Now, this operation o of composition of functions is associative. In other words, the two arrows
from A to D in the following diagram are the same:

(hog)of
hog
ALl,Bp%,c_",p
\_/
gof
ho(gof)

Given f: A —- B, g: B — C and h : C — D, one has unique compositions hog : B — D and
gof:A— C. These two composed functions can be further composed with f (from the left) and
with A (from the right), respectively, to yield a unique function

(hog)of=ho(gof), (1.2)

from A to D as demanded by the associativity law. Using the definition of composition of functions,
one verifies that this is indeed the case:

((hog)o f)(a)=(hog)(f(a))=h(g
(ho(gof))(a)=h((gof)(a)=h(g(f(a)).

Therefore, (hog)o f=ho(go f).



1 Categories

Finally, note that for every set A, there is an identity function 14 : A — A given by

14 (a) =a. (1.3)

These identity functions act as units for composition, i.e. given f: A — B, we have

(fola)(a) = f(La(a)) = f(a),
(Ipof)(a) =1p(f(a)) = f(a),

for each a € A. Therefore,

foly=1pof=Ff (1.4)

The equality above is equivalent to the following commutative diagram:

A-ta, g

We have the following abstract version of sets and functions between sets called a category.

Definition 1.1 (Category). A category C consists of the following data:

Objects: A, B,C,.... The collection of objects of C is denoted by Ob (C).

Arrows: f,g,h,.... Given two objects A and B, the set of arrows from A to B is denoted
by Home (A, B).

For each arrow f, there are given objects dom (f) , cod (f) called the domain and codomain
of f. We write f : A — B to indicate that A = dom (f) and B = cod (f).

Given arrows f : A — B and g : B — C, i.e. with cod (f) = dom (g), there is a unique
arrow go f: A — C, i.e. go f € Hom¢ (A, C) called the composite of f and g. This fact
can be rephrased as the following: given A, B,C' € Ob (C), there is a function

o : Home (B, C) x Homge (A, B) — Home (A4, C) (1.5)

with (g, f) — g o f. The well-definedness of o is synonymous to claiming that g o f €
Homg (A, C) is unique for given g € Home (B, C') and f € Home (A4, B).

For each A € Ob (C), there exists an unique arrow 14 € Hom¢ (A, A).

The above data are required to satisfy the following laws:

Associativity: For any f € Hom¢ (A4,B), g € Home (B,C), h € Home (C, D) with
A,B,C,D € 0Ob(C),
(hog)of=ho(gof), (1.6)

Unit: For any f € Hom¢ (A, B) with A, B € Ob(C),

foly=1gof =/ (1.7)
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Remark 1.1. Suppose we have the following commutative diagram:

f
A—=2B

g
\ l”
hof=hog

C

Commutativity of this diagram doesn’t violate the uniqueness of the composition o. It just means

that the map o in (1.5) is a many-to-one function.
\ J

§1.2 Examples of Categories

e Sets and functions between sets. This category is called Sets.

e Groups and group homomorphisms

e Vector spaces and linear mappings between them

e Graphs and graph isomorphisms

e The set of real numbers R as an object, and continuous functions f : R — R as arrows
e Open subsets U C R and continuous functions f : U — V C R defined on them

o Differentiable manifolds and smooth (C'°) mappings

e Posets and monotone functions.
Let us discuss the last category at length.

Definition 1.2. A partially ordered set or poset is a set A equipped with a binary relation (a
subset of A x A) a <4 b (in other words, (a,b) € R C A x A) such that the following conditions
hold for all a,b,c € A:

(i) Reflexivity: a <4 a.
(ii) Transitivity: if a <4 b and b <4 ¢, then a <4 c.

(iii) Antisymmetry: if a <4 b and b <4 a, then a = b.

[ Remark 1.2. The antisymmetry condition tells us that if both a <4 b and b <4 a hold, then a
and b cannot be distinct. Contrapositively, for distinct a and b in A, not both a <4 band b <4 a
hold true. Also, note that if (A, <j4) is a partially ordered set, there can be elements a,b € A
such that neither (a,b) nor (b,a) is in R. If it happens that given any a,b € A, either (a,b) or
(b,a) is in R, i.e. either a <4 b or b <4 a, then we call A a totally ordered set.

Example 1.1. (R, <), the set of real numbers with the usual ordering < is a totally ordered set.

Now we define an arrow from a poset (A, <4) to another poset (B, <p) to be a function m : A — B
that is monotone, in the sense that for all a,a’ € A,

whenever a <4 a/, one has m (a) <g m (d').

We need to verify that under this definition of arrows, we have a category. First of all, we must have
Ty:A— A, defined by 14 (a) = a for each a € A, to be monotone. Indeed, if a < o’ in A, then we
automatically have 1 4 (a) < 14 (a). Therefore, 14 is monotone.
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Given monotone functions f : A — B bewteen posets (A, <4) and (B,<p), and g : B — C bewteen
posets (B, <p) and (C,<¢), we need to verify that the composition go f : A — C is also monotone.
Indeed, given a <4 d/, since f is monotone, we have

f(a)<p f(d). (1.8)

Since g is monotone, this gives us
9(f (@) <cg(f(d)). (1.9)

In other words, (go f) (a) <¢ (go f) (a’) given a <4 a’. Therefore, go f : A — C is monotone.
The category thus formed is called the category of posets and monotone functions, and is denoted
by Pos.
Finite Categories
A finite category consists of finitely many objects and finitely many arrows between them.

e The category 1 looks as follows:

2

It has one object * and its identity arrow.

e The category 2 looks as follows:

Cr—tD

It has two objects x and *, their identity arrows, and exactly one arrow x — .

e The category 3 looks as follows:

* — X

\l
G

It has three objects x,*, e, their respective identity arrows, and the other arrows are x — x,
* — o, and * — e (which is the composition of the previous two arrows).

e The category 0 looks as follows:

It has no objects or arrows.

§1.3 Functor

Definition 1.3 (Functor). A functor F : C — D between categories C and D is an assignment of
Ob (C) to Ob (D) and a mapping of arrows in C to arrows in D, i.e. for any A, B € Ob(C), a

mapping
Homg (4, B) — Homp (F (4), F (B)),

where F' (A),F (B) € Ob (D) are the assigned objects of D under F. In other words, for given
A,B € Ob(C) and an arrow f : A — B, one has F (A),F (B) € Ob(D) and an arrow F (f) :
F (A) — F (B) such that the following hold:

(a) F(1a)=1p-
(b) F(gof)=1F(g9)oF (f)
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In other words, F' preserves domains and codomains, identity arrows and composition.

C A —> B
\ l

F

D F(a) 29 p(B)

F(gof)= g)oF\ J

Now, one can see that functors compose in the expected way and that every category C has a distin-
guished functor called the identity functor 1¢ : C — C. Thus we have a category, namely Cat, the
category of all categories and functors between them.

Preorder

A preorder is a set P equipped with a binary relation < that is both reflexive and transitive: a < a;
and if a < b and b < ¢, then a < ¢ for any a,b,c € P. Any preorder (P, <) can be regarded as a
category by taking the objects of the category to be the elements of P and taking a unique arrow

a — bif and only if a < bin (P,<). (1.10)

Remark 1.3. Reflexivity and transitivity property ensures that the preorder (P, <) is indeed a
category. Note that the above condition implies that there is at most one arrow from an object of
(P, <) to another. In the other direction, any category with at most one arrow from an object to

another determines a preorder simply by defininig a binary relation < on the objects by (1.10).
-

-
Remark 1.4 (On the similarities between a poset and a preorder). A poset (P,<) is evidently

a preorder with the additional condition of antisymmetry. Hence, a poset is also a category.
Examples of poset include the power set & (X) of a given set X under the usual subset relation:
U C V between the subsets U,V of X.

There can be preorders that are not posets. For instance, (Z,|) is a preorder on the set of
integers, where “|” is the usual divides binary relation: given a,b € Z, we have a | b (read a
divides b) if and only if b = ca for some ¢ € Z. It is clearly reflexive and transitive. Note that
a | band b | aimply a = +b which is not the same as a = b. Hence, “|” is not antisymmetric.

Therefore, (Z,|) is a preorder that is not a poset.
. J

§1.4 Monoid

Definition 1.4 (Monoid). A monoid is a set M equipped with a binary operation - : M x M — M
and a distinguished “unit” element u € M such that for each x,y,z € M,

z-(y-z)=(x-y)-zandu-x =z -u=uwx. (1.11)

Equivalently, a monoid is a category with just one object. The arrows of the category are the elements
of the monoid. In particular, the identity arrow on the object is the unit element u. Composition of
arrows is the binary operation x - y of the monoid.
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For example, N (we are adopting the convention that 0 € N), Q, R with addition and 0 as the unit
element. Also, N, Q, R with multiplication and 1 as unit are monoids. For any set X, the set of
functions from X to itself, written as

Homgets (X, X),

is a monoid under the operation of composition. Here Sets is the category of sets and functions
between sets. More generally, for any object C' € Ob (C) in a category C, the set of arrows from C' to

itself, written as
Home¢ (07 C) )

is a monoid under the composition of arrows in C.

Since monoids are structured sets (sets equipped with a binary operation fulfilling associativity, uni-
tality etc.), there is a category Mon whose objects are monoids and arrows are functions that preserve
the monoid structure, namely monoid homomorphisms. In detail, a monoid homomorphism from
a monoid (M, -ys) to a monoid (N, x) is a function f: M — N such that for all m,n € M,

h(m-pn)=h(m) -yh(n) and h(up) = uy. (1.12)

Here ujp; and uy are unit elements of M and IV, respectively.

§1.4.i Isomorphisms

Definition 1.5. In any category C, an arrow f : A — B is called an isomorphism if there is an
arrow g : B — A such that
gof=14 and fog=1pg. (1.13)

Suppose there is another arrow g : B — A with
gof=14 and fog=1p. (1.14)
Then we have
g=golp=go(fog)=(g9of)og=1Ta0g=g. (1.15)

Hence, if an arrow g : B — A exists satisfying (1.13), then it is unique. Such unique arrow g : B — A
is called the inverse of f : A — B, and we write g = f~!. When such an arrow f : A — B exists, we
say that A is isomorphic to B, written A = B.

Definition 1.6 (Group). A group G is a monoid with an inverse g~! for every element g € G.
Thus G is a category with one object in which every arrow is an isomorphism.

The natural numbers N do not form a group either under addition or multiplication. But the integers
Z form a group under addition. So do the positive rationals Q% under multiplication. For any set X,
we have the group Aut (X) of all the automorphisms of X, i.e. isomorphisms f : X — X. A group
of permutations is a subgroup G C Aut (X)) for some X. Thus the set G must satisfy the following:

1. The identity function 1x on X is in G.
2. If g,¢' € G, then go ¢’ € G.
3.IfgeG, g eq.

We now have the following theorem due to Arthur Cayley.

Theorem 1.1 (Cayley's theorem)

Every group G is isomorphic to a group of permutations.

10
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Sketch of proof. First, define the Cayley representation G of G to be the following group of permuta-
tions on a set: the set is G itself, and for each g € G, one has the permutation g : G — G defined
as

G(h) =g h for each h € G. (1.16)

1

Indeed, § has an inverse g~ ! = ¢~

g (h) =g 'h. (1.17)
One, thus, verifies that g : G — G is indeed an isomorphism, and hence a permutation on G.
Now define homomorphisms i : G — G by i(g) =g, and j : G — G by j(9) = g (u) = g, with u
being the identity element of the group G.
Observe that 10 j =1z and joi = 1g. Indeed, for g € G and g € G,

(Goi)(9) =i(i(9) =i@) =y,
(i04) (@) =1i(i(9) =1i(9) =7

establishing that 7 : G — G is an isomorphism. ]

Remark 1.5. There are two different types of isomorphisms involved in this proof. For each
g € G, one defines an isomorphism g : G — G. This is an isomorphism in the category Sets.
Later, we defined an isomorphism i : G — G, which is an isomorphism in the categorty Groups
of groups and group homomorphisms.

Remark 1.6. The group G is the group of permutations (automorphisms) on the group G which
is a subgroup of the automorphism group on G itself. This subgroup has the same unit element
of that of the automorphism group on G, i.e. 1g, the identity function on the group G. Note
that this is also the unit of the group G which is not the same as 1. This identity function 1z

on G was used to establish the required isomorphism in Cayleys theorem.
- J

Cayley’s theorem can be generalized to prove that any category not “too big” (which has the collection
of objects to be a set) is isomorphic to a category in which the objects are sets and the arrows are
functions between those sets. In other words, any not “too big” category is isomorphic to a subcategory
of Sets.

Theorem 1.2 (Generalized Cayley's Theorem)

Every category C with a set of arrows is isomorphic to one in which the objects are sets and the
arrows are functions.

Sketch of proof. Define the Cayley representation C of C to be the following concrete category (i.e. a
category where objects are sets and arrows are functions between them):

e Objects: objects are sets of the form
C={f:X—C}={f €eHome(X,C) | X €O0b(C)}. (1.18)
In other words, the object C is the set of functions whose codomains are C.

e Arrows: arrows are functions
g:C—D (1.19)

for g: C — D in C, defined for any f: X - Cin C by g(f) =go f.
X
fl g(f)=gof
C g

— D

11



1 Categories 12

Then we define a functor F : C — C that takes the object C' € Ob (C) to the object C € Ob (é), and
takes the arrow g : C' — D in C to the arrow g : C — D in C. In other words,

F(C)=C and F(g) =3 (1.20)

This is a functor since F (1¢) = 1z and F(goh) = F (g) o F (h) for composable arrows g, h in C.

We then define another functor G : C — C that takes the object C to the codomains of the functions
that are in C, i.e. G (6) = C, and takes the arrow g : C — D to the arrow g (]lg@)) =9g(1l¢) =
golg=¢g:C — D inC. In other words,

G(C)=CandG(g) =g (1.21)

This is a functor since G (15) = 1¢ and G (ﬁoﬁ) =G(g) oG (E) for composable arrows g, h in C.
Then one can verify that
GoF =1¢ and FoG=15. (1.22)

Therefore, C and C are isomorphic. [ |

§1.5 Construction on Categories

1. The product of 2 categories C and D, written as C x D has objects of the form (C, D) for C € Ob (C)
and D € Ob (D), and arrows of the form

(f,9): (C,D)— (C", D),
with C,C" € Ob (C), D,D’ € Ob(D), f € Hom¢ (C,C") and g € Homp (D, D’).
Composition and units are defined componentwise, i.e.
(f,ag,) o (fag) = (f, © fv gl o g) and ]l(C,D) = (]107 ]lD) 5 (123)

with C,C’,C" € Ob(C) and D, D’, D" € Ob (D) and

1p
o Dbt
\/ \/’
flof g'og

Then in C x D, we have

IL(C,D):(ILC’ILD)C<C, D) M (C/,D/) M (C“,D“)

\_/

(f",9")o(f,9)=(f"of.9"o9)
Then there are two projection functors:

C+2—CxD-=5D
Given (C,D) € Ob(C x D) and (f,g) : (C,D) — (C',D,),

1 (C,D):C, Ut (f?g):f (124)

Similarly,
T (C,D) =D, m2(f,9) =g. (1.25)

12
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2.The opposite category C°P has objects that are in a one-to-one correspondence with the objects of C.
Let C* € Ob (C°P) be the object in C°P that corresponds to C' € Ob (C). Then an arrow f: C' — D
in C corresponds to an arrow f* : D* — C*. With this notation, one can define composition and
units in C°P in terms of the corresponding operations in C, namely

Lo = (Lo)*. (1.26)

For f:C — D, g: D — FE in C, we have f*: D* — C* and ¢* : E* — D* in C°?. Then their
composition is defined as
frogt=(gof). (1.27)
Lox=(1c)*
Nt el oL pr L pr
\/ \/

gof f*og*=(gof)*

3.The slice category C/C' of a category C over an object C' € Ob (C) has

e Objects: all arrows f in C such that cod (f) = C. In other words, all arrows f € Hom¢ (X, C)
with some X € Ob (C).

e Arrows: an arrow a from f: X — C to f': X' — C is precisely an arrow in Hom¢ (X, X)
such that f'oa = f. In othe words, the following diagram commutes:

Now suppose f,g,h € ObC/C and a € Homc/c(f, g),b € Home (g, h). Then there are objects
X, X', X" € Ob (C) such that the two triangles in the following diagram commute:

boa

T
X XI X//
a b
Nl AT
C

In other words, goa = f and h o b = g, so that one obtains

f=goa=(hob)oa=ho(boa). (1.28)
Therefore, we have the following commutative diagram:

Hence, b o a € Home ¢ (f, h), using the definition of arrows in C/C. For a given f € Ob(C/C), 1
is precisely the identity arrow on dom (f) in the category C, which is evident from the following
commutative diagram:

:[L om
dom (f) domt/) dom (f)
x /
C
If g : C — D is any arrow in C, then there is a functor called the composition functor:
g«:C/C = C/D,
defined on Ob (C/C) as
9« (f)=gof. (1.29)

13



1 Categories 14

X
fl gof
C —— D

Commutativity of the above diagram dictates that go f € Ob (C/D). Now suppose f, f' € Ob (C/C),
and consider a € Home ¢ (f, f7) so that the following diagram commutes:

gof=go(foa)=(gof)oa, (1.30)
so the diagram indeed commutes. So we have the following commutative diagram:

X —* X
\ gof’

The commutativity of this diagram dictates that g, (a) = a. In fact, the whole construction above
is a functor C/(—) : C — Cat.

C Cat
C/(-)
_—
c—25D c/c <L ¢/D

4.The coslice category C/C of a category C under an object C' € Ob (C) has as objects all arrows f
of C such that dom (f) = C. An arrow in Homg ¢ (f, f') is an arrow h € Home (X, X') (where
X =cod (X) and X’ = cod (f')) such that the diagram below commutes:

N

X—>X’

In other words,
hof=f. (1.31)

Question. How can the coslice category be defined in terms of the slice category and the opposite
construction?

Example 1.2. The category Sets, of pointed sets consists of sets A with a distinguished element
a € A, and arrows f : (A,a) — (B,b) are functions f : A — B that preserves the distinguished
elements f(a) = b. Now, Sets, is isomorphic to the coslice categroy 1/Sets of sets under any
singleton 1 = {x}.

Sets, = 1/Sets. (1.32)

Indeed, functions @ : 1 — A are uniquely determined by @ (x) = a € A, and are objects in 1/Sets.
Now we define a functor F : Sets, — 1/Sets by

F(A,a) =aand F(f) = f. (1.33)
Then we define G : 1/Sets — Sets, by
G (@) = (A,a(x) and G (f) = f. (1.34)
One can easily verify that G and F are functors, and
GoF = lgets, and F oG = 1y /gets - (1.35)

Therefore, 1/Sets and Sets, are isomorphic categories.

14



2 Free Categories

§2.1 Free Monoid

Start with an “alphabet” A of “letters” a,b,c,..., i.e. a set
A={a,b,c,...}. (2.1)
A word over A is a finite sequence of letters:
thisword, categoriesarefun, asdfghjkl,...
We write “-” for empty word. The Kleene closure of A is defined to be the set
A* = {words over A}. (2.2)

Define a binary operation * on A* by w * w’ = ww’ for words w,w’ € A*. Thus, the binary operation
x on A is just concatenation. The operation can easily be seen to be associative, and the empty word
“-7 is a unit. Therefore, A* is a monoid— called the free monoid on the set A.

The number of letters in a word is called its length. The elements a € A can be regarded as
words of length 1. One has a function ¢ : A — A* defined by i(a) = a, and called the “ insertion
of generators”. The elements of A generate the free monoid, in the sense that every w € A* can be
written as a * products of elements of A, i.e.,

W = aq xag*---*an,

for some ay,...,a, € A.
A monoid M is freely generated by a subset A of M, if the following conditions hold:

(a) Every element m € M can be written as a product of elements of A:

m=ai-pa M- M An, where a; € A.

(b) No “nontrivial” relations hold in M. In other words, if
al .M....Man:a& .]\J....]\4a;€7
for a;, a; € A, then this is required by the axioms of monoids.

The second condition of the definition of a free monoid is made more precise in the following way:

First, every monoid N has an underlying set |N|, and every monoid homomorphism f : N — M
has an underlying function |f|: |[N| — |M|. This way, one has a functor Mon — Sets. This functor
is called the forgetful functor.

The free monoid M (A) on a set A is by definition “the” monoid with the following universal mapping
property or UMP:

Universal mapping property (UMP) of M (A):
There is a function i : A — |M (A)|; and given any monoid N and any function f : A — |N]|,

there is a unique monoid homomorphism f : M (A) — N such that ‘7 oi = f, as indicated in

the following diagram:

15



2 Free Categories 16

in Mon : M(A) ---=--- > N
in Sets : |M(A)] |—f|> |N|
A

1 is called the insertion of generators.

Proposition 2.1
A* has the UMP of the free monoid on A.

Proof. Given any monoid N and any function f : A — |N|, define f: A* — N by f(-) = uy, and

flajas---ay) = f(agxag*---*xay) = f(a1) N - ~n f(an). (2.3)

f: A* — N is clearly a monoid homomorphism, with f (a) = f (a), so that

(7o) @ = £ @ (2.4)

Therefore, the following diagram commutes:

a2

[ A

A

This proves the existence of f : A* — N with the required universal mapping property. Let us
now prove the uniqueness. Suppose there is another monoid homomorphism g : A* — N so that
g (a) = f(a), which in turn will give us the commutative diagram exhibiting UMP. Therefore, for all
aj,...,am € A,

g(asa0- an) = g(ar +ag -k an)
= f(a1) '~ -~ [ (an)
= ?(a1az . 'an)
Therefore, g = f, proving the uniqueness of f: A* — N. [
i N\

Remark 2.1. Existence of a monoid homomorphism f : M (A) — N implies that if there is an
additional equality (sometimes referred to as “noise”) besides the ones imposed by associativity
law and unitality law in M (A), then the additional equality is transported to the monoid N. But
N is any monoid to which the free monoid M (A) is supposed to be mapped to via the monoid
homomorphism f : M (A) — N. Hence, the existence of monoid homomorphism f : M (A) — N

is equivalent to the second condition of absense of any “noise” in M (A).
\- J

Proposition 2.2
Given monoids M and N with functions i : A — |M| and j : A — |N|, each with the UMP of the

16



2 Free Categories 17

==

free monoid on A, there is a unique monoid isomorphism A : M — N such that

|h| oi = j and ]h—l

0j=1.

Proof. From j : A — |N| and the UMP of M, one has j : M — N with |j|oi = j.

in Mon : M- 5 N
in Sets : | M| L |N|
[ A
A

in Mon : N -5 M

in Sets : IN| —— | M|
1 A
A

Combining these two, we get the following commutative diagram:

in Mon : M -—--—--- > N ---2--- s M

in Sets : |M| ——

From i: A — |M| and the UMP of M, we have the existence of a unique homomorphism f: M — M
such that |f| o4 = 4. From the above commutative diagram, we get that f = i o j satisfies |f| o = 1.
Furthermore, f = 1), : M — M also satisfies |f| o i = i. Therefore,

i0j="1y. (2.5)

Similarly, exchanging M and N, we get

Now, j : M — N is the required monoid isomorphism h, i.e. 7 = h and i = h™!, so that we have
|h|oi=jand |h7|oj =1. [ |

In light of Proposition 2.1 and Proposition 2.2, we can say that if M (A) has the UMP of a free monoid
on A, then M (A) is isomorphic to A*.
§2.2 Free Category

Just as a monoid has an underlying set, a category has an underlying graph. A directed graph consists
of vertices and edges, each of which has a “source” and a “target” vertex. Figure 2.1 is an example of
a graph.

17



2 Free Categories 18

_z
PN

Figure 2.1: A graph

N
Sy

8
—
—

<

Q
-

Definition 2.1. A (directed) graph counsists of two sets: a set E of edges, and a set V of vertices,
and two functions s : E — V (called source) adn t : E — V (called target). We denote a directed
graph G by a quadruple (V, E,s,t). A path in a graph G is a finite sequence of edges eq, ..., e,
such that t (e;) = s(e;41) foreachi=1,...,n— 1.

Suppose we have a path eq,...,e, in G.

e1 e2 e3 en
U0 U1 V9 e Un

Put dom (e, ---e1) = s(e1) and cod (e, - --e1) =t (e,), and define composition by concatenation:
en...eloe’/rn...el:6,r7l.-.€:|-6;/n...e€la (27)

where dom (e, - --e1) = cod (e}, - - - €}).

For each vertex v, we have an “empty path” denoted by 1, which is to be the identity arrow at v.
With all of these terminologies at our disposal, we see that every graph G generates a category C (G)
called the free category on . It is defined by taking vertices of G as objects and paths in G as
arrows. For example, take the graph given in Figure 2.1 with 4 vertices A, B, C, D. The corresponding
free category on G is given by:

N

D

zZox
m

c(@) C-—*53A7.3B<Y D

Definition 2.2 (Graph Homomorphism). Let G = (V, E, s,t) and G' = (V' E', §',t') be two graphs.
A graph homomorphism [ from G to G’, denoted by f : G — G’ consists of two functions
fo: V=V and f; : E — E’ such that the following diagrams commute:

G:

N

xT

—

Q
<

E-", @ E-", @
V — s V/ V — V!
fo fo

Remark 2.2. Note that if G has only one vertex, then C (G) is just the free monoid on the set of
edges of G. If, on the other hand, G has only vertices with no edges, then C (G) is the discrete
category on the set of vertices of G.

18



2 Free Categories 19

Let us now see that C (G) has a UMP (universal mapping property). Define a “forgetful functor”
U : Cat — Graphs in the following way: the underlying graph of a (small) category has the collection
of arrows as the set of edges E and the collection of objects as the set of vertices V', with s = dom
and ¢ = cod.

Also, observe that we can describe a category C with a diagram as below:

cod
CQ — 01 —1— Co,
dom
where Cj is the collection of objects of C;, C] is the collection of arrows, ¢ is the identity arrow
operation, and Cj is the collection

Co={(f,9) €CrxC1] cod f=domg}.

Then a functor F' : C — D from C to another category D (with Do, D1, Dy as given above) is a pair of
assignments Fy : Cop — Do and Fy : C1 — D; such that each similarly labeled square in the following
diagram commutes:

cod

02 % Cl 1 Co
dom

F> Fy Fo
o cod

DQ e D1 —1 DQ,
dom

where F5 (f,g) = (F1 (f), F1(g)). Commutativity of the first square tells us that

Fi(gof)=TFi(g)oFi(f). (2.8)
Commutativity of the second square is reminiscent of graph homomorphism if one removes the identity

arrow operation. Note that the underlying graph of a category C can be depicted as

cod
Cl _ CO.
dom

Therefore, at the level of objects, the forgetful functor
U : Cat — Graphs (2.9)

sends the category (object of Cat)

cod

_cod,
Cy —=—= C; —i— Cy
dom

to the underlying graph (objecr of Graphs)

cod
dom

And functors (arrows of Cat) under U are sent to graph homomorphisms (arrows of Graphs), i.e.

cod

Cy —>— C) —i Co
dom

Fy Fy Fy
o cod

Dy —° s D, ==i— Dy,
dom

is sent to

19



2 Free Categories 20

F1 FO

cod
dom

under Y. Given a category C, its underlying graph is denoted by |C| = U (C), where U is the forgetful
functor U : Cat — Graphs. The free category C (G) on a graph G has the following universal
mapping property (UMP).

Universal mapping property (UMP) of C (G):

There is a graph homomorphism ¢ : G — |C(G)|; and given any category D and any graph
homomorphism & : G — |D|, there is a unique functor & : C (G) — D such that ‘E
indicated in the following diagram:

oi = h, as

in Cat : C(G) s D
h
in Graphs : IC (G)| l> |D|
G

The free category on a graph with just one vertex is just a free monoid on the set oof edges. The free
category on a graph with two vertices and one edge between them is the finite category 2. On the
other hand, the free category on a graph of the form

A#B

has (in addition to the identity arrows) the infinitely many arrows:

e, f.ef, fe,efe, fef,efef, fefe,.... (2.10)

20



3 Abstract Characterizations

§3.1 Epis and Monos

In Sets, a function f: A — B is called
o injective if f (a) = f (a’) implies a = d’ for all a,a’ € A,
» surjective if for each b € B, there exists a € A such that f (a) = 0.

We have the following abstract characterizations of these properties:

Definition 3.1 (Monomorphism and Epimorphism). In any category C, an arrow f : A — B is called
a monomorphism if given any g,h: C — A, fog= foh implies g = h.

g
C—=A 1. B
h
An arrow f: A — B is called an epimorphism if given any i,j : B — D, io f = j o f implies
i=7.

A-L1.B==0D
J

We often write f : A »— B if f is a monomorphism and f: A — B if f is an epimorphism.

Proposition 3.1

A function f: A — B between sets is a monomorphism if and only if it is injective.

Proof. (=) Suppose f : A — B. We need to show that f is injective. Suppose f (a) = f (a’) for some
a,a’ € A. Consider functions g,h: {x} = A as g (x) = a and h (x) = a/. Then

(fog)(x)=flg(x)=f(a)=f(d)=f(h(x)=(foh)(x). (3.1)
So fog = foh. Since f is a monomorphism, we must have g = h. Therefore, a = o/, proving the
injectivity of f.

(«<=) Conversely, let f : A — B be injective. Let g,h: C — A such that fog = foh. Then for any
ceC,

flg(e)) = (fog)(c)=(foh)(c)=f(h(c)). (3-2)
So f(g(c)) = f(h(c)). Since f is injective, this implies g (¢) = h(c). This is true for any ¢ € C.
Therefore, g = h. In other words, f o g = f o h implies g = h. Hence, f is a monomorphism. |

Proposition 3.2

A function f: A — B between sets is an epimorphism if and only if it is surjective.

Proof. (=) Suppose f : A - B. We need to show that f is surjective. We construct two functions
91,92 : B — {0,1} as follows:

0 ifbecimf

b) =0 and b) =
91 (0) 92 (b) {1 otherwise.

(3.3)

21



3 Abstract Characterizations 22

AL B—"= 10,1}

g2

Then for each a € A, g1 (f (a)) = g2(f(a)) =0. So g1 o f = goo f. Since f is an epimorphism, this
gives us g1 = g2. In other words,
g2 (b) =0 for each b € B. (3.4)

Therefore, all b € B are in im f, proving the surjectivity of f.
(«=) Conversely, let f: A — B be surjective. Let ¢gq,g2 : B — C such that g o f = go o f.

A-1.B Z:;: {0,1}
Since f is surjective, for any b € B, there exists a € A such that f (a) = b. Then we have
91 (0) =g1(f(a)) =(g10f)(a) =(g20f)(a) =g2(f (a)) = g2 (). (3.5)
So g1 (b) = g2 (b), and this is true for any b € B. Therefore, g1 = g2 and hence f is an epimorphism. W

Monomorphisms are often obbreviated as monos or monic, epimorphisms are often obbreviated as epis
or epic.

Proposition 3.3

A monoid homomorphism A : M — N is monic if and only if the underlying function |h| : |M| —
|N| is monic (i.e. injective by Proposition 3.1).

Proof. (=) Suppose h is monic. We need to show that |h| is injective. Let |h|(m1) = |h| (ms2) for
mi,mg € |M|. Take two functions z,y : 1 — |M]|, where 1 = {x} is any singleton set, defined by
x (x) = mq and y (x) = ma. Let M (1) be the free monoid generated by 1. By the UMP of a free
monoid, there are unique monoid homomorphisms Z : M (1) - M and 5 : M (1) — M such that the
following diagrams commute:

|| [yl
D ————— [M] (MQA)| ———— [M]
1 1
In other words, |[T| oi = z and [g| o ¢ = y. Furthermore, by the UMP of M (1) for the functions

|h|ox,|h|oy : 1 — N, there are unique monoid homomorphisms f : M (1) - N and g: M (1) - N
such that the following diagrams commute:

) — N
S

But since the following diagrams commute,

[ M(

M) — N
D

|h|o|Z|=|hoz] |k|o[y]=|hoy]
M(1 M N M(1 M N
| M (1)) E | M| i [N |M (1)) m | M| i [N
1 hloz 1 hloy

22



3 Abstract Characterizations 23

the uniqueness of f and g guarantees that
f=hoTand g=hoT. (3.6)

However, |h| oz and |h| o y are equal, since

(Ihl o) (+) =[] (m1) = [h] (m2) = ([h] o y) (). (3.7)
Therefore, f = g, and hence,
hoZT=hoTy. (3.8)
Since h is monic, T = 7. Then we have
r=|T|oi=|yloi=uy. (3.9)

Hence, m; = z (%) = y (¥) = mq, and thus |h| is injective.
(«<=) Conversely, suppose |h| : |M| — |N| is monic. Let f,¢g: X — M be monoid homomorphisms
such that ho f = hog.
g
X —— M- N
In Sets, we then have |h| o |f| = |h| o |g].

(X —= = |M| —— [N].

Since |h| is monic, we must have |f| = |g|. Therefore, f = g, and hence h : M — N is monic. [ |

Example 3.1. In the category Mon of monoids and monoid homomorphisms, there is a monic
homomorphism N »— Z, where N = (N, +,0) is the additive monoid of natural numbers, and Z =
(Z,+,0) is the additive monoid of integers. This map given by the inclusion N C Z of sets is monic in
Mon, by Proposition 3.3, since it is an injective homomorphism. We shall now show that this is also
epic in Mon.

_ . f
N——Z_—=M
7

Given any monoid M = (M, ,u), with the underlying set M, let f,g: Z — M be monoid homomor-
phisms such that f oi = goi. To prove that ¢ is epic, we need to show that f = g.

Since i : N — Z is the inclusion, foi = goi gives us that f|g = g|g, i.e. f(n) = g(n) for each
n € N. We need to show that f(—n) = g(—n).

f(=n)=f(=n)xu=[f(=n)*xg(0)=f(=n)*g(n+(-n))
= f(=n)xlg(n)xg(=n)] = [f (=n)x g (n)] g (-n)
=[f(=n)x f()]*g(=n) = f(=n+n)xg(-n)
=uxg(-n)=g(-n). (3.10)

Therefore, f = g, and hence i is epic.

Proposition 3.4

Every isomorphism is both monic and epic.

Proof. Let m : B — C be an isomorphism. Then there exists e : C' — B such that moe = 1¢ and
eom = 1. So the two triangles in the following diagram commute:

23



3 Abstract Characterizations 24

A%B%C

l moe=1¢
eom=1pg

B%C%C

Given any arrows x,y : A — B such that m oz = m oy, we have
mox=moy = eo(mox)=eco(moy)
— (eom)ox=(eom)oy
— lpox =1poy
— T =Y. (3.11)

Therefore, m is monic. Now, given arrows f,g: C — D with f om = g om, we have

fom=gom = (fom)oe=(gom)oc
— fo(moe)=go(moc)
= folg=golg
— f=gq. (3.12)

Therefore, m is epic. |

~N
Remark 3.1. In Sets, the converse of Proposition 3.4 also holds: every monic and epic is an

isomorphism. But this is not true, in general. The counterexample is provided in the context of
the category Mon in Example 3.1. There we saw that the inclusion homomorphism i : (N, 4,0) —
(Z,+,0) is both monic and epic. But this arrow in Mon is not an iso, i.e. its inverse does not

exist. In particular, there does not exist an arrow j : Z — N such that i 0 j = 17 and joi = 1.
. J

Proposition 3.5

With regard to a commutative triangle,

!
A—B
N

C

in any category C,
(a) if f and g are isos (resp. monos, resp. epis), so is h;
(b) if h is monic, so is f;

(c) if h is epic, so is g;

of. (a) Suppose f and g are isos. Then there are arrows f~!: B — A and g~' : C — B such that
fo f L=1y, flof=1p,g9097 ' =1¢, gt og = 1p. Since the triangle above is commutative,
h=gof. Wedefinek:C — Aask= f"tog ! Then

hok:(gOf)O(f‘log‘l)=go]1Aog‘1=]10. (3.13)

koh=(f"og ") ol(gof)=F"olpof =1a4. (3.14)

Therefore, h is an isomorphism, and k = h™1.

Pro

Suppose f and g are monos. We want to show that h : A — C is monic. Suppose there are arrows
z,y: X = A such that hox =hoy.
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3 Abstract Characterizations 25

A

h=gof
hox=hoy = (gof)ox:(gof)oy = go(fox)=go(foy). (3.15)

Since g is monic, we must have f ox = f oy. Again, since f is monic, we must have x = y. So
hox = hoy implies x = y. Therefore, h is monic.

Suppose f and g are epis. We want to show that h : A — C is epic. Suppose there are arrows
z,y:C ==Y such that xoh =yoh.

B
f g
A P C —=Y
zoh=yoh = zo(gof)=yoxo(gof) = (zog)of=(yog)of. (3.16)

Since f is epic, we must have x o g = y o g. Again, since g is epic, we must have x = y. So
xoh =yoh implies x = y. Therefore, h is epic.

(b) We need to show that f : A — B is monic. Suppose there are arrows z,y : X = A such that

fox=fouy.

h=gof

forx=foy = gofoxr=gofoy = hox=hoy. (3.17)

X4>A

Since h is monic, hox = h oy implies x = y. Therefore, since fox = foy forces x =y, f is
monic.

(¢) We need to show that g : B — C is epic. Suppose there are arrows z,y : C' = Y such that

Tog=1yog.

h=gof

rog=yog = wvogof=yogof = xoh=yoh. (3.18)

C—>Y

Since h is epic, z o h = y o h implies x = y. Therefore, since x 0 g = y o g forces = =y, g is epic.
|
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3 Abstract Characterizations 26

~N
Remark 3.2. In the commutative triangle of Proposition 3.5, we have h = g o f.
f
A—B
A g
C
If h is monic, then so is f as proven in Proposition 3.5. However, h being monic does not
necessarily imply ¢ is monic. Similarly, h being epic also does not imply f is epic. The following
is such an example.
. J

Example 3.2. Let us consider the category Sets. Take A = C = {0} and B = {0,1}. Define
f:A—=Bby f(0)=0,and g: B— C by g(z) =0 for x € {0,1}.
Then go f: A — C'is
(go f)(0) =g(0)=0. (3.19)
So h = go f is an isomorphism. In particular, 4 is monic. However, g : B — C' is not monic (i.e.
injective since we are in Sets) because g (0) = ¢ (1). Similarly, h is epic as well, but f is not.

§3.2 Sections and Retractions

We have seen in Proposition 3.4 that any iso is both monic and epic. More generally, if an arrow
f:A— Bhas aleft inverse g : B — A, i.e. go f = 14, then f must be monic and g epic.

C%A%B

- NJ

Given arrows z,y : C' — A with fox = fouy,

fox=foy = go(fox)=go(foy)
= (gof)ox=(gof)oy
= lgox =140y
= r=y. (3.20)

Therefore, f : A — B is monic. Now, given p,q: A — D with pog=yqog,

pog=qog = (pog)of=(qog)of
= po(gof)=qo(gof)
= poly=qgoly
= p=gq. (3.21)

Therefore, g : B — A is epic.

Definition 3.2. A split mono is an arrow with a left inverse. A split epi is an arrow with a
right inverse. Given arrows e : X — A and s : A — X with e o s = 14, the arrow s is called a
section or splitting of e, and e is called a retraction of s. The object A is called a retract of
X. Therefore, section is monic and retraction is epic.
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Remark 3.3. Since functors preserve identities, they also preserve split epis and split monos.
Functors do not preserve epi, in general. Counterexample is the forgetful functor i : Mon — Sets,
which does not preserve the epi i : N — Z, i.e. U (i) : N — Z is not an epi in Sets as it’s not
surjective.

In Sets, every mono splits except those of the form @ ~— A. The condition that every epi splits is the
categorical version of the axiom of choice. Let us see this fact in detail. Consider an epi e: E — X.
We then have the following family of nonempty sets

E,=c¢'({z}) forze X,

Each E, is nonempty since e is surjective. Now, for each x € X, one chooses an element s (z) from
E, C E, and thus define the function s : X — E. By construction, e (s(z)) = x for each x € X, i.e.
eos = lx. One, thus finds that the choice function s : X — E associated with the family (£;),y is
exactly a splitting of e.

Let us do the reverse construction now. Given a family of nonempty subsets (E;),cy, take

E={(z,y) |zeXyeB}= ] ({z} x E), (3.22)
zeX

and define the epi e : F — X by (z,y) — z. A splitting s : X — F hence determines a choice function

for the family (E;), . x,

4 I
Remark 3.4. A notion related to the existence of “choice function” is that of being projective.
An object P is said to be projective if for any e : E — X and arrow f : P — X, there is
some (not necessarily unique) arrow f : P — E such that eo f = f, as indicated in the following
commutative diagram:

E
/ l
€

PﬁX

One says that f lifts across e.
Let P be projective and let e : E — P be an epi. Since P is projective, given 1p : P — P,
there exists s : P — FE such that the following diagram commutes:

P— P
1p

yielding s o e = 1 p. In other words, the epi e : E — P splits.
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3 Abstract Characterizations 28

§3.3 Initial and Terminal Objects

Definition 3.3. In any category C, an object
e 0 is initial if for any object C', there is a unique arrow 0 — C,

e 1 is terminal if for any object C, there is a unique arrow C — 1.

Proposition 3.6

Initial and terminal objects are unique up to isomorphism.

Proof. Suppose both 0 and 0’ are initial objects in some category C. Since 0 is initial, there is a unique
arrow u : 0 — 0’. Again, since 0 is initial, there is a unique arrow v : 0’ — 0. Then we can form the
composition v ou : 0 — 0. But since 0 is an initial object, there is a unique arrow 0 — 0, which has
to be the identity arrow 1y. Therefore, v ou = 1.

0 —2— 0

uov=1y,
vou=1g

0 —2— 0
Similarly, wov : 0/ — 0’ is an arrow from 0’ to itself. But since 0’ is an initial object, there is a
unique arrow 0’ — 0’, which has to be the identity arrow 1. Therefore, uov = 1. So 0 and 0 are

isomorphic via a unique isomorphism u : 0 — 0.

Let 1 and 1’ be terminal objects of C. Since 1’ is terminal, there is a unique arrow u : 1 — 1’. Again,
since 1 is terminal, there is a unique arrow v : 1’ — 1. Then we can form the composition vowu : 1 — 1.

But since 1 is a terminal object, there is a unique arrow 1 — 1, which has to be the identity arrow 1.
Therefore, v ou = 1;.

1 — 1

uov=1,,

vou=11
1] —2—— 1
Similarly, wov : 1’ — 1’ is an arrow from 1’ to itself. But since 1’ is a terminal object, there is a

unique arrow 1’ — 1/, which has to be the identity arrow 11,. Therefore, uov = 11,. So 1 and 1’ are
isomorphic via a unique isomorphism u : 1 — 1. |

Example 3.3. 1. In Sets, the empty set & is initial, and sny singleton set is terminal. Indeed, for
any set B, there is a unique function from @ to B, called the empty function. When B = &, the
empty function from @ to @ is the required identity arrow on the object @ € Ob (Sets).

There is also a unique function from any set B to a singleton set {}, f : B — {x}, given by f (b) = %
for every b € B. It is unique in the sense that there can’t be any other function from the same set
B to the singleton set {*}. In other words, Homgets (B, {*}) for a given set B € Ob (Sets) is a
singleton set.

2. In Vectg, the category of vector spaces over the field K and linear transformations, the 0-
dimensional vector space {0} consisting of the zero-vector (additive identity) only is both the initial
and terminal objects.

Given a K-vector space V, there is only one linear transformation from {0} to V', namely the one
that takes 0 to Oy, the additive identity of the K-vector space V. Also, given a K-vector space V/,
there is only one linear transformation from V' to {0} that takes all of V' to 0. In other words, for
a given V' € Ob (Vectk), both Homvect, ({0} ,V) and Homvect, (V,{0}) are singleton sets.
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§3.3.i The Category of Boolean Algebras

Definition 3.4 (Boolean algebra). A Boolean algebra is a poset (B, <) together with distin-
guished elements 0, 1, binary operations a V b (read a join b) and a A b (read a meet b) and a
unary operation —b (read b complement) such that the following conditions are satisfied for all

1. 0<aand a < 1.

2. a<cand b<cifand onlyifaVvb<c
3. c<aand c<bifand only if c < a Ab.
4. a < —bif and only if a Ab = 0.

5. —

—

-a) = a.

A typical example of a Boolean algebra is the power set &2 (X) of a set X, ordered by inclusion
A C B, with the distinguished elements 0 = @ and 1 = X. The binary operations join and meet are
given by union and intersection of subsets, respectively, and the unary operation complementation is
-A=X\A

The union and intersection of sets satisfy ANBCAC AUBand ANB C BC AU B. The same
is satisfied in any Boolean algebra.

Proposition 3.7
In a Boolean algebra B, aANb<a<aVband aANb<b<aVbforanya,bec B.

Proof. Since (B, <) is a poset, by the reflexivity property, a Vb < a V b. Then using property 2 from
the definition of Boolean algebra, we get

a<aVbandb<aVb. (3.23)

Again, a A b < a A b by reflexivity. Then using property 3 from the definition of Boolean algebra, we
get
aNb<aand aAb<b. (3.24)

Therefore, combining (3.23) and (3.24), we get aAb<a<aVband aAb<b<aVb. [ |

A special case of Boolean algebras is the 2-element Boolean algebra 2 = {0, 1}, considered as & ({x}),
the power set pf the singleton set {*} which consists of only the empty set @ and {x}.

The category of Boolean algebras is denoted by BA, where objects are Boolean algebras and arrows
are Boolean homomorphisms, that is functions h : B — B’ that, in addition to being monotone, satisfy

e h(0p)=0p, h(lp) = 1p;
h(aVvpb)=h(a)Vp h(b);
h(a Apb) =h(a) Ap h(b);
h(=pa) = —ph(a),
for any a,b € B. In this category, 2 is the initial object. There is this 1-element Boolean algebra
1 = {0}, which is regarded as the power set of &, i.e. 1 = & (&) = {@}. In this situation, the

distinguished elements 0 and 1 conicide. 1 acts as the terminal object of BA. In other words, given
a Boolean algebra B, there is exactly one boolean homomorphism from A : 2 — B, given by

h(0) =0p and h (1) = 1p.
Furthermore, there is exactly one boolean homomorphism f : B — 1 given by
f®)=0
for any b € B.
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Definition 3.5 (Filter). A filter in a Boolean algebra B is a nonempty subset F' C B that is closed
upward and under meets, i.e.

e a€ Fanda<bimpliesb e F,

e a,be F impliesaAbe F.

Definition 3.6 (Ultrafilter). A filter F is called maximal if ' C F’ implies F’ = B, i.e. the only
strictly larger filter is the “improper” filter B itself. A maximal filter is called an ultrafilter.

One can easily verify that a filter F' is an ultrafilter if and only if for every element b € B, either b € F
or =b € F and not both.

Theorem 3.8

In a Boolean algebra B, a filter F' is an ultrafilter if and only if for every element b € B, either
b€ F or —b € F and not both.

Proof. (=) Suppose F' C B is an ultrafilter. If both b and —b are in F, then so is their meet b A —b.

But we have
b<b=-(-b). (3.25)

Then using property 4 from the definition of Boolean algebra, we get
bA=b=0. (3.26)

So 0 € F. But 0 < a for each a € B. This gives us that a € F for any a € B, i.e. F = B, which
contradicts with F' being an ultrafilter. Therefore, both b and —b cannot be in F. Assume for the
sake of contradiction that neither b nor —b is in F, i.e. b ¢ F and —b ¢ F'. Consider the following set:

G={veB|unb<vforsomeuecF}. (3.27)

We claim that G is a filter.

e For v € G and v < w gives us that u A b < v for some v € F. By transitivity,
uANb< v < w. (3.28)

Sounb<w,soweEG.

e Let v1,v9 € G. Then u3 Ab < v; and us A b < vy for some uj,us € F. We claim that
(Ul/\ug)/\bgvl/\vg.

(up Aug) Ab < up Aug <up and (up Aug) Ab < b. (3.29)
Therefore, using property 3 from the definition of Boolean algebra, we get
(up ANug) ANb<up Ab< . (3.30)

Similarly,
(ul/\UQ)/\b<UQ/\b<’U2. (3.31)

Again, using property 3 from the definition of Boolean algebra, we get
(ul VAN UQ) Ab < v Aws. (332)

Since F' is a filter and ui,us € F, uy Aug € F, so v1 Avg € G.
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Therefore, G is a filter. It contains F', since for any u € F', we have
uAb< u. (3.33)

Furthermore, G is not the whole B, since 0 ¢ G. Indeed, if 0 € G, then u A b < 0 for some u € F.

Also, 0 < u A b from the definition of Boolean algebra. Therefore, u A b = 0. Then property 4 from

the definition of Boolean algebra ensures that u < —b. But since u € F and F is a filter, this would

mean that —b € F', which contradicts our initial assumption. Therefore, 0 € G, and hence G is a filter

which is not equal to the whole of B. Furthermore, F' C G, and F is a maximal filter. So F' = G.
Now take some v € F. uAb<<uAb,souAbeG=F. But then

uAb<b (3.34)

gives us that b € F', since F' is closed upward. Thus we arrive at a contradiction assuming neither b
not —b is in F'. So exactly one of b or =b must be in F.

(<=) Suppose F is a filter such that for every element b € B, either b € F or —b € F' and not both.
Let F’ be another filter strictly containing F', i.e. F C F’. Take an element a € F'\ F. a &€ F, so
—a € F. Then

~a€ FCF = -acF

Therefore, both a and —a are in F’. Since F' is a filter, a A —a € F’. By (3.26), aA—a =0 € F’. But
0 < c for each ¢ € B. This gives us that ¢ € F’ for any ¢ € B, i.e. F/ = B. Therefore, any strictly
larger filter than F' must be the whole B. So F' is an ultrafilter. ]

§3.4 Generalized Elements

In Sets, we have the notion of an element of a set. However, in a general category, we don’t have
the notion of an element of an object, because the objects need not be sets. That’s why we need to
generalize the concept of an element to any category. One idea can be that for a given object X, we
can consider all the arrows from the terminal object to X. This idea works in Sets, since any set X
is determined uniquely by the set of all the functions from 1 = {x} to X. In other words,

X = Homgets (1, X) . (3.35)

Any z € X uniquely corresponds to a function T : 1 — X given by T (x) = z. Conversely, any function
f 1 — X uniquely corresponds to an element f (%) of X. Thus, we get the one-to-one correspondence
(i.e. an isomorphism in Sets) X = Homgets (1, X).

The arrows 1 — X are called global elements of X. However, this idea of taking all the arrows
from the terminal object does not always work in other categories. For instance, in Vectg, the terminal
object is {0}, which is also the initial object. So given a K-vector space V', there is only one linear
transformation from {0} to V, z : {0} — V, given by

Given two K-vector spaces V and W, and two linear transformations f,g : V — W, we always have
fox=gouwz, since
(f

ox
(gou

)(0) = f(x(0)) = f (Ov) = Ow,
=g(z(0)) =g (0y) = Ow.

No matter how different f and g are, composing them with x yields the same arrow. This is not what
we want. Ideally, we want generalized elements to have the following property:

f=gifand only if f oz = g o x for every generalized element x of dom f.

The motivation for requiring this condition comes from sets and functions. We call two functions
fyg: X — Y the same if and only if f (z) = g (x) for every z € X.
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For this, we draw motivations from the proof of Generalized Cayley’s Theorem. In the sketch
of the proof, we showed that a “not too big” category is isomorphic to a concrete category (i.e. a
category where objects are sets and arrows are functions between them). We've seen that under the
isomorphism, the object C of the “not too big” category C corresponds to the set of arrows whose
codomains are C'. Keeping this in mind, we define the generalized elements of C' to be the arrows
whose codomainds are C.

Definition 3.7 (Generalized Element). Let C be a category, and A € Ob (C). The arrows whose
codomains are A are called generalized elements of A. In other words, any arbitrary arrow
f: X — A (with arbitrary domain X)) is a generalized element of A.

Then these generalized elements satisfy the required property that f = g if and only if fox =gox
for every generalized element x of dom f (= domg). Let f,g: A — B be two arrows. If f = g, then
obviously f ox = gox. Conversely, suppose f ox = g o x for every generalized element x of A. Then
if we choose x = 1 4 (which is an arrow with codomain A, so it’s a generalized element of A), we get

fola=goly = f=g. (3.36)

Furthermore, we defined monomorphisms (generalizations of injective functions) as follows: f: A — B
is a monomorphism if for any =,y : C — A, fox = foy implies z = y.

C*%ALB
€T

In other words, f : A — B is a monomorphism if it is “injective on generalized elements of A”.

§3.5 Products

Let us begin by considering products of sets. Given sets A and B, the cartesian product of A and B
is the set of ordered pairs
Ax B=1{(a,b) |ac A,be B}.

Observe that there are 2 coordinate projections
A+ AxB -+ B

with 7 (a,b) = a and 73 (a,b) = b. Indeed, given any element ¢ € A x B, one has ¢ = (mi¢, ma¢). This
situation is captured by the following commutative diagram:

(a,0) (+) = (a (x),b(x))
(m10(a,b)) (+) = 1 (a(x),b(x)) = a(+).
(m2 0 (a,b)) (+) = m2 (a (%) ,b(x)) = b(*).

Here, a € Homgets (1, A) ,b € Homgets (1, B) are global elements or constants of A and B, respectively.
Replacing global elements by generalized elements, one has the following definition.

Definition 3.8 (Product). In any category C, a product diagram for the objects A and B consists
of an object P and arrows

A p1 _P p2 B

satisfying the following UMP: given any diagram of the form
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A8 X 2. B
there exists a unique morphism v : X — P such that the following diagram commutes:

X

!
\/H!UX

A p1 ; D2 B

i.e. 1 = p1owu and x9 = ps o u.

Proposition 3.9

Products are unique up to isomorphism.

Proof. Suppose one has two product diagrams as below:
A p-2.B
AL -25B
where P, Q are both taken to be products of A and B. Since ) is a product, there is a unique

i: P — @ such that ¢ o4 = p; and ¢ o ¢ = py. Again, since P is a product, there is a unique
j:@Q — P such that py o j = g1 and ps 0 j = ¢2. In other words, the following diagram commutes:

P

m N\
}z

q1 \L q2
A Q B

p1 ij P2
v
P

Then we have
pr=qoi=pro(joi) and pp=qeoi=pyo(joi). (3.37)

Since P is a product, there is a unique f : P — P such that the following diagram commutes:

P
/ fyj
+
A p1 P p2 B

f = 1p makes this diagram commutative, since p; = p; o 1p and ps = py o 1p. Therefore, the
uniqueness of f guarantees that f = 1p. Furthermore, (3.37) tells us that f = j o ¢ also makes the
above diagram commutative. Therefore,

f=1p=joi. (3.38)

Similarly, using the following commutative diagram,
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Q

q1 i q2
1j
v

A pP1 P b2 B

AL
v
Q

we have
qu=pioj=qo(ioj) and gg =paoi=gqao(ioj). (3.39)

Since @ is a product, there is a unique g : Q — @ such that the following diagram commutes:
Q

|

I

|
q1 ! g q2
|

A q1 Q q2 B

g = 1o makes this diagram commutative, since ¢ = ¢q1 o 1g and g2 = g2 o 1. Therefore, the
uniqueness of g guarantees that g = 1. Furthermore, (3.39) tells us that g = 7 o j also makes the
above diagram commutative. Therefore,

g=1g=io0j. (3.40)
Therefore, we have i0j = 1 and j ot = 1 p. Hence, i is an isomorphism and P = Q. |
If A and B have a product, we write
A AxB-24B
for one such product. Then given X, z1, x5 as below
A8 X -2.B

there is a unique arrow u : X — A X B such that x; = p;ou for i = 1,2. We denote u = (1, x2). Hence,
p1 o (x1,xe) = x1 and ps o (x1, z2) = xo. Now, however, a pair of objects may have different products
in a category C. For example, given a product A X B, p1,p2 and an isomorphism h : A X B — @, one
finds that @Q,p; o h™!, pa o h~! is also a product of A and B.

1

proh™1
— _—
A o Ax B o B

Now, given a diagram A +—— X —2 B | there exists unique & : X — A x B such that p; ot =
and py o = 5. Define u: X = Q as u=howu. Then h™ ' ou = . So

xlzploﬂ:(plohfl)ouandxgngoﬂ:(pgohfl)ou,
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and the diagraam above commutes. Furthermore, v is unique. Indeed, if there is another v : X — @
such that z1 = (py o h™!) ow and 22 = (p2 0o k1) o v, then by the uniqueness of @,

t=h"tov = v=hotu=nu.

So w is unique. This proves that Q,pioh™t, pooh™! fulfills the universal property of a product diagram.

Example 3.4. 1.Products of “structured sets” like monoids or groups can often be constructed as
products of the underlying sets with componentwise operations: if G and H are groups, then G x H
can be constructed by taking the underlying set of G x H to be the set {{g,h) | g € G,h € H} and
define the binary operation in G x H by

(9,h) *axm (g, W) = (g*c g h*u I'),

where the group G is given by the triple (G, xg, ug) and the group H is given by the triple (H, g, ug).
The unit of G x H is given by
uGxH = (UG, uH) -
The inverse of (g,h) in G x H is
(g.h) = (g7, n7").

The projection homomorphism G x H — G (or H) are the evident ones
(g,h) =g (or h) .

2.Let (P, <) be a poset and consider a product p x g of elements p,q € P. We must have projections
pXqg—pandpxqg— q. In a poset, these arrows indicate

pxg<pandpXxq<gq

. Furthermore, we need p x ¢ to fulfill the UMP of product: if for a given element x € P, x — p
and x — ¢ (i.e. z < p and = < ¢ in the poset), then there exists a unique arrow z — p x ¢ (i.e.
x < p % q). The product p x q is easily recognized to be the greatest lower bound p A g.

4 ™\
Remark 3.5. Note that the projection arrows p; : A x B — A and ps : A x B — B need not be
epic. In Sets, let A be a non-empty set. Consider the product of & and A. Then the projection

P I XA A

is not surjective, since the domain is empty set but the codomain is nonempty. Therefore, the
projection po is not an epimorphism in Sets.

J

§3.5.i Product Topological Space

Let us show that the product of two topological spaces X and Y is a product X x Y in Top, the
category of topological spaces and continuous maps. Let O (X) be the collection of open sets in
X. Suppose we have two topological space X and Y and the product space X x Y along with the
projections

X< xxy 2.y

Recall that O (X xY) is generated by basic open sets of the form U x V, where U € O(X) and
V e O(Y), so that every W € O (X xY) is a union of such basic open sets. We have the following
observations:
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e Clearly p1 : X xY — X and py: X X Y — Y are continuous: for U € O (X) and V € O (Y),

ptU)=UxY eO(XxY),
Pt (V)=XxVeO(XxY).

Sopi: X xY — X and ps: X XY — Y are continuous.

e Given any cotinuous f1: Z — X and fo: Z — Y, let f: Z — X XY be defined as
f(z)=(fi(2), f2(2)).
We need to verify that f is continuous. Given W € O (X x Y'), W can be expressed as

W ={J(Ua x Va),

for Uy, € O(X) and V,, € O(Y). Then

7 = (U x Va).

«

Therefore, it suffices to show that f~ (U x V) € O(Z) for U € O(X) and V € O (Y).

Loxy)nft(xxVv)
Lt @) 0 ()
=(pro )" (U)N(p20 )~ (V)
=T O)Nn V).

U
FRUxV)=fH(UxY)N (X xV))

/-

=/

Both f{ ' (U) and fy ' (V) are open in Z since fi, fo are continuous. Hence, f is continuous.

e Therefore, given f; : Z — X and fo : Z — Y continuous, there exists a continuous f : Z — X xY
such that pjof = f; and peof = fo. Now, suppose there exists another continuous g : Z7 — X XY
such that p; og = f1 and pa o g = fa. Let g (2) = (91 (2),92(2)). Then

fi(z) =(prog)(2) =pi1(91(2),92(2)) = 91 (2), (3.41)

for every z € Z. Similarly, f2 (2) = g2 (2). Therefore, g = f, proving the uniqueness of f.

So X x Y is a product of X and Y in Top.

§3.5.ii Category with Products

Let C be a category that has a product diagram for every pair of objects. Such a category is said to
have a binary product. Suppose we have objects and arrows as indicated below:

A<—A><A’—>A’

fom g N\Jor2 (3.42)
-

B<7B><B’—>B'

Then there exists a unique arrow from the product A x A’ to B x B’ as follows:

fxf =(fopi, [ op). (3.43)
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In other words, f x f’ is the unique arrow from A x A’ to B x B’ which makes the above diagram
(3.42) commutative. One can, therefore, construct a functor x : C x C — C' as follows:

x (A, A) = Ax A and x (f,f) = fx f" (3.44)

Let us now verify that x is indeed a functor. For an object (A, A’) in C x C, let T4 a1y = (14,1 4) be
its identity arrow. We need to show that x ( (A,A7 ) =T 4 xTy =T 444.
A

14 x 14 is the unique arrow A x A’ — A x A’ that makes this diagram commute. If we choose 1 4 as
in place of 14 x 1 4/, then also the diagram commutes:

A2 AxA —2 L n

\
|
1 I 1,4/ 0op2
A©°p1 L asar A’ P
|
-

A — Ax A — A’
since
prolaxa =p1=10p and pr ol gy ar = p2 = L4 ops.

Therefore, by the uniqueness, 14 x 14 = 1 4« 4. Hence,
X (Dgaan) = % (La,Ta) = Tax Ty = Lo (3.45)

Let (f, f): (A,A") — (B,B’) and (¢,¢') : (B, B’) = (C,C") be arrows in C xC. Then (g,¢")o(f, f') =
(go f,g o f"). Consider the following diagram:

/P E— VY U RNy

«Q
\
0]
2
E S
<,
Q
X
LQ\
tQ\
[}
i}
(V)
m\

In this diagram, f x f': Ax A’ — B x B’ and g x ¢’ are the unique maps such that the diagram
above commutes. In other words,

qo(fxf)=Ffopr, qofxf =fops, and (3.46)
rio(gxg)=goq, raogxg =g oq. (3.47)

gof:A—Candgof' : A — C' Then (go f) x (¢’ o f') is the unique map from A x A" to C x C’
such that the following diagram commutes:

1C x C is the product category as discussed in Section 1.5. An object in C x C is of the form (A, A’) with A, A’ € Ob (C).
Given arrows f: A — Band f' : A — B' in C, one has (f, f') : (4,A") — (B, B’) as an arrow in C x C between
objects (A, A") and (B, B').
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A<—A><A’—>A’

ofo of'opa
gofop: (gof)x gof g'of'opz | o
|
v

Ct—F—— OxC ——F— '

In other words,

rio(gof)x(gof)=gofopiandrao(gof)x (g of)=gof ops. (3.48)

If we take (g x ¢') o (f x f') in place of (go f) x (¢’ o f'), then also the diagram commutes, since
rio(gxg)o(fxf)=goqol(fxf)=gofop, (3.49)
roo(gxg)o(fxf)=gogqo(fxf)=g0of op. (3.50)

AP Ax A —2 N

Mg o( foWQ g'of’

Ct—p— OxC ——F—
Therefore, by the uniqueness, we have (g x ¢') o (f X f') = (go f) x (¢’ o f'). Then
< ((9:9) o (£,.) = x (g0 f. 9" o f') = (gof)x(g'of') = (gxg")o(fx ") = x (g.9")ox (f. ). (3.51)
Therefore, x : C x C — C is indeed a functor.

Proposition 3.10

Given arrows f : X — A and g : X — B, one forms (f,g) : X — A x B. Then for any arrow
z:Y - X,
(frg)oz=(foz,gox).

Proof. We have the following commutative diagram:

(fom go:v)
fox ~L \]
X
N
J <fg>i //,
\1/\1/
1 2

(fox,gox):Y — A x B is the unique arrow such that
mo(fox,gox)=foxand myo(fox,gox)=goux.

Observe that (f,g) o x also has this property:

mo((f,g)ox) = (mo(f,g))ox=fou, (3.52)
720 ((f,9) 02) = (m20 (f,g)) 02 = g 0. (3.53)
Therefore, by the uniqueness of (f o x,g o z),
(f,g)ox=(fomgoux). (3.54)
[ |
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§3.6 Hom-sets

We are dealing with locally small categories, where given any pair of objects A and B, the collection
Hom¢ (A, B) of all the arrows from A to B forms a set. We call such a set of arrows Hom-set. Now,
fix A € Ob (C) once and for all. Then we consider a functor Hom¢ (A4, —) : C — Sets as follows:

C Sets
C Home¢ (A4, C)
Home (Av _)
g Homc (Avg)
D Hom¢ (A, D)

with the function Hom¢ (A, g) : Home (A, C') — Home (A, D) defined by

Home(4, 9) (f) =go f,

for each f € Hom¢(A,C). Home (A, —) is called the representable functor of A. Let us now show
that HOHIC (A, ]lX) = ]lHomc(A,X)'

C Sets
X HOmc(A, X)
Homg¢ (A> _)
1x Homc(A,]lx)
X Home (A, X)
Indeed, let © € Home (A, X). Then
HOHIC (A7 ]lX) (x) =lxor=x= ]lHomc(A,X) (l’), (355)

for any z € Home (A, X). Therefore, Home (A, 1x) = Txom(4,x)-
Now, take two composable arrows g: Y — Z and f: X — Y in C. We want to show that

Home¢ (A, g o f) = Home (A, g) o Home (A, f) : Home (A, X) — Home (A, Z) .
Let’s take any « € Hom¢ (A, X). Then,

Home (A,go f)(z) =go fox=go(Home (4, f) (x))
= Homc (A, g) (Home (4, f) (z))
= [Homg¢ (A, g) o Home (A, f)] (z), (3.56)

which is true for any x € Hom¢ (A, X). Therefore,
Home (Aa go f) = Hom¢ (Aa g) o Home (Aa f) : (357)
Hence, Hom¢ (A, —) : C — Sets is indeed a functor.

We will now present an alternative characterization of product using Hom-sets. For any object P,
a pair of arrows p; : P — A and py : P — B determine an element (p1, p2) of the set

Home (P, A) x Home (P, B) .
Given any arrow x : X — P, composing with p; and ps gives a pair of arrows 1y = pjox: X — A

and xo = ppox : X — B as indicated in the following diagram:
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XT1=p10T T2=p20T

A P B
In this way, one has a function
Yx = (Home (X, p1) , Home (X, p2)) : Home (X, P) — Home (X, A) x Home (X, B) .
Given any x : X — P, ¢ maps it to
(Home (X, p1) (x) , Home (X, p2) (x)) = (pr oz, p2ox).

In other words,
U(z) = (prox,prox)=(21,22). (3.58)

Proposition 3.11

A diagram of the form A +2— P 2, B is a product diagram if and only if for every object
X, the canonical function ¥x defined by (3.58) is an isomorphism,

9x : Home (X, P) = Home (X, A) x Home (X, B).

Proof. (=) Suppose P is a product. Then given any object X of C and a pair of arrows z1 : X — A
and xo : X — B, there is a unique arrow x : X — P such that the following diagram commutes:

1 b2

In other words, p; o x = x1 and ps o x = x9. Therefore, for any object X, and z; € Home (X, A),
zo € Home (X, B), there is a unique x € Home (X, P) which makes the above diagram commutative.
We, therefore, have a function

px : Home (X, A) x Home (X, B) — Home (X, P)

defined by
px (71, 72) = , (3.59)

where x is the unique arrow from X to P such that p; o x = 21 and p2 o x = xo. In particular,
px (prox,prox) = (3.60)
Then for any (x1,x2) € Home (X, A) x Home (X, B),
(Ix 0 px) (x1,32) = Vx () = (pro@,p2 0 ¥) = (z1,72),
and for any x € Home (X, P),
(px 0Vx) (z) = px (prox,p2ox) =z

Therefore,
Ux 0 px = LHome(X,4)xHome(X,B) and ©x 0 Vx = Lpome(x,P) - (3.61)

Therefore, ¥x is an isomorphism for any object X.
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(«<=) Conversely, suppose, for every object X, the canonical function
Jx : Home (X, P) = Home (X, A) x Home (X, B)

is an isomorphism. Given any z; € Hom¢ (X, A) and z9 € Home (X, B), since ¥x is an isomorphism
(i.e. a bijection since we are in Sets), there exists a unique = € Hom¢ (X, P) such that Jx (z) =
(1, x2). Using (3.58), we get

(z1,32) = Ix (x) = (prow,p2ox). (3.62)

Therefore, given any A <= X =2 B, there is a unique z : X — P such that p; oz = z1 and ppox = x.
In other words, the following diagram commutes:

TR S

A

sy

]
iy
3
N

Therefore, P is a product of A and B. |

Definition 3.9. Let C and D be categories with binary products. A functor F' : C — D is said to
preserve binary products if it takes every product diagram

AP AxB-P2.B in C

to a product diagram

F(p1) F(p2)
— —

F(A) F(Ax B) F(B) in D.

The latter is a product diagram in D if and only if F' (A x B) = F (A) x F (B). In other words, if and
only if the canonical arrow

(F(p1),F (p2)) : F(Ax B) = F(A) x F(B)

is an isomorphism. Note that (F (p1), F (p2)) is the unique arrow from F (A x B) to F' (A) x F (B)
such that the diagram below commutes:

A><B

F(p1) F(p2)
Pl) F(p2))

Therefore, if C and D are categories with binary products, then a functor F' : C — D preserves binary
products if and only if F'(A x B) & F(A) x F(B) in D for any A, B € Ob(C). For example, the
forgetful functor U : Mon — Sets preserves binary products.

4 N\
Corollary 3.12
For any object X in a category C with products, the covariant representable functor
Home (X, —) : C — Sets
preserves products.
. J
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Proof. For A, B € Ob(C), Proposition 3.11 says that there is a canonical isomorphism
Home (X, A x B) = Home (X, A) x Home (X, B),
as A x B is a product of A and B. In other words,
Home (X, —) (A x B) 2 Home (X, —) (A) x Home (X, —) (B) . (3.63)

Hence, Hom¢ (X, —) : C — Sets is indeed a binary product preserving functor. |

§3.7 Associativity of Product

Theorem 3.13

Product is associative up to isomorphism, i.e. if A, B, and C are objects in a category with
products, then (A x B) x C = A x (B x C).

Proof. Let the following be product diagrams:

B+——" _BxCc—% ¢
AxB+2 — (AxB)xC —2 - C
A+ Ax(BxC)—2—- BxC
Consider the following composition:

(AxB)xC Ax B2 B.

Given poory : (A x B)xC — Band ry: (A x B)x C — C, there exists a unique f : (A x B) xC —
B x C' such that the following diagram commutes:

(A x B)

V f\

B+—F—BxC—F7>—C

In other words,

qof=p2ori, (3.64)
q@of=ra (3.65)

Then consider the following composition:
(AxB)xC Ax B2 A

Given pyor; : (AxB)xC — Aand f: (AxB) xC — (B xC), there exists a unique g :
(Ax B) x C = A x (B x C) such that the following diagram commutes:

(Ax B)xC
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In other words,

s10g=pior, (3.66)
sgog=f. (3.67)

Now, we consider the following composition:
Ax(BxC) & BxCcLy

Given s; : Ax (B xC) — Aand qosy: Ax (B x (') — B, there exists a unique h: Ax (B x C) —
A x B such that the following diagram commutes:

(B xC)
/ h\si

Ac—F—— AxB ——F— B
In other words,
proh=si, (3.68)
p2oh =gqios. (3.69)
Then we consider the following composition:
Ax (BxC0) 2 BxC %

Given h : Ax (B x C) — Ax B and gaos2 : Ax (B x C) — ¢, there exists a unique i : Ax (B x C) —
(A x B) x C such that the following diagram commutes:

(BxC)

\
|
L q2052
1
|
~+

AXB «—— (Ax B)xC —m— C
In other words,
rpot¢=h, (3.70)
T2 0% = (20 S2. (3.71)

We claim that g : (Ax B) x C — A x (B x C) is our desired isomorphism, with inverse i : A X
(B x C) — (A x B)xC. For that purpose, we need to show that goi = 1 4, (pxc) and iog = L 4xB)xC-
Now, consider the following diagram:

goi

)

Ax (B xC(C)

os . oS
41052 89 s20g0i 41082

B<q—13xCT>C
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Using (3.67), (3.64), (3.70) and (3.69), we get
giossogoi=gqiofoi=pyorioi=mpyoh=gq o so. (3.72)

Furthermore, using (3.67), (3.65) and (3.71),
20820G0i=@qa0foi=1r900i=qo083. (3.73)

So there are two arrows sg,s290goi: A x (BxC) — B x C and both of them makes the above
diagram commute. Therefore, by the universal property of the product B x C,

S9 = S§30g01. (3.74)
Now, let’s consider the following diagram:
Ax (BxCQC)
)
51 é got 52
=
~
At—5— AX(BxC) —5— BxC

Here, (3.66), (3.70) and (3.68) gives us
slogoi:plo’rloi:plohzsl:Slo]lAX(BXC). (3.75)

Also, from (3.74),
SQOgOi:SQZSQOﬂAX(BXC). (376)

So there are two arrows 14, (pxc), 907 : A X (B xC) — A x (B x C) and both of them makes the
above diagram commute. Therefore, by the universal property of the product A x (B x C),

goi=TaxBx0)- (3.77)

Similarly, consider the following diagram:

109

)

(Ax B)xC

p1or1 p20or1

71| | r10%09

A«——F—— AXxB ——F— B
Using (3.70), (3.68) and (3.66),
proroiog=plohog=s10g=por. (3.78)
Furthermore, by (3.70), (3.69), (3.67) and (3.64),
prorioiog=pyohog=gqos;og=qof=pror. (3.79)

So there are two arrows r1,710i0g : (A x B)xC — A x B and both of them makes the above diagram
commute. Therefore, by the universal property of the product A x B,

rL=ry0io0g. (3.80)

Now, let’s consider the following diagram:
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(Ax B)xC
N
m ) 109 "2
T
L
AXB ¢+——— (AxB)xC —5— C
From (3.80),
Tloiog:Tj:T’lO]l(AXB)Xc. (381)
Also, (3.71), (3.67) and (3.65) gives us
rp0iog=gqeos20g=qeo f=ry=r20laxB)xC- (3.82)

So there are two arrows 1(axpyxc,i09g: (A X B) x C — (A x B) x C and both of them makes the
above diagram commute. Therefore, by the universal property of the product (A x B) x C,

tog= ]1(A><B)><C . (3-83)

Therefore, from (3.77) and (3.83), we can conclude that g : (Ax B) x C — A x (BxC) is an
isomorphism, with inverse i : A x (B x C) — (A x B) x C. [ |

Furthermore, this isomorphism is “natural”. To make this notion precise, we need to define what a
natural transformation is.

Definition 3.10 (Natural Transformation). Let F' and G be two functors between the categories C
and D. Then a natural transformation 7 : F = G is a family of arrows in D that satisfies the
following requirements:

1. The natural transformation 1 must associate to each object X € Ob(C) an arrow nx :
F(X)— G(X) in D. This arrow 7y is called the component of n at X.

2. Components must be such that for every arrow f : X — Y in C, one must have ny o F'(f) =
G (f) onx. In other words, the diagram below commutes:

£(f)
e

F(X) F(Y)

nx ny

If for every object X € Ob(C), the arrow nx : F(X) — G(X) is an isomorphism in D, then
n: F = G is said to be a natural isomorphism. Two functors F' and G between two categories are
called naturally isomorphic if there exists a natural isomorphism between them.

When we say the isomorphism ¢ : (A x B) x C =y A x (B x C) is natural, we mean that there

is a natural isomorphism whose components are precisely these isomorphisms g : (A x B) x C =
A x (B x C). To prove it, let us first define the product of three categories.
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Definition 3.11. Let C, D, £ be categories. Then we define the product category C x D x £ as
follows:

o The objects of C x D x &£ are ordered triples (C, D, E), where C € Ob(C), D € Ob (&),
E € 0Ob(€).

e Given two objects (C,D,E),(C',D',E") € Ob(C x D x &), an arrow from (C,D, E) to
(C',D', E') is an ordered triple (f,g,h), where f € Hom¢ (C,C"), g € Homp (D, D’), h €
Homg (E, E').

o Given an object (C, D, E) € Ob (C x D x &), its identity arrow is (1¢, 1p, 1), i.e.

L¢p,r) = (1c,1p,1E).

« Given two composable arrows (f,g,h) : (C,D,E) — (C',D',E") and (f',¢', ') : (C', D', E') —
(C", D" E"), their composition is defined as

(f',g',W)o(f,g.h)=(f'of. g oghoh).

One can easily verify that C x D x £ is indeed a category. Now, suppose C is a category with products.
Then we define two functors from C x C x C to C.

F:CxCxC—C,
(A,B,O) — (A X B) x C, (384)
(f797h)'—>(f><g) X h.

G:CxCxC—C,
(A,B,C) » Ax (BxC), (3.85)
(fr9:h) = fx(gxh).

One can easily check that F' and G are functors. Now we define the natural transformation « as
follows:

/F\
CxCxC | C
G
Given (A,B,C) € Ob(CxC xC(), F(A,B,C) = (Ax B) xC, and G(A,B,C) = Ax (B xC). So
the component of « at (A4, B, C) is an arrow from (A x B) X C to A x (B x C) in C, which we define
to be the isomorphism g : (A x B) x C' — A x (B x (') defined in the course of proof of Theorem 3.13.

) =9:(AxB)xC > Ax (Bx0). (3.86)
Theorem 3.14

« defined as above is a natural isomorphism.

Proof. The components of « are isomorphisms. So n order to prove that « is a natural isomorphism,

we need to show the commutativity of the following square given an arrow (a,b,c) : (A,B,C) —
(A,B,C")in C xC x C.
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@(A,B,C)

(Ax B)xC Ax (BxC(C)

(axb)xc ax(bxc)
(AAx B YxC' ———— A’ x (B'x (")
(A,B',C’)

In other words, we need to prove that

[CL X (b X C)] o a(A,B,C) = a(A’,B/,C’) ] [(a X b) X C] .

Suppose the following are product diagrams:

/ /
Ao AxB — " B

Be 9% pyo B
A x B 1 (A’xB’)xC’*C’

Sl

A+ A x(BxC)—2 B xC
Consider the following compositions:

(AxB)xC5 AxB®2 b B,

(AxB)yxC 2 C5 (.
Then there is a unique arrow u : (A x B) x C' — B’ x C' such that the following diagram commutes:

(A x B)

V u\

b
B’ B x C' 04

In other words,

¢rou=bopyory, (3.87)
qiou=cory (3.88)

In other words, u = (bopaori,cory) : (Ax B) x C — B’ x C’. Then consider the following
composition:
(AxB)xCH AxB2y 4% A,

Given aopjor;: (Ax B)x C — A’, and (bopyori,cory): (Ax B) x C — B’ x (', there exists a
unique arrow v : (A x B) x C — A’ x (B’ x ") such that the following diagram commutes:

(A x B)
aopiory iv \@201“:7607”2 (3.89)
:
’<—A' B’><C"4>B’><C"
In other words,
sjov=aopyory, (3.90)
shov={(bopyory,comy). (3.91)
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Now we claim that choosing v = [a X (b X ¢)]oa (4 p ) makes the above diagram commutative. The
uniqueness of v would then imply that v is precisely [a x (b x ¢)] o a(4,B )

a x (b x ¢) is the unique arrow A x (B x C) — A’ x (B’ x (") such that the following diagram
commutes:

A+ Ax(BxC) —2— BxC
%ax(bxc) bxc
v
Al —— A x (B xC') ——— B' x '
51 S2
So
syolax (bxc)oape)=aosioaupc). (3.92)

a(A,B,c) is nothing but the isomorphism g in the proof of Theorem 3.13. So using (3.66), we get
$10Q(4,B,C) =P1OT1- Therefore,

sholax (bxeloaupe =aopior. (3.93)
Furthermore,
/
syolax (bxc)oapc)=(bxc)osaoaupr) (3.94)
Using (3.67), we get we get
spoaBc) =[f=(p20oT1,72). (3.95)

Now, consider the following commutative diagram:

(A x B)

y f \

:
B+ _BxC—* ¢

bxc c

~
B+ Bx(C —— 5
91 a3

f is the unique arrow that makes the upper triangles commute, and b x ¢ is the unique arrow that
makes the lower squares commute. Therefore,

gro(xclof=bogiof=bopyor, (3.96)
gho(bxc)of=coqgyof=cors. (3.97)

Therefore, by the uniqueness of (bopyory,cory): (A x B) x C — B’ x C’, we can conclude that
(bxc)of=(bopgori,cory). (3.98)
Combining (3.94), (3.95) and (3.98), we get
syolax (bxc)o oa,pc) = (bopaori,cory). (3.99)
Using (3.93) and (3.99), and by the uniqueness of v,
v=1[ax (bxc)oau,pae: (3.100)

Now we claim that v = a4 g cry o [(a@ X b) X c] also makes (3.89) commutative. The uniqueness of
v would then imply that v is precisely a(ar pr o) o [(a X b) X .
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Similarly as (3.66) and (3.67),

8/1 (¢] a(A’,B/7C’) = p& (¢] 7”/1 (3101)
5,2 o a(A’,B’,C’) = f/ = <p,2 o T‘/l, ’I“é> . (3102)

Using these equations, we get
sy oaqar prenol(axb)xc =piorfo(laxb)xc. (3.103)

Now, (a x b) x ¢ is the unique arrow (A x B) — C — (A’ x B’) — €’ such the the following diagram
cominutes:

AxB+—" — (AxB)xC —2C

axb i(axb)xc ¢
AxB +—— (AxB)x(C' —— '
™ T2
Therefore,
rio[(axb) xc]=(axb)or. (3.104)

Furthermore, a X b is the unique arrow such that the following diagram commutes:

Ae— A xB — B
Py )
So
pio(axb)ory =aopjory. (3.105)

Combining (3.103), (3.104), (3.105), we get
syoa prenollaxb)xd=aopior. (3.106)
Furthermore,
syoaa g onollaxb)xc=follaxb)xc=(pyor],r)ollaxb)xd. (3.107)

Consider the following commutative diagram:

AxB+—" _ (AxB)xC —2—C
axb i(axb)xc c
A'x B ><B’><C’4>C’

3
o~

% f’i \

B <—B’><C’4>C”

(a x b) x ¢ is the unique arrow that makes the upper squares commute. f' = (phor|,r}) is the
unique arrow that makes the lower triangles commute. Therefore,

dofollaxb)xd=phoriollaxb) xd=pholaxbon =bopon, (3.108)
gyofof(axb)xc=rhol(axb)xcl=cors. (3.109)
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Therefore, by the uniqueness of u = (bopyory,cory): (A x B) x C — B' x (',
Flollaxb)xd=(bopyors,cors). (3.110)
Combining (3.107) and (3.110), we can conclude that
sy 0o pren o l(axb)xe =(bopyory,cory). (3.111)

Now, by (3.106) and (3.111), and invoking the uniqueness of v : (A x B) x C — A" x (B x ("), we
conclude
v = a(A’,B’,C’) o [(a X b) X C] . (3112)

Using (3.100) and (3.112), we get

[CL X (b X C)] o) a(A,B,C) = a(A’,B’,C”) o [(a X b) X C] . (3113)

In other words, the following diagram commutes:

*(A,B,C)

(Ax B)xC Ax (BxCQC)

(axb)xc ax(bxc)

(A xB)x(C —— A x (B x ()

a(A/,B/,C,)

Therefore, « is a natural transformation. Furthermore, the components of « are all isomorphisms.
Hence, « is a natural isomorphism. |

§3.8 Product and Terminal Object

Proposition 3.15
Let C be a category with products, and 1 is a terminal object of C. Then for any X € Ob (C),

X x1=X.
Proof. Let the following be a product diagram:

X <P o xx1 24

Since 1 is a terminal object, there is a unique arrow v : X — 1. Given 1x : X - X and v : X — 1,
there is a unique arrow (Lx,u): X — X x 1 such that the following diagram commutes:

SN

Xe—— X xl—F5—1

In other words,
pro(lx,u) =1x and pao (Ix,u) = u. (3.114)

We claim that p; : X x1 — X is an isomorphism, with inverse (1 x,u). Clearly, we have p;o(lx,u) =
1x. We need to show that (Lx,u)op; = Lxx1.

p2o (Lx,u)op; is an arrow from X x 1 to 1. Since 1 is a terminal object, there is exactly one arrow
from X x 1to 1. So pg o (1 x,u) o p; = pe. Therefore,

p1o(Ix,u)opr =p1 and pa o (Lx,u) op; = pa. (3.115)

So the following diagrams commute:
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X x1 X x1
/}a 0\‘ P Txx1
X<7X><14>1 X<7X><1—>1

Therefore, by the universal property of products, we must have (Ix,u) o p; = Lxx;. Therefore,
p1: X x 1 — X is an isomorphism, with inverse (1 x,u): X — X x 1,ie. X x 1= X. |

However, the converse of Proposition 3.15 is not, in general, true. If A is an object in a category C
with products such that X x A = A for every object X € Ob (C), then A need not be a terminal object.
The following is a counterexample.

Example 3.5. Let ZN denote the set of all integer sequences, which is an object of the category
Groups. Let us consider the subcategory C of Groups consisting of only one object ZY, and all the
arrows from ZN to itself in Groups (often refered to as the full subcategory of Groups, with the
object ZY). Then in this category C,

ZN x ZN = 7N,

The product diagram is as follows:

ZN 1 ZN 2 ZN

The homomorphisms 7 and 7o are defined as follows:
Uyt (a(]a ai,az,as, a4, . . ) = (a17a3)a57 o ) )

72 (a07a17a27a‘37a47 o ) - ((ZO,(ZQ,G4,G6, e ) .

This is easily seen to satisfy the UMP of product. Now, in the category C, there is only one object.
So X x A = A for every object X € Ob (C) is clearly satisfied. But Z" is not a terminal object in this
category, since there are more than one arrows from ZN to itself in C.

The isomorphism we showed in Proposition 3.15 is not just any isomorphism. This isomorphism is
actually “natural”, meaning there is a natural isomorphism whose components are the isomorphisms
we saw in Proposition 3.15.

X(_vl)

The components of 7 are given by
nx =p1: X x1—= X, (3.116)

where p; : X x 1 — X is the projection on X arrow. To show that 7 is a natural isomorphism, we
just need to show the commutativity of the following square:

f

Xx1 M, xry

nx=p1 Nx/=p]
X — 5 X
f

But this square obviously commutes, since f x 1; is the unique arrow X x 1 — X’ x 1 such that the
following diagram commutes:
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X xx1 - 1
f if><11 1
v
X —— X'x1——1
P Py

The naturality square is precisely the left hand square of this diagram. So naturality holds. Therefore,
the isomorphism X x 1 = X is natural.

Now, the converse of Proposition 3.15 holds if we further assume that the isomorphism is natu-
ral.

Theorem 3.16

Let C be a category with products, and A € Ob(C) such that n : x (—, A) = 1¢ is a natural
isomorphism. Then A is a terminal object of C.

Proof. nx : X x A — X is an isomorphism for every X € Ob (C). Suppose the following is a product
diagram:

X« xxA4—2 54
Let us define a transformation « : 1¢ = 1¢, which we are going to show to be a natural transformation.

1c

The components of o are given by
ax =piony : X = X, (3.117)

where p; is the projection X x A — X. In order to show that « is a natural transformation, we need
to show the commutativity of the following square given any arrow g : X — X':

x 7 4 x

| (3.118)

-1 —/ -
Qx=p19Mx Qx1=P1°N 5/

XTX’

g x 1 is the unique arrow X x A — X’ x A such that the diagram below commutes:

In particular,
gopr=pio(gxTa). (3.119)

The naturality of n guarantees the commutativity of the following square:

x1
XxA-TA x' xA
nx Nx’

X —— X
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In other words,
nxro(gx1a)=gonx. (3.120)

Composing by 77)}} on the left, and 17;(1 on the right, we get
(g x La)ony' =nxsog. (3.121)
Therefore, using (3.119) and (3.121),
axrog=pionyog=pio(gxla)ony' =gopiony' =goax. (3.122)

So (3.118) commutes, and hence « : 1¢ — 1¢ is a natural transformation. Therefore, for any arrow
u: X — X, by the naturality of «, the following diagram commutes:

X —— X
ax=piony ax=piony
X — X
In other words, for any u: X — X,
pPLOmNy ou=uop;ony . (3.123)

In order to prove that A is a terminal object, we need to show that there exists a unique arrow
X — A. Clearly, there is an arrow X — A; for instance py o 77)_(1 : X — A. We now need to show that
the arrow X — A is unique. Let f be any arrow X — A.

N

Xe—F— XxA—— A
Choose the arrow v : X — X to be u =nx o (Lx, f) : X — X. Using (3.123), we have
nx o (lx, foprony' =prony onxo(lx,f) =pro(lx,f)=1x. (3.124)
So, nx o(lx,f)opio 7];(1 = 1. Now, composing by nx on the right, and n;(l on the left, we get
(Ix,flopr=nx onx =lxxa. (3.125)
Therefore, p; : X x A — X is an isomorphism, with the inverse (1 x, f). As a result,
f=pao(lx,f) =paop;’. (3.126)

Hence, given any arrow f : X — A, f must be equal to ps o pl_l. Therefore, there is a unique arrow
X — A, and hence A is a terminal object. |
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4 Duality

§4.1 Duality Principle

The Elementary Theory of an Abstract Category (ETAC) consists of certain statements which
involves letters A, B, C, ... for objects and f, g, h, . .. for arrows. For example, the statement f : A — B
can be phrased as “A is the domain of f, and B is the codomain of f.” A sentence is a statement with
all variables quantified (quantifiers are “for all A”, “for all f”, “there exists an A”, “there exists an f”
etc.), and none being free. For example,

For all f, there exists A and B such that f: A — B

is a sentence. Axioms of ETAC are examples of sentences that are true in every category.

To each category C, we also associate the opposite category C°P. The objects of C°P are the same
as those of C, i.e. given A € Ob(C), one also has A € Ob (C°P).

Ob (C) = Ob(C°P).
The arrows of C°P are arrows f°P in the reverse direction, and hence are in 1-1 correspondence
f= f?

with the arrows f of C. In other words, if f : A — B is an arrow in C, then the corresponding arrow
in C°P is given by f°P : B — A so that

dom (f°P) = cod (f) and cod (f°?) = dom (f).

Now, given arrows

A L B4,
gof
in C, one has
op gop

A+— B +——

foPog®P=(gof)°P

in C°P so that f°P o g°P? = (g o f)°P is defined in C°P exactly when the composite g o f is defined in C,
i.e. (g, f) is a composable pair (g after f) in C if and only if (f°P, g°P) is a composable pair (f°P after
¢°P) in C°P, and f°P o g°P is precisely the opposite arrow of the composite arrow g o f in C.

Now, the dual of any statement X of ETAC is formed by making the following replacements through-
out in X: “domain” by “codomain”, “codomain” by “domain”, “h is the composite of f with ¢” by “h
is the composite of g with f”. As a result, arrows and composites are reversed in the dual statement
Y*. While forming the dual sentence, logic / quantifiers (and, or, for all, there exists etc.) remain

unchanged. Some examples of statements > and their dual statements X* are listed below:

Statement X Dual Statement >*
f:A—B f:B—=A
A = dom (f) A = cod (f)
1=14 1=14
h=gof h=fog
T is a terminal object T is an initial object

A sentence ¥ is true in C°P if and only if its dual statement ¥* is true in C (arrows in C°P are read
without the op prefix).
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4 )
Remark 4.1. Note that the dual of the dual is the original statement (3** = X). There could be

broadly two types of statements or sentences. A statement can be consequences of the axioms of
ETAC, for example, “a terminal object of a category, if it exists, is unique up to isomorphism.”
The other type of statements do not follow from the axioms of ETAC. For example, “a = dom f”,
or h = go f. For the latter type of statements ¥ in C, the dual statements >* refer to opposite
category C°P. For the former type of statements, i.e. for the statements that are consequences
of the axioms of ETAC, ¥ and its dual X* refer to the category C. This fact is captured by the

duality principle.
. J

Duality Principle:

If a statement X of ETAC is a consequence of the axioms, so is the dual statement ¥*.

For example, take X to be “a terminal object, if it exists, is unique up to isomorphism.” We have the
dual X* that reads “an initial object, if it exists, is unique up to isomorphism.” This dual statement
>* applies to the same category C.

§4.2 Coproducts

Definition 4.1. A diagram A I, Q+%2 B is called a coproduct of A and B if for any

object Z and A —2— Z «2— B , there is a unique arrow u : Q — Z such that the following
diagram commutes:

Z
~

1
I
! “\

2
A q1 Q q2 B

i.e. uoqy =z and uo gy = 25.

We usually write A LN + B «2 B for the coproduct, and [f, g] for the uniquely determined
arrow [f,g] : A4+ B — Z as in the following diagram:

Z

Rt

AZ,—1>A+B<TB

Remark 4.2. Similar to Remark 3.5, the “co-projections” i1 : A - A+ Band iy : B— A+ B )
need not be monomorphisms. A coproduct of two objects is a product of the same two objects in
the opposite category, as can be seen by reversing the arrows above and using the commutative
diagram of a product. Therefore, given a nonempty set A, the product @ x A in Sets is the
coproduct @ + A in Sets®?. In other words,

& +SetsoP A=0 XSets A. (4.1)

Then the coprojection
io: A — & +getsor A

is not a monomorphism in Sets®?, since the opposite arrow py : & Xsets A — A is not an

epimorphism.
. J
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The ‘co-projections” i1 : A — A+ B and iy : B — A+ B are often called coproduct injections.

Example 4.1. In Sets, the coproduct A + B of two sets is their disjoint union which can be con-
streucted as

A+B={(a,1) |[ac AYU{(5,2) |be B} =(Ax {1}) U (B x {2}), (4.2)

with evident coproduct injections i1 (a) = (a,1) and i3 (b) = (b,2). Given any functions f : A — Z
and g: B — Z,

z
T
i f
A" AtB——— B

we define [f,g] : A+ B — Z as follows:

f(z) if 6 =1,

g (z) if 6 =2. (4.3)

[fvg] (x75) = {

Uniqueness of [f, g] defined in (4.3) follows by noting that if for h : A+ B — Z the above diagram
commutes, then one must have hoiqy = f and h oiy = g. This leads to

fla) = (hoir)(a) =
g(b) = (hoiz)(b) =

Therefore, h(x,0) = [f, g] (x,0), for any (z,0) € A+ B. So [f,g] = h proving the uniqueness of [f, g].

(i1 (a)) = h(a,1), and (4.4)
(i2 (b)) = h (b,2). (4.5)

In Sets, if A is a finite set with cardinality n, then

AZ1+1+4---41, (4.6)
—_————
n-times
where 1 stands for a singleton set. Indeed, if A = {a1,as2,...,a,}, then
{al} + {CLQ} + - {an} - {(alv 1) ) (a’27 2) geeey (anan)} = {ala az, ... 7an} . (47)

Proposition 4.1

Coproducts are unique up to isomorphism.

We don’t need to prove it again. We can just use the fact that products are unique up to isomorphism
(Proposition 3.9), and then invoke duality principle.

Theorem 4.2

Coproducts are associative up to isomorphism, i.e. if A, B, and C are objects in a category with
coproducts, then (A+ B)+C = A+ (B+C).

This follows from Theorem 3.13 and duality principle.

Example 4.2. If M (A) and M (B) are free monoids on sets A and B, then in the category Mon, we
can construct their coproduct as

M(A)+M(B)~M(A+ B).
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In other words, the coproduct of the free monoids on A and B is the free monoid on the coproduct
A+ B of A and B in Sets.
We shall prove that M (A + B) satisfies the UMP of coproduct of M(A) and M (B). Let i : Mon —
Sets be the forgetful functor, and let
na:A—U(M(A),
ng: B —U(M(B)),
Na+p: A+ B —>U(M(A+ B))

be the respective insertions of generators. Let
A" A+B«2 B

be the coproduct diagram for A and B. Consider the following diagram in Sets:

UM(A)) 9 (A + B)) «-HY2um(B))
nA NA+B nB
A | A+B | B

11 2

Given the monoid M (A + B) and the function nqaypoi; : A = U (M (A+ B)), by the UMP of free
monoid on the set A, there is a unique monoid homomorphism j; : M (A) — M (A + B) such that

na+p o1 =U (j1) ona. (4.8)

Similarly, using the UMP of free monoid on the set B and the function naypois: B — U (M (A + B)),
there is a unique monoid homomorphism j; : M (B) — M (A + B) such that

na+p iz =U (j2) o np. (4.9)
In other words, the diagram above commutes in Sets. We now claim that
M(A) 2 M(A+ B) «2— M(B)

is a coproduct diagram. Let N be any monoid and let f : M (A) — N and g : M (B) — N be monoid
homomorphisms.

U(N)

uif) U(g)

A)) h UM (B))
nB

UuM(
nA/l\ /I\
A B

Since A+ B is the coproduct of A and B in Sets, there exists a unique h : A+ B — U (N) such that

T AT B eS—

hoii =U(f)ona and hois =U(g) onp. (4.10)
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Z/{(M(A)) Z’{(]l) u(.72)
na h NA+B nB
A — A+ B B

Now, given the monoid N and the function h : A+ B — U (N), by the UMP of free monoid on the
set A + B, there exists a unique monoid homomorphism h : M (A + B) — N such that

h=u(h)onaip. (4.11)

In other words, the following diagram commutes

UM(A+B)) s gy
77A+B/l\ L
A+ B
So we get the following diagram:
U(N)
u(sf) UG U(g)
UM (A)) —L s U (A + B)) — 2 UM (B))
na h NA+B nB
A —\ A+ B . B
In this diagram, using (4.11) and (4.10), we have
U(E)onA+Boi1:hoi1:Z/{(f)onA. (4.12)
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Again, using (4.8),
Uu (E) onarpoir =U (E) oU (ji)ona=U (onl) onA4. (4.13)

However, for the function I/ (ﬁ) onaypoiy: A— U (N), using the UMP of free monoid on the set A,
there exists a unique monoid homomorphism u : M (A) — N such that

U (R) onarpoir =U (u)ona. (4.14)

In other words, there is a unique monoid homomorphism u : M(A) — N such that the following
diagram commutes:

U(u)

U(M(A)) UN)

nNA -
U(h) ONA+BOLL

A

But from (4.12) and (4.13), we get that taking v = f and u = hoj; makes the above diagram commute.
Therefore, we must have

Similarly,
g=Top (4.16)

Therefore, given the following diagram commutes:

N
h
M(A) —— M(A+ B) «——— M(B)

Furthermore, we need to show that & is unique. Suppose there exists another monoid homomorphism
v: M (A+ B) — N such that f =voj; and g = v o jo. Then using (4.8), we get

U(f)ona=Uw)oU(j1)ona=U (v)onayrpoii. (4.17)
Similarly, using (4.9),
U(g)onp =U(v)oU (j2) onp =U (v) o nayp o i (4.18)
However, h: A+ B — U (N) is the unique map such that
hoii =U(f)ona and hois =U(g) onp.
The uniqueness of h along with (4.17) and (4.18) implies that
h=Uv)onaip. (4.19)

On the other hand, A is the unique monoid homomorphism M (A + B) — N such that h = U (ﬁ) o
nasp. Therefore, from (4.19), we must have h = v. Hence, h is the unique monoid homomorphism
M(A+ B) — N such that f = hoj; and g = hojo. So M (A + B) satisfies the UMP of coproduct of
M (A) and M (B). Therefore,

M(A)+M(B)ZM(A+ B). (4.20)
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Example 4.3. Two monoids A, B have a coproduct of the form
A+B=M(|Al+|B]|)/~.

Here, |A| 4 |B] is the disjoint union of the underlying sets |A| and |B| of the monoids A and B,
respectively. One then forms the free monoid M (|A| + | B|) on the set |A|+|B]|, which is the collection
of words over |A|+|B|. Now given two words v,w € M (|A| + |B]), one declares them to be equivalent
as follows:

..a.Aa/...N...aa/...7

bgbo~bb -

(4.21)

One, thus, forms quotient of the free monoid M (|A| + |B|) subjected to the equivalence relation ~
provided in (4.21). Two equivalence classes [z...y],[z'...y] € M (JA| + |B]|)/ ~ have the straight-
forward multiplication:

A =[xy Y] (4.22)
The unit in M (|A| + |B])/ ~ is the equivalence class [-| consisting of the empty word. Clearly,

] = [ua] = [uB].

The collection of all the equivalence classes thus formed is defined as the coproduct of A and B:

A+B=M(|Al+|B]|)/ ~. (4.23)
The coproduct injections i4 : A - A+ B and ip : B — A+ B are simply
ia(a) =[a] , ip(b) = [b], (4.24)

which can easily be verified to be monoid homomorphism. The UMP of A + B should ensure the
existence of a unique monoid homomorphism [f,¢g] : A+ B — N for a given monoid N and monoid
homomorphisms f: A — N and g : B — N such that the following diagram commutes:

Let us now construct [f, g]. From the given monoid homomorphisms f: A — N and g : B — N, one
obtains the functions |f| : |A| — |N| and |g| : |B] — |N|. Now, using the UMP of the coproduct
|A| 4 | B|, one knows that there exists a unique function h = [|f|,|g|] : |A| + |B| — |N| such that the

following diagram commutes:
T
/ !

Al —— [A[+|B| +—— [B|

where i1 : |A| — |A| 4 |B| and iz : |B| — |A| 4+ | B| are coproduct injections of the coproduct |A| + |B|
in Sets. Now, consider the free monoid M (|A| + |B|) on the set |A| 4+ |B|. Invoking the UMP of free
monoid, given the monoid N and the function h : |A| + |B| — |N]|, there exists a unique monoid
homomorphism h : M (|A| + |B|) — N such that the following diagram commutes in Sets:
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[M(JA] +|B)| —*— [N|
Al + 1B

where i : |A| + |B] — |M (|A] + |B|)| is the insertion of generators. We now need to verify that h
“respects the equivalence relation ~”, i.e. v ~ w implies h (v) = h (w).

Given a € A,
h(a)=h(i1(a)) = f(a). (4.25)
Since i (a) = a, so B B
h(a)=h(i(a))=h(a)=f(a). (4.26)
Similarly, for b € B,
h(b) =g (b). (4.27)

So h(ua) =h(ug) = uy. As a result,
R auay-) = h(@)h(ua)(y) - =h@)h(y)=h(ay-).

Similarly,

B(aupy- )= h(@)h(up)h(y) = h@h(y) - =h(-ay-).

Since f is a homomorphism,

R(aad )= hlaad) = f(aad)
@)= @R ()
E(‘ T)
Similarly, using the fact that ¢ is a homomorphism,
E(...b.Bb/...) E(b'Bb’)~-:-~~ (b-Bb')-‘-
g (b ( ) h(b)h (b) -
= ( )

Therefore, v ~ w implies & (v) = h (w). So we have a monoid homomorphism & : M (|A| + |B|)/ ~—
N defined by N
h{w] = h (w). (4.28)

This is well-defined since h is constant on the equivalence classes. Therefore, the following diagram
commutes:

M(|A]+ |B|) — > M(|A] +|Bl)/sim

yg

N

=

Now, this i : M (JA| + |B|) / ~— N is our desired [f, g]. Indeed,
(Roia)(a)="h(la)) =T (a) = f (a). (4.29)

(Roin) (®) =h(p) = () =g(b). (4.30)

Therefore, hoig= f and hoip= g. In other words, the following diagram commutes:
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ATM(|A’+|B|)/N<TB

Furthermore, h is unique. If there exists another monoid homomorphism u : M (|A| +|B|)/ ~— N
such that uoig = f and woip = g, then we must have

h(la]) = f(a) = (uoia)(a) = u([a]), (4.31)

and similarly, N
h([b]) =g (b) = (uoip) (b) =u([b]), (4.32)

for any a € A and b € B. So u agrees with h on the equivalence classes of elements of A and B. Since
any element of M (|A| + |B]) / ~ can be written as a finite product of equivalence classes of elements of
A and B, we can conclude that u and h agrees everywhere in M (|A| + |B|) / ~. Therefore, h is indeed
the unique arrow in Mon such that hois=fand hoig = g. Therefore, M (|A| + |B|) / ~= A+ B,
and h = [f, g].

Abuse of Notation. In Example 4.3, we did not distinguish between a € |A| and (a, 1) € |A| + |B;
and between b € B and (b,2) € |A|+ |B|. This can be justified by assuming without loss of generality
that |A| and |B| are disjoint. Indeed, if they are not disjoint, we can just replace them by |A| x {1}
and |B| x {2}.

Example 4.4. Coproduct in groups is called the free product. Suppose A and B are groups. The
free product A * B consists of words of the form

ajbrasbe - -,
where a; € A and b; € B. For example,
(a1b1a2b2) = (albl) * (a2b2> and (agbgalbl) = (agbg) * (albl)

are both words in A x B, but they are unequal highlighting the non-abelian nature of the free product
of A« B, even when A and B are both abelian groups. When A and B are both abelian groups, one
defines their direct sum as the quotient

A®B=AxB/ ~,
where the equivalence relation ~ is defined as
(arbyagba -+ - anby -+ ) ~ (a1ag -+~ an - bibg---by---). (4.33)
On the RHS, all the a;’s are flushed to the left. Now, since A and B are both abelian, so is A ® B:
(a1b1) * (a2bz) = a1biagby = arasbibas = asaibaby = asbaaiby = (agbs) * (a1by1) .
Thus, using (4.33), one can identify a word in A @ B by a pair
(a1 +ag+---+an+---,br+bo+--+by,+---) == (a,b)

with a € A and b € B. But
|Ax Bl ={(a,b) |a€ Abe B}.

Given two abelian groups A and B, their coproduct is defined as their direct sum, which has their
product set as the underlying set as we have just seen. Hence, |A + B| = |A x B|, for A, B abelian
groups. Then the coproduct injections i4 : A — A+ B and ig : B — A+ B are defined as

is(a) = (a,05) and ig (b) = (04,b). (4.34)
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Given any group homomorphisms A I X & Bfor any abelian group X, we construct [f,g] : A+ B —
X as follows:

[f,9] (a,b) = f (a) +x g (b). (4.35)
Then,

([f,g] 0 ia) (a) = [f, 9] (a,0B) = f (a) + g (0B) = f (a),
(If, 9l oip) (b) = [f, 9] (04,0) = f(04) + g (b) = g (b).

Therefore, [f,g]ois = f and [f,g] oip = g. In other words, the following diagram commutes:

X
J RN
A L A+B<« B
1A B

Furthermore, [f, g] is the unique homomorphism A+ B — X such that the diagram above commutes.
If there exists another homomorphism h : A+ B — X such that hoig = f and hoip = g, then for
any a € Aand b € B,

h(a,0p) = h(ia(a)) = f(a) and h(04,b) = h(ip (b)) =g (b).
Therefore,
h(a,b) = h(a,05) +h(04,0) = f (a) +g(b) = [f. 9] (a,b). (4.36)
So [f, g] = h, and hence [f, g] is unique. Therefore, A 4+ B is indeed the coproduct of A and B.

We have just seen that |A + B| = |A x B| for A, B abelian groups. In fact, a stronger result holds
in the category Ab of abelian groups.

Proposition 4.3

In the category Ab of abelian groups, there is a canonical isomorphism between the binary
product and coproduct, i.e. A+ B = A x B.

Proof. The goal is to define an arrow ¥ : A+ B — A x B. In order to do so, one needs first an arrow
A — A x B (which is determined by an arrow A — A and an arrow A — B) and another arrow
B — A x B (which is determined by an arrow B — A and an arrow B — B). Therefore, we need 4
arrows altogether, which we choose as follows:

10:A—-A, 0g:A—B,04:B— A, 15: B— B,

where Op : A — B maps all of A to the identity Op € B, and 04 : B — A maps all of B to the identity
04 € A.

A B
/1,4,03\ /)AJB\
<—A><B4>B <—A><B—>B

Ax B
T
7 (14,05),(04,15)] {1a.0m)
B
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Using the commutative diagrams above, we define
¥ =[(14,0p),(04,15)]: A+ B — A x B. (4.37)
Given (a,b) € A+ B, one obtains

U (a,b) = [(14,0p5),(04,15)] (a,b)

= (14,035) (a) +(04,1p) (b)

= (L4 (a),0p(a)) + (04 (b), 15 (b))

= (a,0p) + (04,0)

= (a,b). (4.38)

Therefore, ¥ is a bijective group homomorphism, and hence an isomorphism. |

§4.3 Equalizers

Definition 4.2 (Equalizer). In any category C, given parallel arrows A — < B , an equalizer
g

of f and g consists of an object ' and an arrow e : E — A universal such that foe=goe, i.e.
the following diagram commutes:
. f
F—A_—2B
g
Here e : E — A is universal in the sense that given z : Z — A with f oz = g o z, there exists
a unique u : Z — F satisfying e ou = z. This is encapsulated in the following commutative

diagram:
. f
FE——— A ? B
N
H!iu Z
Z

Example 4.5. Suppose one has continuous functions f, g : R? — R in Top defined by
f(x,y)=2*+y* and g (2,y) = 1. (4.39)
The equalizer of f and g is the subspace
St = {(w,y) eER? | 2% 492 = 1},

alog with the inclusion
i:St— R2

Given any generalized element z : Z — R? of R?, we can write

z(@) = (21 (), 22 (),

for « € Z. So z = (21,29). If foz=goz, then for any a € Z,
1= g(2(a) = £ (2(a) = 21 (0)? + 22 (2)*. (4.40)

So (21 (@), 22 () = z (a) € S! for every a € Z. Therefore, there is a factorization z = i o Z through
some Z : Z — S'. Z is nothing but restricting the codomain of z : Z — R to S'. Then the following
diagram commutes:
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f
1%]1%2?}1%
~
z! .
Z

Since the inclusion ¢ is monic, such Z : Z — S! is unique. Hence, the unit sphere S' along with the
inclusion 4 : S' < R? is indeed the equalizer of f and g in Top.

Example 4.6. Similarly, in Sets, given any functions f,g: A — B, their equalizer is the inclusion of
the following subset
E={zecA|f(x)=g(x)} (4.41)

into A. Then
!
E—° 3 A—2B
g

is a commutative diagram. Furthermore, given any set Z and a function z : Z — A such that
foz=goz, we have

f(z(0) =g(z(a)),

for any o € Z. So z () € E. So we can define a function z : Z — E by just restricting the codomain
of z, then the following diagram commutes:

Furthermore, Z is unique since the inclusion £ — A is injective. Therefore, e : £ < A is the equalizer
of f and g.

Furthermore, every subset U C A is of this “equational form”, i.e. every subset is an equalizer for
some pair of functions. Let us undertake this canonical construction. First, let us put

2={0,1},

thinking of it as the set of “truth values” (or the 2-element Boolean algebra). Then consider the
characteristic function xy : A — 2 defined by

1 if x € U,
T) = 4.42
xw (@) {0 ifodU. (4.42)
As a result,
U={zecAlxu(z)=1}.
We can also define a constant functin T : A — 2 that takes all of A to 1 € 2, i.e.
T(z) =1, (4.43)

for any x € A. Then the following is a commutative diagram:

; T
U—'— A T—22
XU
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In other words, T oi = xy o1.
On the other hand, let ¢ : A — 2 be given. Form the variety (i.e. “equational subset”)

Vo={zeA|p()=1}=¢""'({1}). (4.44)
Now one can easily verify that the inclusion 7 : V, <+ A is an equalizer of the parallel arrows
T
A —/= 2 ,i.e. one can verify that the following diagram is commutative:
©

; T
Vo —— A —"——22
%]

Indeed, for any = € V,,,
(poi)(z) =¢(z)=1and (Toi)(x)=1.
Let us now show that indeed P (A) = Homgets (A4, 2). Let ¥ : P (A) — Homgets (4, 2) be given by

I (U) = xv, (4.45)
for any U C A; and A : Homgets (4,2) — P (A) be given by
AMp)=Ve =0 ({1}), (4.46)
for any function ¢ : A — 2. Then from (4.45) and (4.46), we get

(o A) (9) = Xag) = XV,

1 ifxeV,, 1 if p(x)=1,
@)=t BTCVe L WO =L
0 ifx ¢V, 0 if p(z)=0
Therefore, v, = ¢, and hence
Vo X = THomg.o(A,2) - (4.47)

On the other hand,
(A o) (U) = Vyw) = Vyo-

Vie={zeA|lxv(@)=1}={zcA|zecU}=U.

Therefore, V,,, = U, and hence

From (4.47) and (4.48), one can conclude that
¥ : P (A) — Homgets (4, 2)
is an isomorphism, i.e. P (A) = Homgets (4, 2).

Example 4.7. Let G and H be two groups with A : G — H being a group homomorphism. The
kernel of h is the subgroup of G defined by

Kerh={ge G| h(z)=en},

where epr is the identity element of the group H. Then ¢ : Kerh — G is an equalizer of h and wu,
where u : G — H is the trivial group homomorphism, i.e. the homomorphism that maps all of G to
the identity element ey of H.

Kerh={g€G|hlg)=cn} —— G ——3H

Indeed, h ot = u ot. Suppose there is another group A and a homomorphism a : A — G such that
hoa=wuoa.
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h
Kerh —*—— G ——= H
~ u
u!
} a
A

Then for any = € A, h(a(x)) =u(a(x)) = eq, so a(zr) € Kerh. So we can define a homomorphism
u : A — Ker h, which is formed by restricting the codomain of a to Ker h. For this u, we have

LoU = a.

Furthermore, u is unique since the inclusion ¢ : Ker h — G is monic. Therefore, ¢ : Kerh — G is an
equalizer of h,u : G — H.

Proposition 4.4

In any category, if e : E — A is an equalizer of some pair of arrows, then e is monic.

Proof. Suppose e : E — A is an equalizer of the parallel arrows f,g : A — B. Then foe =goe.
Suppose z,y : Z — E such that ecx =eoy.

f
E—¢ 3 A——B
g

Z
We want to show that x =y. Put z=eox =eoy. Then

foz=foeoxr=goeox=goz. (4.49)

Then from the definition of equalizer, there is a unique arrow v : Z — FE such that eou = z. But
z=eox = eoy. Therefore, from the uniqueness of u, we have

u=x=1y. (4.50)

Therefore, e : E — A is monic. |

Proposition 4.5

Equalizers are unique up to isomorphism. In other words, if e; : F1 — A and ey : Fo — A are
equalizers of parallel arrows f,g : A — B, then there is an isomorphism i : Fy — Es such that

e1 =eyoiand ey =ej 03 L.

Proof. Since e : E1 — A is an equalizer, then foe; = goej. ey : Ey — A is also an equalizer, so
foeas = goes. But since F is an equalizer, by the UMP of equalizer, there exists a unique arrow
j : Eo — E7 such that the following diagram commutes:

f

FL — 5 A——=B
g

N

i ez

Es

In other words,
€1 Oj = €9. (451)

Similarly, since Es is an equalizer, by the UMP of equalizer, there exists a unique arrow ¢ : £y — FE»
such that the following diagram commutes:
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f
Ey —2 4 A ? B
PN
e
Eq
In other words,
€301 =ejq. (4.52)

We claim that this i : 4 — FEj is our desired isomorphism with inverse j : Fo — E;. From (4.51) and
(4.52), we get e; = ez 01 =e1 0joi. So we have the following commutative diagram:

f
E, — 3 A——=B
g
joi| [1ey e1
Er

Since e; : £1 — A is an equalizer, and f o e; = g o eq, there exists a unique arrow v : Fy — FE; such
that e; ou = e;. But the above diagram shows that there are two such arrows £y — Eq, joi and 1g,.
Therefore, by the uniqueness, we must have

joi=1g,. (4.53)

Similarly, again using (4.51) and (4.52), we get e2 = ej 0j = ea 070 j. So we have the following
commutative diagram:

f
E2$A$>B

/L'Oj ]lEQ e

Es

Since es : Fs — A is an equalizer, and f o ey = g o es, there exists a unique arrow v : Ey — Fo such
that eg ov = e2. But the above diagram shows that there are two such arrows Ey — Fo, 105 and 1g,.
Therefore, by the uniqueness, we must have

ioj=1p,. (4.54)
Combining (4.53) and (4.54), we conclude that i : F; — E» is an isomorphism and j = i~!. Further-

more,61:egoiandegzeloj:eloi_l. |

§4.4 Coequalizer

Definition 4.3 (Coequalizer). For any parallel arrows f, g : A — B in a category C, a coequalizer
consists of an object @ and an arrow ¢ : B — @, universal with the property gqo f = qgo g as
depicted in the following diagram:
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That is, given any object Z and arrow z : B — Z with zo f = z o g, then there exists a unique
u: @ — Z such that uoq = z.

Consider the statement given in Proposition 4.4: “if e : E — A is an equalizer of some pair of arrows,
then e is monic.” This statement follows from the axioms of ETAC, and hence its dual is also a valid
statement in the same category:

Proposition 4.6

In any category, if ¢ : B — @ is a coequalizer of some pair of arrows, then ¢ is epic.

The statement of Proposition 4.5 —equalizers are unique up to isomorphism— also follows from the
axioms of ETAC. So its dual also holds in the same category.

Proposition 4.7

Coqualizers are unique up to isomorphism. In other words, if ¢1 : B — @1 and ¢ : B — Q)2 are
equalizers of parallel arrows f,g : A — B, then there is an isomorphism ¢ : Q1 — @2 such that
g2 =ioqrand g =i ' ogy.

Example 4.8. Let R C X x X be an equivalence relation on a set X, and consider the diagram
1
R BRI X
2

where the r;’s are the two projections of the inclusion ¢ : R — X x X, i.e. 11 =m 04 and 19 = mo 04,
with 71,7 : X x X — X are defined as

71 (21, 22) = x1 and 72 (21, 22) = x2.

R
T1 A T2
1

Let X/R be the set of all the equivalence classes of X under the equivalence relation R. The quotient
projection 7 : X — X/R is defined by = — [z]. Then for (z1,z2) € R, we have

(mory) (z1,22) =7 (x1) = [z1] and (wory) (x1,xe) = w(x2) = [22].
Since (x1,z2) € R, they belong to the same equivalence class, so [x1] = [z2]. Therefore,
TOTry =TOoTr). (4.55)

Now, suppose in the following diagram we have f : X — Z such that for; = fors.

R:—;; X "™ 5 X/R
7 ./

H

Z

fory = fory means that for any (z1,z2) € R,

(for) (z1,22) = (f ora) (w1, 22)
= f(r1(21,22)) = f (r2 (21, 72))
= [(z1) = f(22). (4.56)
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In other words, f “respects the equivalence relation R” in the sense that f is constant on the equivalence
classes. So we can define a function f: X/R — Z by

fla]=f(z). (4.57)

This is well-defined since f is constant on the equivalence classes. Therefore, we have f (7 (z)) = f (z),
ie.

fom=f. (4.58)
Furthermore, f is unique since 7 is surjective.
R—— X "™ 4 X/R
T2 .
N 7
v
Z

To summarize, given two parallel arrows r1,79 : R — X, we have an arrow 7 : X — X/R satisfying
mor] = more. Furthermore, given any arrow f : X — Z such that for; = f ory, then there exists
a unique arrow f : X/R — Z such that for = f. Hence, the object X/R along with the arrow

-
7m: X — X/R is the required coequalizer of R *ﬁ X .
2

Example 4.9. Let a, 5 : A — B be two parallel arrows in Sets. Let R be the minimal equivalence
relation on B containing all the elements of the form (a(a),B(a)) for all @ € A. In other words,
R is the intersection of all the equivalence relations on B containing all the elements of the form

(a(a),B(a)).
R= ﬂ {E | E C B x B is an equivalence relation, and («(a),f (a)) € E for all a € A}.

Then we form the set of equivalence classes of B under this equivalence relation R. The set of
equivalence classes is B/R. Then we claim that the coequalizer of a, 5 : A — B is

v: B — B/R,

the canonical quotient map that takes each b € B to its equivalence class [b] € B/R.

Ai;B%B/R
N
C

Indeed, 7o a = o 3, since for each a € A, we have (a (a), 5 (a)) € R. Therefore, [a (a)] =[5 (a)]. In
other words,

(yoa)(a)=(yop)(a),
for each a € A. Therefore,
yoa =of. (4.59)

Now, suppose there is another arrow ¢ : B — (' satisfying poa = po 5. We define another equivalence
relation R’ on B as follows:
(b1,b2) € R <= o (b1) = ¢ (b2). (4.60)

Then for each a € A, we have

(poa)(a) =(pop)(a) = ¢(a(a))=¢(B(a)).
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Therefore, (a (a), 5 (a)) € R for each a € A. Then by the minimality of R, we must have R C R’. In
other words, if (b1,b2) € R, or equivalently [b1] = [be] in B/R, then ¢ (b1) = ¢ (b2). So we can define
a well-defined function ¢ : B/R — C by

Y ([b]) = ¢ (b). (4.61)

Then we have

for each b € B. Therefore,
p=1o7.

Furthermore, this ¢ is unique. Indeed, if there exists another ¢/ : B/R — C satisfying ¢ = ¢’ 0 7,
then we must have

p (b) = (¥ o) (b) =4 (v () =4 ([B]),

for each b € B. Therefore, 1 =1, so ¢ : B/R — C'is unique. Hence, v : B — B/R is a coequalizer
of a,8: A — B in Sets.

Example 4.10. Let f,g: X — Y be given arrows in Top. Then f,g: X — Y are continuous maps
between the topological spaces X and Y, whose underlying sets are |X| and |Y|, respectively. Then
|f],1g] : |X| — |Y| are parallel arrows in Sets. As above, we can form the coequalizer of |f| and |g]
in Sets. Let |¢| : |[Y| — |@Q]| be the coequalizer of |f| and |g| in Sets. Then we topologize the set |Q)|
as follows:

V C|Q| isopen <= |g|”' (V) C|Y]| is open. (4.62)

Let us verify that this indeed forms a topology:
« @ is open, since |¢| " (@) = @ is open in Y.
« |Q] is open, since || ' (|Q|) = |V is open in Y.
o Let {U;},c; be a collection of open sets in |Q|. Then
g™ <U Ui) =Ulal ™ (Uy). (4.63)
iel icl

Since U; is open, ||~ (U;) is open in Y. Therefore, as an union of open sets, |q| ™" (U;c; Us) is
also open in Y. Hence, {J;c; U; is open in |Q)|.

o Let U; and U; be open in |Q]. Then
la| = (UL N Us) = [q| ™ (U) N g (U) . (4.64)

Since Uy, Uy are open, |g| ™' (U1), |q|™! (Us) are also open in Y. Therefore, as an intersection of
finitely many open sets, |¢| ' (U N Uy) is also open in Y. Hence, U; N Uy is open in |Q).

Let @ be the topological space whose underlying set is |@Q], and the topology is defined as in (4.62).
Then the function ¢ : Y — @ is continuous, since the preimage of every open set in () is also open in
Y. We claim that ¢ : Y — @ is a coequalizer of f,g: X — Y.

71



4 Duality 72

Since |q| is a coequalizer of |f|,|g| : |X| — |Y] in Sets, then

gl o [fl =lglolgl = laefl=laeogl = qof=qoy. (4.65)
Now suppose there is another continuous map z : Y — Z such that zo f = zog. Then |z|o|f| = |z|o]|g|
in Sets. Since |g| is a coequalizer of |f|,|g| : |X| — |Y], there is a unique function |u| : |Q| — |Z|
such that |u| o |g| = |z|. Now we need to show that |u| defines a continuous map u : Q@ — Z. Let
U C |Z| be open. We need to show that |u| ™" (U) is open in Q.
—1(, -1 -1
gl (lul ™" (@) = |27 (©). (4.66)

Then |z| ™" (U) is open in Y since z is continuous. Therefore, |q|™* <|u|_1 (U)) is open in Y. Then by

(4.62), |u|~! (U) is open in Q. Hence, u is open.
Therefore, there exists a unique continuous map u : () — Z such that uog=2. Soq:Y — Q is
indeed a coequalizer of f,g: X — Y in Top.

§4.5 Product and Coproduct of an Arbitrary Family of Objects

Similar to the construction of product of two objects, we can form the product of finitely many objects.
Given objects Ay, As, As, ..., A,, an object P with arrows m; : P — A; for ¢ = 1,2,...,n is called
a product of Aj, As, As, ..., A, if the following UMP is satisfied: given any object X and arrows
ri: X — A; fori=1,2,...,n, there exists a unique arrow u : X — P such that x; = m; o u for all
1=1,2,...,n.

If such an object P exists, it is unique up to isomorphism. So we write the product of A1,..., A, as
Ay x - x Ay

If the category admits binary products, then it also admits any finite product. One can easily show
that
(... ((A; x Ag) x A3) x ...) x A,

satisfies the UMP of the product Ay x --- x A,.

In the similar spirit, we can actually define the product of an arbitrary family of objects. Let
(Aa),er be a collection of objects indexed by the index set I. An object P with arrows 7, : P — Aq
for a € I is called a product of (Ay),c; if the following UMP is satisfied: given any object X and
arrows T, : X — A, for a € I, there exists a unique arrow u : X — P such that x, = 7, o u for
all « € I. In other words, there exists a unique u : X — P such that each of the following triangles
commute, for each a € I:
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™

A, T p
~

i

N

i

I

|

X

If such an object P exists, it is unique up to isomorphism. So we write the product of (Aq),; as
I] Ae.
ael

Now, this index set I can be any set, even the empty set. If I = &, we call the product an empty
product. The empty product is actually the terminal object of the category. The terminal object
1 satisfies the UMP of the product of and I-indexed family of objects, when I = @. The UMP of
product is:

Given any object X and arrows x, : X — Ag,, there exists a unique arrow v : X — P
such that z, = mo o u for all o € 1.

When [ is the empty set, there aren’t any objects, and hence there aren’t any projection arrows m,.
So the UMP becomes:

Given any object X and arrows z, : X — A, (there are no A,’s, so this is satisfied
vacuously), there exists a unique arrow u : X — P such that z, = m, o u (there are no
Zo's, so this commutativity is also satisfied vacuously) for all « € 1.

Therefore, essentially the UMP is
Given any object X, there exists a unique arrow u : X — P.

This is precisely the definition of the terminal object. Therefore, the product of an empty collection
of objects is the terminal object of the category. It is also called the nullary product.

We can reverse the arrows in the above definitions, and form the coproduct of a finite, or arbitrary,

or even empty collection of objects. Given objects Ay, Ag, A3, ..., A,, an object P with arrows i; :
Aj = Qfor j =1,2,...,nis called a coproduct of Ay, Ag, A3, ..., A, if the following UMP is satisfied:
given any object X and arrows x; : A; — X for j = 1,2,...,n, there exists a unique arrow u :  — X
such that woi; = x; forall j =1,2,...,n.

In other words, there exists a unique u : X — P such that each of the following triangles commute:

-

4 4ommpmm g

Zj
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If such an object P exists, it is unique up to isomorphism. So we write the coproduct of Ay,..., A, as
A+ A+ + Ay

If the category admits binary coproducts, then it also admits any finite product. One can easily show
that

(...((Al+A2)+A3)+"'+...)+An

satisfies the UMP of the coproduct A; + --- + A,.

In the similar spirit, we can actually define the coproduct of an arbitrary family of objects. Let
(Aa)qer be a collection of objects indexed by the index set I. An object Q with arrows iq : Aq — @
for o € I is called a coproduct of (Ag),c; if the following UMP is satisfied: given any object X and
arrows T, : Aq — X for o € I, there exists a unique arrow u : (Q — X such that z, = u o m, for
all « € I. In other words, there exists a unique u : P — X such that each of the following triangles
commute, for each « € I:

Ay — 5 p

u

|
1
|
|
|
|
|
|
|
~

X

If such an object P exists, it is unique up to isomorphism. So we write the product of (Aq),; as

1T Ae

ael

Now, this index set I can be any set, even the empty set. If I = &, we call the coproduct an empty
coproduct. By duality principle, the empty coproduct is the initial object.
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§5.1 Groups in a Category

A group arises as ab abstraction of the automorphisms of an object. Recall the definition of a concrete
category where the objects are some “structured” sets, and the arrows are “structure preserving” maps.
In a specific and concrete case, a group G may thus consist of certain arrows for a given object X in
a category C:

G C Home (X, X) .

One requires all these arrows to be isomorphisms. But the abstract group concept can also be described
directly as an object in a category, equipped with a certain structure.

Definition 5.1. Let C be a category admitting binary products and a final object 1. A group in
C consists of objects and arrows as given below

GxG —" G+ @

satisfying the following conditions:

1. m is associative, i.e. the following diagram commutes:

RS

(GXxG)xG — Gx (GxQ)

mX]lG[ [ﬂ@ xXm

G %G G %G (5.1)
\\\\G////

where 7 : (Gx G) xG — G x (G x G) is the canonical associativity isomorphism for product
(the same isomorphism we proved in Theorem 3.13). In other words,

mo (mx1g)=mo (Ilgom)oZ. (5.2)

2. u:1— G is a unit for m, i.e. both triangles below commute:

¢ e L ayq
(Lg,ul) la m (53)
GxG —— G

Here u! is the “constant arrow” u! : G — G defined by the following composition:

G515 6.
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So
mo (ul,1g) =1g =mo (1g,u!). (5.4)
3. i : G — G is an inverse with respect to m, i.e. the both squares of the following diagram
commute:
1g Xt u! ix1g (55)
GXG —— G +——— GXxG
In other words,
mo (1g xi)o (1g,1g) =u! =mo (i x 1g) o (1g, 1g) . (5.6)

These commutative diagrams don’t seem to manifest the usual group axioms (associativity, unit ele-
ment, inverse), but they actually do! Let us see them in action.

1. Associativity: When G is a (structured) set and x, y, z are arbitrary elements of the underlying
set, then the commutativity of (5.1) yields:

mo (m x1g)((z,y),z) = (mo (Lgom)oI)((x,y),z)
= m(zxy,z) = (mo(lgom))(z,(y,2))
= m(rx*xy,z) =m(z,y*z)
= (zxy)xz=xx*x(y*xz2),
which is precisely the associativity equation of the binary operation * (here we have written
m(a,b) = ax*b).
2. Unit element: When G is a (structured) set, the terminal object 1 is a singleton set. So

ul: G 1% G is a constant function. Let e = ul (). Then the commutativity of (5.3) yields:

(mo(ul,1g)) (z) =1 (x) = (mo (1g,u!)) (x)
= m(ul(z),z) =2 =m(z,ul ())
= exr=x=ux*e.

This suggests that when G is a (structured) set, the element e = u! () is the unit of the binary
operation .

3. Inverse: When G is a (structured) set, the commutativity of (5.5) yields:
(mo (Lgxi)o(la,1g)) (z) = ul (z) = (mo (i x 1g) o (g, 1)) (z)
= (mo(lgxi))(x,z) =e=(mo (i x1g)) (x,z)
= m(z,i(x)=e=m(i(x),x

= zxi(z)=e=1i(x)*x.

Since e = u! () is the identity of the binary operation *, this equation suggests that i (x) is the
inverse element of x.

Definition 5.2 (Group Homomorphism). A homomorphism h : G — H of groups in C consists of
an arrow h : G — H in C such that
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1. h preserves m, i.e. the following diagram commutes:
GxG X" s gxH
ma M (5.7)
G—— H

In other words,
homg=mgo(hxh). (5.8)

2. h preserves u, i.e. the following diagram commutes:

G—" +H
uGT (5.9)
ug
1
In other words,
houg = ug. (5.10)
3. h preserves i, i.e. the following diagram commutes:
G—" H
b ‘iH (5.11)
G — H
In other words,
hoig =1ig o h. (5.12)

This definition of homomorphism complies with the usual definition of homomorphism we see while
studying group theory. Suppose G and H are now (structured) sets, and take any z,y € G. Commu-
tativity of (5.7) implies
(homg) (z,y) = (mg o (h x h)) (,y)
— h(z*gy) =mg (h(z),h(y))
= h(z*gy) =h(z)*gh(y).

When G and H are (structured) sets, the terminal object 1 is a singleton set {x}. Commutativity of
(5.9) gives us

(houg) (x) =ug (%)
= h(eq) =emn,

where eg and ey are identities of xg and *p, respectively. Furthermore, commutativity of (5.11)
yields
(hoig)(x) = (igoh)(x)
= h(ic(z)) =ig (h(z))
= h (afl) =h(z)t.
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With the evident identities u, inverses ¢ and multiplications m we thus have a category of groups
in C, denoted by
Group (C) .

With this construction,
e A group in the usual sense is a group in the category Sets.
e A topological group is a group in the category Top.
e A Lie group is a group in the category Man of smooth manifolds and smooth maps.
e A partially ordered group is a group in the category Pos.

Example 5.1. In this example, we focus on Group (Groups). So it refers to the diagram

G
u[
1
in the category of groups subjected to the properties mentioned earlier. The terminal object 1 €

Ob (Groups) is the trivial group consisting of the identity element only. Here, G itself is a group. Let
us denote the group operation on G by og. og induces ogxg on G X G in the following way:

GxG—™ LENYS,

(91,92) oaxa (h1,h2) = (g1 oG h1, g2 oG h2) . (5.13)

Denote m : G x G — G by m(g1,92) = g1 * g2. Since m is an arrow in Groups, it is a group
homomorphism. So we must have

m ((g1,92) oaxa (h1,h2)) = m (g1, g2) og m (h1, ha)
= m (g1 oG h1,92 oG h2) = (g1 * g2) o (h1 * ha)
= (g1 0¢ h1) * (92 og h2) = (91 * 92) o (h1 * ha) . (5.14)

Write 1° for the unit of G with respect to o, and 1* for the unit of G wirh respect to *, i.e.

gogl°=g=1°0oggand gx 1" =g =1"xg. (5.15)

Proposition 5.1 (Eckmann-Hilton argument)

Given any set G equipped with two binary operations o,* : G x G — G with units 1° and 1*,
respectively, and satisfying (5.14), the following hold:

1. 1°=1%,
2. o = %,

3. The operation o = x is commutative.

Proof. First one has

1°=1°01° [1° is the unit with respect to o]
=(I°x1") o (1" % 1°) [1* is the unit with respect to *|
=(1°c1") % (1" 01°) [Applying (5.14)]
=1"x1" [1° is the unit with respect to o]
=1%

78



5 Groups and Categories 79

Let us write 1° = 1 = 1*, and observe that for any z,y € G,

xoy=(rx1)o(lxy) [1 = 1* is the unit with respect to %]
=(zxol)x(loy) [Applying (5.14)]
=T *y. [1 = 1° is the unit with respect to o]

Thus for z,y € G, let us write zoy =z -y = x xy. Finally, we have

z-y=>1-2)-(y-1) [1 is the unit with respect to o = x = |

=(1-y)(z-1) [Applying (5.14)]

=y-x. [1 is the unit with respect to ‘]

Therefore, - is commutative. |

Corollary 5.2

The groups in the category Groups are exactly the abelian groups.

Proof. In Proposition 5.1, we have shown that a group in the category Groups of groups is abelian.
In other words, Group (Groups) is a subcategory of Ab. One now has to prove the converse, i.e. any
abelian group G admits homomorphic group multiplication m : G x G — G and homomorphic inverse
i : G — G. In other words, for any g,h € G X G and z,y € G,

m(goGxa h) =m(g) ogm(h), and i (zogy) =i(z)oci(y).
If G is an abelian group and g = (g1,92),h = (h1,h2) € G x G, then

m (g oaxa h) = m((g1,92) caxa (h1, h2))
=m (g1 og h1, g2 0 h2)
= (91 0¢ ") o (92 oG h2)
= (91 96 92) °c (M1 °¢ h2)
=m (g1, 92) og m (h1, h)

=m(g)ogm(h). (5.16)

Furthermore, for any =,y € G,
i(wogy)=(vogy) ' =y loga =1 ogy ! =i(x)ogil(y). (5.17)
Therefore, m and ¢ are group homomorphisms, i.e. arrows in Groups. So any abelian group G is a
group in the category Groups. Hence, Group (Groups) = Ab. |

§5.2 Monoidal Categories

A functor from the product category C x D to a category £ is called a bifunctor. We denote such a
functor by T', so that
T:CxD—=E&

is a functor. Given objects A € Ob(C) and B € Ob (D), some object C € Ob () is assigned, i.e.
T (A B)=C.
To each pair of arrows a: A — A’ in C, and 3 : B — B’ in D, an arrow
T(a,8):T(A,B)—T (A B

in £ is assigned, such that the following conditions are satisfied:

79



5 Groups and Categories 80

1. Given objects A € Ob(C) and B € Ob (D)

T(La, 1) =17p)- (5.18)

2HAL AN L A incand BS B2 B in D, then in the product category C x D, we have

(o,3) (A/,B/) (al:ﬂ/) (A”,B”)

\_/

(e/,8")o(e,B)=(a0ax,8'0B)
Since T : C x D — £ is considered a functor, it has to respect the composition of arrows, i.e.

T(doa,f opf)=T(,B)oT (a,p). (5.19)

(4, B)

Example 5.2. Hom (—,—) : C°? x C — Sets is an example of a bifuntor. Suppose A and B are
objects of C, and hence objects of C°P. Then this functor takes (A, B) to Hom¢ (A4, B), i.e.

Hom (A, B) = Home (A, B) . (5.20)

Let a®? : A — A’ be an arrow in C°P (the corresponding arrow in C reads o : A — A). Suppose
B : B — B’ is another arrow in C. Using these data, let us now construct an arrow Hom (a°P, 3) :
Hom¢ (A, B) — Hom (A’, B') in the category Sets as follows:

Hom (a?, §) () = Ao w0 a, (5.21)
for ¢ € Hom (A, B). Let us now verify that the definition in (5.21) satisfies both (5.18) and (5.19).
Hom (19, 15) (¢) = Lpopoly = ¢,
for any ¢ € Home (A, B). Therefore,

HOHI (]lzp, ]lB) = ]lHomc(A,B) . (522)

op op
So (5.18) is satisfied. Now, let A Yy A %2 A be arrows in CP and B 2% B' %% B be arrows in

C.

CPxC

(a;pyﬁZ)

(acl)p’ﬁl)
—_—

(A, B) (A/’B/) (A//’BI/)

\_/

(ag?,B2)o(a?,B1)=(a5P0a®,B20081)

| Hom(~, -)

Sets

Hom(a$P,81) Hom(ag”,82)
— 13 — 2

Hom¢ (A, B) Hom¢ (A, B') Hom¢ (A", B”)

\/

Hom(ag"oal?,B20081)

Now we need to verify equation (5.19) for the functor Hom (—, —) : C°? x C — Sets which entails the
commutativity of the diagram in Sets given above.

Hom(ay” 0 a3”, B2 0 B1) (¢) = Hom ((a1 0 ), B2 0 B1) ()
=20 fr1opoaroas.
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On the other hand,

(Hom(ay”, B2) o Hom(a3®, 51)) (¢) = Hom(as”, Ba) (B1 0 ¢ 0 ax)
=Paofropoaroans.
Therefore,
Hom(a3P o a$P, B 0 1) = Hom(a3P, B2) o Hom(a$P, 6). (5.23)

Therefore, Hom (—, —) : C°? x C — Sets is indeed a bifunctor.

Definition 5.3 (Monoidal Category). A monoidal category B = (B,[0,e,a, A, p) is a category B
equipped with a bifunctor 0 : B x B — B, an object e € Ob (B) and three natural isomorphisms
a, A, p with the following properties:

e Let Z: BxBxB— (BxB)xBandZ : Bx BxB — Bx (B x B) be the canonical
isomorphisms. Then o : Do (0 x 1) oZ = 0o (1z xO) o Z’ is a natural isomorphism.

Oo(Ox1g)oZ

N

BxBxB a B

NS

Oo(1p xO)oZ’

That is, given arrows a ENPY N L in B, the following diagram commutes:
Og)Th
(aOp)0e —Y222 ., (woy)oe

Aqg.b,c Qul pl !

fO(g0h)

a0l(b0le) OF'0¢)

Furthermore, the components aq . : (adb)Ce — ad(bc) are all isomorphisms.

e The bifunctor [ : Bx B — B induces a functor in the second component by keeping the first
component e, i.e. (e, —): B — Bis a functor. A : (e, —) = 13 is a natural isomorphism.

D(evf)
T
1p

That is, given an arrow a I bin B, the following diagram commutes:

eda ILe—Df> elb

Aa Ab

aﬁb

Furthermore, the components )\, : e[Ja — a are all isomorphisms.

o In the same manner, p: 0 (—,e) = 13 is a natural isomorphism.

D(fﬁ)
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That is, given an arrow a i> b in B, the following diagram commutes:

alle & be

Pa Pb

4@ ———F b
Furthermore, the components p : alJe — a are all isomorphisms.
This data is required to satisfy the following conditions:

o For all a,b,c,d € Ob (B), the following diagram commutes:

(aOb)d(cOd)
y \@d}

((aOb)Oc) O O (b0O(cOd))
Qap,c01g 1o Oop,c,a
(aO(b0c)) Od o ad ((b0c)dd)

o For all a,c € Ob (B), the following diagram commutes:

(aOe)Oe LI a(elc)

1, 0N
PaD]lc a @

allc

O )\e = Pe-

B = (B,0,e) is called a strict monoidal category when all 3 natural isomorphisms «, A, p are identity
natural transformation. For example, any category with finite products can be regarded as a monoidal
category with the product as the monoidal product and the terminal object as the unit.

§5.3 The Category of Groups

Let us now focus on the category of groups, i.e. Group (Sets). Let G and H be two groups with
h : G — H being a group homomorphism. The kernel of h is defined by the equalizer

Kerh:{gEGlh(g):eH}%GiiH

where, again, we write ug! : G — H as a composition:
!
G515 H,

i.e. ug! = ugo!, and ey is the identity element of H. Also, ¢ : Ker h — G is the inclusion. We have
seen in Example 4.7 that this specification makes ¢ : Ker h — G an equalizer of h and ug!.

Observe that Ker A is a normal subgroup of G. Now, if N C G is a normal subgroup of G, then the
inclusion i : N < G is a monomorphism. We can now construct the coequalizer

N:Z;'G%G/N
ug!
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7 is defined by 7 (g) = [g] = gN. For n € N,
7 (n) =nN = N = [eq],
where eq is the identity element of G. So we have 7 (i (n)) = 7 (ug! (n)) for each n € N. Therefore,
mToil=mouqgl

It remains to show that 7 is universal. If f : G — H satisfies f oi = f o ug!, in the diagram below,

N—=G—"—G/N
ug! ‘

/ 7

H

then f (n) = ey for each n € N. Then there is a unique homomorphism f : G/N — H such that
fom=f,ie. the triangle in the diagram above commutes. f is defined as follows:

Fg)=F(@N)=f(g). (5.24)

To check the well-definedness of f, consider g, h € G such that [g] = [h]. Then gN = hN,soh~'g € N.
Therefore,

Fo)=f(h-chlg)=F) f(h'g)=F ) uen=F(h).

So f([g]) = f([h]), and hence f is well-defined. The uniqueness of f follows from the fact that 7 is
an epimorphism. Indeed, if there is another arrow ?’ : G/N — H such that 7’ om = f, then we have
the following commutative diagram.

G—" 5 G/N

3 —/

N T[T

H
Then 7’ om = fom. Since 7 is an epi, f = f’, so f is unique.

Theorem 5.3

Every group homomorphism h : G — H has a kernel Ker h = h™! (uy) (eg is the unit element of
H), which is a normal subgroup of G, with the property that for any normal subgroup N C G,

N CKerh < 3h:G/N > H

such that h o = h, as indicated in the following diagram:

G—" g

3

-

™

\
N
N

D‘ N

N

-

G/N

Proof. (=) Suppose N C Ker h. Consider the following diagram:

Ni;'G%G/N
ug! \
N

H
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Since N C Ker h, one has for each n € N,

h(i(n))=h(n)=eg =h(eq)=h(ug!(n)).

Therefore,
hoi=houg!. (5.25)

We have seen earlier that 7 : G — G/N is a coequalizer of the parallel arrows i, ug! : N — G. Hence,
there is a unique homomorphism h : G/N — H such that hom = h.

(<) Conversely, suppose there is a unique homomorphism & : G/N — H such that h o7 = h. Then
for any n € N,

h(n) =h(m(n)) = h([n]) = h(lec]) = en. (5.26)
Therefore, n € Ker h, proving that N C Ker h. |
\

-
Corollary 5.4

Every group homomorphism h : G — H factors as a quotient followed by an injective homomor-
phism:

G—t—H

[is L
-
G/Kerh
In other words, h = hom, where h is injective. Thus h : G/ Ker h = im (h) C H is an isomorphism

to the subgroup im (h).
. J

Proof. Let us take N = Kerh in Theorem 5.3. Then there exists a unique homomorphism h :
G/ Ker h — H such that h o7 = h. So, the following diagram commutes:

G —"——H

Sl

G/ Kerh

Now we need to show that & is injective. Choose [z],[y] € G/ Ker h such that h[z] = h[y]. Then we
have

R(le)) = () — Fi(x (@) = Bin(y))
— h(z) =h(y)
— h(z) (h(y) ™" =en
— h(a:)-h(y 1) =ey
= h (a;yil) =epy
— zy ' € Kerh
= [z] = [y]
Therefore, h : G/ Ker h — H is injective. |
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§5.4 Groups as Categories

A group is a category with one object and every arrow from the object to itself is an isomorphism. If
G and H are groups, regarded as categories, then we can consider arbitrary functors between them

f:G— H.

It then follows immediately that a functor between groups is exactly the same thing as a group
homomorphism.

Consider a functor R : G — Vectk from a group G to the category of finite dimensional K-vector
spaces. Since G is a one object category, we denote this object by x. Hence, R (x) =: V is a finite
dimensional K-vector space. In the category G, an arrow ¢g : * — % is an isomorphism, so that
R (g) € GL (V) is an invertible linear operator on V. This is precisely a linear representation of G.

We now want to generalize the notions of kernel of a homomorphism and quotient group by a normal
subgroup, from groups to arbitrary categories.

Definition 5.4. A congruence on a category C is an equivalence relation f ~ g on arrows such
that

1. f ~ g implies dom(f) = dom(g) and cod(f) = cod(g).

f
X ? Y
2. f ~ g implies bo foa ~ bogoa for any arrows a : A — X and b : Y — B, where
X =dom(f) = dom(g) and Y = cod(f) = cod(g).

A—* s x——y—t B
9

\
Remark 5.1. We can also rephrase the definition of congruence as follows: a congruence is a
collection of equivalence relations Rx y for X,Y € Ob(C) such that
1. Rxy C Hom¢ (X,Y)xHome (X,Y) is an equivalence relation (i.e. it’s reflexive, symmetric,
transitive)
2. Given (f,g) € Rx y, one has
(b ofoabogo (1) € Rdom(a),cod(b) (5'27)
for any arrow a,b with cod(a) = X and dom (b) =Y.
Such equivalence relations clearly exist, as we can just take Rxy = Home (X,Y) x Home (X,Y).
But such equivalence relations are not unique. So any equivalence relations Ry y on Home (X,Y)
satisfying (5.27) will be called a congruence.
4

Definition 5.5 (Congruence Category). Let ~ be a congruence on the category C, and define the
congruence category C~ by

Ob(C™) = 0b(C),
Home~ (X,Y) = {(f,9) | f,9 € Home (X,Y) and f ~ g},
Ix = (Ix,1x),
(f'.9") o (fr9) = (f'o f,g'0g).

Note that, in this definition, Home~ (X,Y") is nothing but the Ry y mentioned in Remark 5.1. We
need to check the well-definedness of the definition of composition.

85



5 Groups and Categories 86

Let (f,g9) € Home~ (X,Y) and (f',¢") € Home~ (Y, Z). We need to show that (f o f,g' og) €
Home~ (X, Z), ie. flof~g og.

! r
X . x Yy 7z tz gz

(f,9) € Home~ (X,Y) and (f’,¢') € Home~ (Y, Z) implies f ~ g and f’ ~ ¢’. Therefore,
flrof=1z0f o(folx)

~1zog'o(folx) [since f' ~ ¢']
=g ofolyx

~¢gogolyx [since f ~ g]
=g og. (5.28)

Therefore, f'o f ~ g og,s0 (f o f,g og) € Home~ (X, Z) and the composition is well-defined.

e (f,9) v (f.9") 7
(f,9")o(f,9)=(f"of.g"og)
There are two obvious projection functors:
CN p%
P2

They leave the objects unchanged, i.e. p; (X) = X for X € Ob(C™~) = Ob(C), i = 1,2, and

pi(fig)=fand p2(f,9) = g. (5.29)
Clearly, for : =1, 2,

pi (ﬂx) =pi(Ix,1x)=1x. (5.30)

Furthermore,

p((f,9) o(f,9) =p1(f'of,gog)

=flof

=m (f,d) omi(f,9). (5.31)
p2 ((f',9") o (f,9)) =p2(f o f,4 0g)

=g'og

=p2(f',9) op2(f,9). (5.32)

Therefore, p; and py are indeed functors. We now build the quotient category C/ ~ as follows:

Ob (C/ ~) = Ob (C)
Homy,. (X,Y) = Home (X,Y) / ~ .

The arrows of C/ ~ have the form [f], where f is an arrow in C, and we put
[1x]=1[x], (5.33)
for X € Ob (C), where the equivalence class [X] consists of X only. Furthermore,

lg] o [f]=1lg° [l (5.34)

for cod (f) = dom (g) in C. We need to verify the well-definedness of this definition. Suppose [f] = [f']
and [g] = [¢/]. Then f ~ f' and g ~ ¢'. Therefore, using (5.28), we get go f ~ ¢ o f'. So
[go f] =[¢' o f'] and the composition in C/ ~ is well-defined.

Consider the quotient functor 7 :C — C/ ~ by

™ (X) = [X] and 7 (f) = [f], (5.35)

for objects X and arrows f. Then the following is a coequalizer diagram in Cat:
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c~$c%6/~
2

The arrows p1, p2, ™ do not change the objects. So m o p; = 7 o py clearly holds on objects. Let (f, g)
be an arrow in C~. Then f ~ g, so that [f] = [¢g]. Now,

(mop1) (fi9) =7 (f) = [f],
(mop2) (f,9) =7 (g9)=[g].

Therefore, ™o p; = m o py holds at the level of arrows as well. Hence,
TOp1L =T Op3. (5.36)

Now, suppose there is another functor F' : C — D such that F o p; = F o po.

(5.37)

Since F op; = F o py, given any arrow (f,g) in C™, i.e. f ~ g, we have
(Fop)(f,0) = (Fops)(f.9) = F(f)=Fl(g). (5.38)
Now we define the functor F : C/ ~— D as follows: given any object [X] € Ob (C/ ~), we define
F([X])=F(X)eOb(D); (5.39)
and given an arrow [f] € Homg,. (X,Y),
F(f)=F(f). (5.40)

This definition is well-defined, since for [f] = [¢], i.e. f ~ g, we have F' (f) = F (g).
Now, given any X € Ob (C), we have

(For) (X)=F (X)) = F(X).
Furthermore, given any arrow f € Home (X,Y),

(For)(H=F () =F(f).

Therefore, we have
For=F. (5.41)

Therefore, there exists a functor F' : C/ ~— D such that the triangle of (5.37) commutes. Now we
need to show the uniqueness of F. Suppose there is another functor G : C/ ~— D such that Gor = F.
Given any object [X] € Ob (C/ ~),

G([X]) =G (r (X)) = F(X)=F(X]). (5.42)
Furthermore, given an arrow [f] € Homg, . (X,Y),
G =G () =F)=FAMND)- (5.43)

Therefore, G = F, and hence F is unique. In summary, is there is a functor F' : C — D such that
F op; = F o py, then there is a unique functor F : C/ ~— D such that F o = F, i.e. the diagram
(5.37) commutes. So 7 : C — C/ ~ is indeed a coequalizer of p; and p2 in Cat.
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Let us now see how we can use the notion of coequalizer to prove analogous homomorphism theorems
for categories. Suppose one has categories C and D and a functor F : C — D. Then F defines a
congruence ~x on C by setting

f~rg < dom(f)=dom(g), cod(f) = cod(g), and F (f) = F(g). (5.44)

Suppose f ~x g with dom(f) = dom(g) = X and cod(f) = cod(g) = Y. Then for any arrow
a:A—Xandb:Y — B,

F(bofoa)=F(b)oF(f)oF(a)=F(b)oF(g)oF(a)=F(bogoa).
Therefore, bo foa ~x bogoa. So ~x is indeed a congruence. Then we can form the congruence
category C™~7, which we call the kernel category of the functor F.
Ker F = C~F ——— C

p2

The functors py,py : C~F — C are defined as (5.29). One then obtains the quotient category as the
coequalizer

Ker F = C~7 %; C—T" (/5
2

where 7 is defined as (5.35). The quotient category C/ ~x then has the following UMP.

Theorem 5.5

Every functor F : C — D has a kernel category Ker F = C~7, determined by a congruence ~r
on C such that given any congruence ~ on C, one has

f~9g = f~Fryg

if and only if there is a unique factorization F:C / ~— D as indicated in the following commu-
tative diagram:

In other words, F = For.

Proof. (=) Suppose that f ~ g = f ~x g. Therefore, f ~ g implies F (f) = F (g). Consider the
following coequalizer diagram:

P1

C”p:;C%C/N
2 |
NE

D

Given an arrow (f,g) in C~, we have f ~ g. So

(Fop)(fr9) =F () =F(9) = (Fop2) (/. 9)- (5.45)

Therefore, F op; = F opy. Since 7 : C — C/ ~ is a coequalizer of p; and p2 in Cat, and 7 : C = D is
another functor such that F o p; = F o py, there exists a unique arrow F : C / ~— D such that the
diagram above commutes, i.e. F = F om.
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(«<=) Conversely, suppose there is a unique functor F : C/ ~— D such that F = Fom. Let f ~ g.
Then [f] = [g] in C/ ~. Then we have

= F(f)=F(9). (5.46)

Therefore, f ~r g. |

4 N
Corollary 5.6

Every functor F : C — D factors as F :~]T" o, where 7 is bijective on objects and surjective on
Hom-sets (i.e. 7 is a full functor), and F is injective on Hom-sets (i.e. F is a faithful functor):

Fa,p : Home, .. (A, B) — Homp (F (A),F (B)), YA, B € Ob(C).

c—>—D?

Ol
. J

Proof. Let us take ~ = ~z in Theorem 5.5. Then there exists a unique functor F : C / ~— D such
thatF = F ow. So, the following diagram commutes:

c—2—D

|

¢/ ~r

Now, clearly 7 is bijective on objects since the objects of C/ ~x are equivalence classes [X] containing
only X € Ob(C). Furthermore, 7 is surjective on Hom-sets, since given any [f] € Hom¢,. . (X,Y),

[f] =7 (f). We are only left to show that ﬁl& injective on Hom-sets.
Take [f], [g] € Home,, (A, B) such that F ([f]) = F ([g]). Then we have

A similar computation reveals that F ([g]) = F (g). Therefore,

F(fNH)=F(g) = F(f)=F(g)
= [~rFyg
= [f]=1g]. (5.47)

Therefore, Fis injective on Hom-sets, i.e. faithful. |
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6 Subobjects and Pullbacks

§6.1 Subobjects

Every subset U C X of a set X occurs as equalizer, and the equalizers are always monomorphisms.
U——"-— X 4,}(4’ 2,
U

where 2 = {0,1}, T : A — 2 that takes all of A to 1 € 2, and

1 if x e U,

XU(x):{o ifzd U

Since every subset U C X occurs as equalizer and equalizers are monic, it is natural to treat monos
as generalized subsets. For instance, monos in Groups can be regarded as subgroups, and monos in
Top can be regarded as subspaces. Given a monomorphism m : M — X in a category G of structured
sets of some sort (call it “gadget”), the image subset

{m(y) lye M} =m (M) C X
is a “sub-gadget” of X to which M is isomorphic to via m.
m:M S m (M) C X.

More generally, we can think of the mono m : M — X itself as determining a “part” of X, even in
categories where the arrows are not necessarily functions.

Definition 6.1 (Subobject). A subobject of an object X in a category C is a monomorphism

m: M — X.

Given subobjects m and m’ of X, a morphism f : m — m/ is an arrow in C/X. If m : M — X and
m’ : M’ — X are subobjects of X, then an arrow f : m — m' is an arrow f : M — M’ such that
m’ o f =m, i.e. the following diagram commutes:

M—

X

Thus we have the category Sube (X) of subobjects of X in C. The objects of Sub¢ (X) are monomor-
phisms of C with codomain X. The objects of C/X are, on the other hand, all arrows of C with
codomain X.

In the construction of Sube (X), since m’ is monic, given the following commutative diagram,

M
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there is at most one f : M — M’. In other words, there is at most one element in the hom-set
Homgyp, (x) (m,m). Indeed, if there are f, f' : m — m’ in Sub¢ (X), f, f': M — M’ are arrows in C
such that m’ o f =m/ o f' =m.

f
M —= M
f/
m m/
X

Since m’ o f = m/ o f’, and m’ is monic, we have f = f’. Therefore, there is at most one element in
the hom-set Homgy, (x) (m,m’), so that Subc (X) is a preorder category. We define the relation
of inclusion of subobjects by

m Cm' <= there exists some f:m — m'. (6.1)

Finally, we say that m and m’ are equivalent, written m = m/ if and only if they are isomorphic as
subobjects, i.e. m C m’ and m’ C m. This holds if and only if f and f’ making both triangles below
commute:

M # M’
m m/
X
In other words,
m'of=mand mo f =m'. (6.2)
Using (6.2), we get
moly=m=m'of =mofof. (6.3)
Somoly =mo(f of).
f'of .
M 1:>> M — X
M
Since m is a monomorphism,
Flof=1y. (6.4)
Similarly,
fof =Ty (6.5)

Hence, M = M’ via f. Thus, we can see that equivalent subobjects (m = m') have isomorphic
domains (M = M').

Abuse of Notation. We sometimes abuse notation and language by calling M the subobject when
the monomorphism m : M — X is clear.

It is often convenient to pass from the preorder Sube (X) to the poset Sube (X) / = by factoring out
the equivalence relation =. Notice that two distinct monos m and m’ in Sube (X) can be equivalent,
i.,e. m = m’ so that both m C m/ and m’ C m hold with m and m’ being distinct. That’s why
Sube (X)) is just a preorder category and not a poset category. As soon as we construct Sube (X) / =,
distinct m and m’ in Sube (X) with m = m/ coincide, i.e. in Sube (X), [m] = [m/].

Now, in Sube (X)/ =, for distinct equivalence classes [m] # [m'] one will have either [m] C [m/]
or [m/] C [m] (or neither) and noth both. Hence. C is antisymmetric in Sub¢ (X)/ = so that
Sube (X) / = is a poset category with respect to the inclusion C.
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Proposition 6.1

In Sets, under this notion of subobject, one then has the isomorphism

Subgets (X) /== P (X).

Proof. Let X be a set. If X = &, then there is only one mono m : A — &, which is the empty function
m: & — . So Subgets (X) has cardinality 1, and hence is isomorphic to P (&) = {@}. Now suppose
X # @.
We define a function ¢ : Subgets (X) /= — P (X) as follows: given a subobject m : M — X, we
define
¢ ([m]) =imm =m (M) C X. (6.6)

Let us check that ¢ is well-defined. Suppose m : M — X and m’ : M’ — X are subobjects such that
[m] = [m/]. Then m = m/. In other words, there is an isomorphism f : M — M’ such that m = m/o f,
i.e. the following diagram commutes

yo L
X
Since f is an isomorphism, f (M) = M’. So we have
imm=mM)=m'(f(M))=m' (M) =imm’. (6.7)
Therefore,
o () = imm = imm’ = o ([m]), (6.5)

so that ¢ is well-defined. Now we define another function ¢ : P (X) — Subgets (X) /= as follows:
given U C X, let iy : U < X be the inclusion (which is injective, and hence a mono). Then we define

¥ (U) = [iv]. (6.9)
For any U € P (X),

Therefore,

potp=1lprx). (6.10)
Now take any [m| € Subgets (X) /=. Then m : M — X is injective. We can define another function
m: M — imm by m(a) = m(a) for each a € M. m is exactly the same as m, with the codomain

restricted to image. Then m is both injective (because m is injective) and surjective. So m is an
isomorphism. Now, consider the following diagram:

M —— imM

R {3

tim M

X

This diagram commutes. Therefore, m = iy, pr, i.e. [m] = [fimm]. Now,

(Y o) [m] = ¢ (imm) = [imm] = [m] .

Therefore,

P 0@ = gubgers (X) = - (6.11)
Combining (6.10) and (6.11), we get that ¢ : Subgets (X) /= — P (X) is an isomorphism, with inverse
P P (X) — Subsgets (X) /=. [ |
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Suppose m, m’ are subobjects of X € Ob (C), i.e. m: M — X and m': M’ X are monic. Also, let
f:m — m’ be an arrow in Sub¢ (X). Then the following diagram commutes:

M

X

By Proposition 3.5, since m is monic, so is f. Hence, f € Sube (M').
Given a monic arrow m : M »— X in C, one can construct a functor called composition functor
ms : Sube (M) — Sube (X) by
my (f) =mo f, (6.12)

at the level of objects; and at the level of arrows, m, is defined trivially:
ms (a) = a, (6.13)

as can be seen by looking at the following commutative diagram.

N a P
f g
M
my (f)=mof ms(g)=mog
m
X

If f: N — M is monic, then mo f : N — X is also monic by Proposition 3.5. Similarly, mog: P — X
is a monomorphism. Now, a : f — ¢ is an arrow in Sub¢ (M), i.e. a: N — P is an arrow in C such
that f = goa. my(a) is supposed to be an arrow from m, (f) = mo f to m.«(9) = mo g, ie.
my (@) : N — P is an arrow in C such that

mo f=mogom,(a).

Choosing m. (a) = a clearly satisfies our requirement, since f = g o a.

§6.2 Pullback

Definition 6.2 (Pullback). In any category C, given arrows f, g with cod f = cod g,

B

AﬁC

the pullback of f and g consists of arrows
p—"2 B
p1

A

such that f op; = g o ps with a certain universal property.
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p—” ,B
A — C
The universal property is as follows: given any z; : Z — A and 29 : Z — B with foz = go 29,
there is a unique arrow v : Z — P such that z; = p; ou and 2o = py o u. In other words, the
diagram below commutes:
XN
P B
A—— C
There is a product-style notation that is often used:
xXo B ™" . B
hg
A—C
Pullbacks are clearly unique up to isomorphism as they are given by a universal mapping property.
Example 6.1. If f : X — Y is a monomorphism, then the following is a pullback diagram:
(6.14)

X —Y

Clearly, folx = folx. Now, suppose there is another object Z with arrows z; : Z — X and
z9 1 Z — X such that foz; = fozs.
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Since f is monic, we must have z; = z9. Therefore, the unique arrow z : Z — X is equal to z; = 2».
It clearly makes the above diagram commutative. Furthermore, it is unique. If there is another
2"+ Z — X commuting the above diagram, then we would have

2=z =1xo0 =7 (6.15)
Therefore, (6.14) is a pullback diagram.

Example 6.2. If e: X — Y is a split epi with right inverse s : Y — X, i.e. eos = 1y, and e is not
an isomorphism, then the following is not a pullback diagram:

1

y —Y YV
sl/ l/ly (616)
X—Y

If it were a pullback diagram, then for any object Z with arrows z; : Z — X and z2 : Z — Y such
that e o z1 = 1y ozs, there would’ve existed a unique z : Z — Y such that so z = z; and 1y oz = 2.

Let us now choose Z = X, z; = 1x and 2o = e. It clearly satisfies e 0 21 = 1y 0z5. So there is a
unique z : X — X such that the following diagram commutes.

N 1y
Y ——— Y
Ix
S ILY
X ——Y
In other words,
soz=2z =1y and 1yoz=ce. (6.17)

The second equation 1y oz = e gives us that z = e. Plugging it into the first equation, we get
soe=1x. (6.18)

This clearly violates the hypothesis that e is not an isomorphism. Therefore, (6.16) is not a pullback
diagram.

Proposition 6.2

In a category with products and equalizers, given a corner of arrows

95



6 Subobjects and Pullbacks 96

f
Consider the diagram
E e B
\
e \ 7o
p1 AxB 9
/
A 7 C

in which e is an equalizer of f o m; and gomg and m oe = p1, mp 0 e = po. Then E,pi,p2 is a
pullback of f and g. Conversely, if E, p1,p2 is a pullback of f and g are given as such a pullback,
then the arrow

e={(p1,p2): E— AXB

is an equalizer of f o and g o mo.

Proof. Suppose that e : E — A x B is an equalizer diagram of the parallel arrows f o m,g 0 my :
AxB—C.

fomy

E—— AxB_—=C

gomy

Also, m1 oe = p1 and 7 0 e = po. We need to show that
E—”2 B
P1

A

satisfies the universal mapping property of pullback. In other words, we need to show that fop; = gops
holds, and given any object Z and arrows z; : Z — A and 29 : Z — B satisfying f o 21 = g o 29, there
exists a unique v : Z — F such that p; ou = z1 and pg ou = 29.

Since e : E — A x B is an equalizer of fom,gomy: AXx B — C, we have

fomoe=gomoe. (6.19)
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We have w1 o e = p1 and w3 o e = py. Therefore,
fopi=gop:. (6.20)

Since A <~ A x B ™% B is a product diagram, for A <~ A x B 22 B, there exists a unique
(z1,22) : Z — A x B such that

71 0 (21, 22) = 21 and 7w 0 (21, 22) = 29. (6.21)
According to the hypothesis, f o z; = g o z9. Therefore,
(fom)o(z,22) = foz1=goz = (goms)o(21,22). (6.22)

Therefore, (f o) o (z1,22) = (g0 m2) (21, 22).

fo
E%AXBL))C

u

A~ 907"2
|
|
|
|
i (z1,22)

I

|

Z
By the UMP of equalizer, there is a unique u : Z — FE such that
eou = (z1,22). (6.23)
Now,
piou=mioeou=mo(z1,29) = 21, (6.24)
p2ou=mgoeou=mgo(21,29) = 2o. 6.25)

Therefore, there exists an arrow u : Z — FE such that p; ou = 21 and ps o u = 2. Now we are left
to show the uniqueness of u. Suppose there is another arrow v : Z — F satisfying p; ov = 21 and
p2 0 v = z9. Then we have

zi=piov=mioeovand 29 =pPaoV =Tr0€0U. (6.26)
A
#1 ;E‘t eov Z2
\N/
A <TA><B — B

Therefore, e o v = (z1, 2z2) by the UMP of the product A x B. Then again, by (6.23), e o u = (21, 22).

As a result,
eov=eou. (6.27)

Z——FE—° 4+ AxB
v

But since e is an equalizer, it is monic. Therefore, u = v, and hence u is unique. So

E—” .B

p1

is a pullback of f and g.

Conversely, suppose E,pi1,p2 is a pullback of f and g, and e = (p1,p2) : E — A x B. Then we need
to show that e is an equalizer of f o and g o ms.
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— fom
E € <p17p2> A % B 1 N C
gomz

Since E,p1,p2 is a pullback of f and g, we have f o p; = g o ps. So we have
(fom)oe= fom o(pi,p2) = fopi, (6.28)
(gome)oe=gomo(p1,p2) = gopa. (6.29)

Therefore, (f om;) oe = (gomy)oe. Now suppose there is another arrow z : Z — A x B such that
(fom)oz = (gome) oz Then we need to show the existence of a unique u : Z — E such that
z = eou, i.e. the following diagram commutes:

fo
E%AXBL§C

Let 1 0z =z and my 0 2 = 2. From (fom) oz = (goms) oz, we get
(fom)oz=(gom)oz = foz =goz. (6.30)

But since F, p1,ps is a pullback of f and g, and z; : Z — A and 29 : Z — B satisfies f o z; = g o 29,
there exists a unique v : Z — FE such that p; ou = z; and ps o u = 29, commuting the following
diagram:

Then we have

mo(eou) =m o (p,p2)ou=piou=2z (6.31)
T o (eou) =m0 (p1,p2) ou=prou=z. (6.32)

Therefore,
eou=(z1,22) = 2. (6.33)

So indeed, there exists an arrow u : Z — E such that z = e o u. Now we need to show the uniqueness
of u. Suppose there is another arrow v : Z — E such that e o v = z. Then we have

zZi=moz=moeov=piovand 29 =M 02z =T 0E€0V = Py 0. (6.34)

Sopiov =2z and ppov = zo. But w: Z — FE is the unique arrow satisfying p; o u = 2; and
p2 o u = zo. Therefore, u = v, proving the uniqueness of u subjected to z = e o u. Therefore,
e=(p1,p2) : E — A x B is ineed an equalizer of f om and g o ms. |
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[
Corollary 6.3

If a category C has binary products and equalizers, then it has pullbakes.
.

Lemma 6.4 (Two pullbacks lemma)

Consider the commutative diagram below in a category C with pullbacks:

r—f g9 ,p

K I h

A 7 B 7 C

1. If the two squares are pullbacks, then so is the outer rectangle. Thus

Axp (B xcD)=AxcgD.

2. If the right square and the outer rectangle are pullbacks, so is the left square.

Proof. 1. Suppose both the squares are pullbacks. One needs to show that the outer rectangle is a
pullback. The outer rectangle is

g'of’

F———D
h/ll/ I/h
A——C
gof
Clearly this square is commutative, since
gofoh! =gohof =hog of. (6.35)

Now suppose there is an object Z and arrows z; : Z — A and 29 : Z — D such that go foz; = hozs.
We need to show the existence of a unique v : Z — F such that h” ov = z; and ¢’ o f/ o v = 29.

go foz = hoz gives us that
go (f o Zl) =ho z9. (636)

Since the right square is a pullback for g and h, there is a unique u : Z — E such that
fozi=howuand z =g ou. (6.37)

Now, f oz = h'owu, and the left square is a pullback of f and h’. Therefore, there exists a unique
v: Z — F such that
z1=h"ovand u= fow. (6.38)
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Now, we have h” o v = 21, and
gofov=gou=nz. (6.39)

Therefore, there exists v : Z — F such that b’ ov = 21 and ¢’ o f' o v = z5. We need to show the
uniqueness of v. Suppose there is another v’ : Z — F such that

h'ov' =z and ¢’ o f' o0 = 2. (6.40)

Now, suppose u' = f’ ov’. Then,

gou =g of ov =z, and (6.41)
hou =hoflov=Ffoh"ov = foz. (6.42)

But u : Z — E is the unique arrow such that f oz; = A’ ou and 29 = ¢’ o u. Therefore, u and
must coincide.
u=u = f o, (6.43)

Furthermore, v : Z — F is the unique arrow such that z; = h” ov and u = f ov. By (6.40)
and (6.43), v' : Z — F also satisfies b’ o v’ = 21 and f’ o v = u. Therefore, v = v, proving the
uniqueness of v. Therefore, the outer rectangle is also a pullback diagram.

2.Suppose the right square and the outer rectangle are pullbacks. We need to show that the left
square is also a pullback diagram. The left square clearly commutes, since the given diagram is a
commutative diagram. Now, given another object Z and arrows 21 : Z — A and 29 : Z — FE such
that f oz = h' 0 2z9. We need to show the existence of a unique u : Z — F such that z; = h” ou
and 29 = f' o u.

The outer rectangle is a pullback, and
ho(g/ozz):goh/ozgz(gof)ozl. (6.44)
Therefore, there exists a unique u : Z — F such that

h'ou=z and ¢’ o f ou =g o 2. (6.45)
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A g'oz
z2
f'ou

g
—

E-2.D
f021 [ [
h' h

We have go f oz = hog ozy. Therefore, there exists a unique v : Z — E such that
hov=foz and ¢ ov =g o 2. (6.46)

Clearly, taking zo in place of v works, since f o z;. Therefore, v = 23, by the uniqueness of v.
Furthermore,

hoflou=foh'ou=foz,gof ou=g oz. (6.47)
Therefore, by the uniqueness of v, v = f’ o u. Hence,
f ou= 2. (6.48)

So, there exists u : Z — F such that h” ou = 21 and f'ou = 2z5. Now we need to show the uniqueness
of u. Let’s say there is another v’ : Z — F satisfying h” ou/ = 2y and f' o’ = 2.

g'ozo

Z

/

F——E-—23D
2 f
h//l{ l{hl l{h
A ; B——C
Now, h" o' = z, and
gofou =g ozm. (6.49)

But v : Z — F is the unique arrow satisfying h” ou = 21 and ¢’ o f' ou = ¢’ 0 25. Therefore, u = o/,
proving the uniqueness of u. Hence, the left square is a pullback.
[ |

.

Remark 6.1. In practice, we often see a slightly different form of Two pullbacks lemma. In the
following commutative diagram,

F-M A

f! f

1. if the two squares are pullbacks, then so is the outer rectangle.

2. if the bottom square and the outer rectangle is pullback, so is the top square.

This is equivalent to the version we just proved. This diagram can be obtained by rotating our
diagram 90 degrees clockwise, and then reflecting about the diagonal.

J
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Remark 6.2. In the Two pullbacks lemma, if the left square and the outer rectangle are pullbacks,
then the right square need not be a pullback. The following is a counterexample: let e : X — Y
be a split epi with right inverse s : ¥ — X, i.e. eo s = 1y. Furthermore, suppose e is not an
isomorphism. Then consider the following commutative diagram:

y ¥ ,y_ v .y
1y S 1y
Y — 5 X ———Y

This diagram commutes, since e o s = 1y. Furthermore, s has a left inverse, so it is monic.
Therefore, the left square is a pullback diagram, by Example 6.1. Also, the outer rectangle is

YLY

1y 1y

Y ——Y
eos=1y
This is also a pullback diagram by Example 6.1, since 1y is monic. However, we assumed e is not
an isomorphism. So by Example 6.2, the right square is not a pullback diagram. Therefore, the
right square can fail to be a pullback even if the left square and the outer rectangle are pullbacks.

J

.

[
Corollary 6.5

~

The pullback of a commutative triangle is a commutative triangle. Specifically, given a commu-
tative triangle as on the right end of the following “prism diagram”:

ha A

hg

«

C

N
Ve

(6.50)

for any h : C' — C, if one forms the pullbacks o/ and 3’ as on the left end, i.e. if C” &g ey y

/ h
is a pullback of ' % ¢ & A and ¢’ &~ B’ 2% B is a pullback of ¢’ s ¢ & B, then there
exists a unique 7/ : A’ — C’ making the left end a commutative triangle, and the upper face a
commutative rectangle, and indeed a pullback .

J

Proof. Since C' J U N pullback of C’ hoo& A, we have the following commutative
pullback square:

A —he g
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Therefore,
hoda =aohy,=[0vo0h,. (6.51)

’ h
Furthermore, C’ LBl Bisa pullback of C’ hol B,and o/ : A’ - C"and yohy, : A — C
are arrows such that ho o' = Bo~vo h,.

C,T)C

Therefore, there exists a unique +' : A’ — B’ such that
o' =p oy and yohy =hgon. (6.52)

So +' is the unique arrow making the left end triangle and the upper face of the prism diagram
commutative. Now, the prism diagram is equivalent to the following commutative diagram:

A —he g

C,T)O

The outer rectangle and the bottom square are pullbacks. Therefore, by Two pullbacks lemma, the
top square is also a pullback. |

Proposition 6.6

Pullback is a functor, i.e. for fixed h: C' — C in a category C with pullbacks, there is a functor
h*:C/C — C/C" defined by

(A&C)H@XCA&C’),

where o is the pullback of « along h. The effect of the functor h* on an arrow v : o« — 8 in C/C
is given by the pullback diagram of a commutative triangle (6.50): h* (vy) = 4/, whose unique
existence is guaranted by Corollary 6.5.

Proof. Given an object a € Ob (C/C), we must check that h* (1) = 1+ (4). Given a: A — C'in C, it
is an object in C/C. The arrow 1, in C/C is the arrow 14 in C. Then the following is a commutative
triangle in C.
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Consider the pullback of this commutative triangle along h : " — C.
h(!

C'xg A=A A
e ) Y
o > A ha A
C’ - C

By Corollary 6.5 h*(1,) is the unique arrow A’ — A’ such that the left end triangle and the upper
face of the prism are commutative. In other words,

o =a' oh*(1,) and hy o h*(1,) = 14 0hg. (6.53)

One can easily check that 1 4/ clearly satisfies this requirement.

1 h

A —2 s A A" A
o , LY T
(0%
c’ A’ — A
Indeed, o/ = o’ o1 4/, and
hool gy = hy = 1 40h,. (6.54)

Therefore, by the uniqueness of h*(1,), h*(1,) = 14/, which is the idenitity arrow of o’ = h* (a) in
the slice category C/C’. So
P*(1a) = Loy = T (qy - (6.55)

Let 71 : a1 — 2,72 : ag — ag be arrows in C/C. We have to verify that A* (y2 0v1) = h* (72) o
h* (71). In other words, we need to check that (72 0v1)" = 5 0~}.
Suppose a1 : A = C, a2 : B— C, ag: D — C in C. Then the following is a commutative diagram

in C.
A
\
al B
e
C 2

N

v and 7% are the unique arrows such that the left triangles and upper faces of the following prism
diagrams commute.

D
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ho

A ! A

k o1 \

N
h
o B’ %2 B

A %

o4 - C

In other words,

o) = ay o9y and 1 © ha,

B’ B
" ,
AN
N
af D' fog
A %
/
C - C
=h /.
— ag o 717

/ / / /
0y = 307y and Y2 0 hgy = Ray © V5.

Combining these two prism diagrams, we get a commutative “cubic diagram”:

A A
v \14
a1
/
B hog B
o az
72
c’ o C 72
ay rax
D D
has

(y2 0 1) is the unique arrow such that left triangle and upper face of the following prism diagram

commute:

In other words,

A
S (yzom)’ o \ngl
S
D’ ey
- C

oy = o (120m) and (v2071) 0 hay = hay 0 (1207 -

One can easily check that 74 o 4] clearly satisfies this requirement.

105
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Ay Aty
o , 5o Y2071
@3
C’ D——D
has
Using (6.56) and (6.57), we get
aho(1p0m) = (a5 07p) 0] = ahon] =al. (6.59)

Again, applying (6.56) and (6.57), we get

has o (Yo 071) = (has ©73) 071 = (72 0 hay) o7}
=720 (hay ©71) =720 (71 © hay)
= (12071) © hay- (6.60)

Therefore, 74 o v} satisfies (6.58). Since (72 0 v1)" is unique, we must have
(20m) =150m- (6.61)
Hence, h* is indeed a functor. |
Example 6.3. Let I be an index set, and consider an I-indexed family of sets
(A)es (6.62)

Given a function o : J — I, there is a J-indexed family

(4etn) e, (6.63)

obtained by “reindexing along «”. Let us describe this reindexing using pullback. For each set A; in
the family (6.62), take the constant i-valued function p; : A; — I with all of A; mapped to i € I, and
consider the induced map on the coproduct

p=[p]: ][4 — I
el

It is the unique function [];c; A; — I such that each of the following triangles commute:

I
Pk
p
Ay ——— 1A,
i€l

Therefore, given (a, k) € [1;c; Ai, with a € Ay,

p(a, k) =p (g (a)) = p (a) = k.

In a similar manner, for each A,(;) in the family (6.63), we can form the constant j-valued function
qj : Aa(y) — J with all of A, ;) mapped to j € J, and consider the induced map on the coproduct

q=lg]: ] Aa) = 7.
jeJ

It is the unique function [[;c; Ay;) — J such that each of the following triangles commute for all
leJ:
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a
Aay =5 JIGJJ Aagj)
Therefore, given (a,l) € [1;c; Aa(j), With a € Ay,
q(a,1) = q (4 (@) = q (a) = 1.

The reindexed family (Aa(j)) o, can be obtained by taking the pullback along the function o : J — I
J

as can be seen from the following diagram:

I Aa) — T A
jed il

(6.64)

Jo—
where ay : [1je; Aagj) = Llier Ai is defined as follows: given (a,1) € [[;c; Aa(j), With a € Ay,
ap(a,l) = (a,a(l)) € HAi'
i€l

It’s easy to see that the square above commutes, i.e. poa, = aogq. Given (a,l) € [Hjes A with

a € Ay, one has

a(f)

(poap)(a,l) =pla,a(l))=a(l),
(aoq)(a,l)=a(l).

Therefore, p o a;, = a0 g. The fact the the UMP of pullback is satisfied for the above square can be
checked easily. Suppose there is another set X and functions f : X — J and g : X — [];c; A; such
that pog = ao f. We need to show the existence of a unique u : X — [];c; Aq(j) such that f =qgou
and g = oy ou, i.e. the following diagram commutes:

Given ¢ € X, g(z) € [l;e; A, so g(x) = (a,i) for some i € I and a € A;. Furthermore, let
f(x)=j€J. Thenpog=ao f gives us

a(j) =a(f () =p(g(x)) =p(ai) =i (6.65)
Therefore, g () = (a,a (j)), where j = f (x). Now we define a function u : X — [[;c; Aqa(j) as follows:
Jj€J
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where j = f (z) and (a,a(j)) = g (z). In terms of the inclusions of coproduct,

tay) (@) = (a,a(j)) € HAi' (6.67)

el

So a = L;(lf(x)) (g (z)). In other words,

w(@) = (tadsay 9 (@), f () (6.68)

Then
(gou)(z) =q(a.j)=j=f(x), (6.69)
(ap o) (x) = ap (a0, §) = (a,0(j)) = g (). (6.70)

So there exists a function u : X — J[;c; Aq(j) such that f = gowu and g = o) ou. We need to show
the uniqueness of u. Suppose there is another function v : X — [[;c; Aq(j) satisfying f = gowv and
g = apov. Given x € X, suppose v (z) = (a,j) for some j € J and a € A,(j). g = a; o v gives us

9(x) =ap (v(2) = ap(a,j) = (a,a(f)) - (6.71)

Furthermore, f = q o v gives us

fx) =qv(z) =q(aj) =J. (6.72)

(a,a(j)) = g (x) gives us a = L;(lj) (g9 (x)). Therefore,

v(@) = (@) = (talsay (9 @), F (@), (6.73)

which matches precisely with the expression of u, from (6.68). Therefore, u is unique, and hence (6.64)
is a pullback diagram. Hence,

J X7 <H Az) = H Aa(j)' (674)

iel jeJ

Proposition 6.7

A category has finite products and equalizers if and only if it has pullbacks and a terminal object.

Proof. (=) If a category has all finite products, then it has nullary product as well. A nullary
product is precisely a terminal object, as we observed in Section 4.5. Also, if a category admits all
finite products, it definitely admits all binary products. A category admitting binary products and
equalizers have pullbacks, by Corollary 6.3.

(<=) Suppose we are in a category with pullbacks and a terminal object 1. In order to show that the
category admits finite products, it suffices to show that the category admits binary products, since
any finite product can be constructed from binary products. Given objects A and B, there are unique
arrows u4 : A — 1 and up : B — 1. Now, consider the pullback of A 24,1 &8 B

AxlBLB

A

We claim that A x; B is a product of A and B. In order to show that, we need to verify the UMP of
product. Suppose we are given any arrows z1 : X — A and x3: X — B.
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X

N

Z2
A<p—1AX1BT>B

A

Since 1 is a terminal object, there is a unique arrow X — 1. u4 o x1,up o x9 are arrows from X to 1.
Therefore, uq o x1 = up o xa. From the UMP of product, there is a unique arrow v : X — A x1 B
such that 1 = p; o u and x9 = py o u (which is precisely what the UMP of product says). Therefore,
A x1 B is a product of A and B, i.e.

Ax1B=Ax B. (6.75)

Now, we have to prove the existence of equalizers. Suppose we are given two parallel arrows f, g :
A — B. Since we already proved that the category admits binary products, we can form the arrows
(f,g9) : A — BxBand A = (1p,1p) : B — B x B. They are the unique arrows such that the
diagrams below commute:

4 p
/ <f,g>\ "5 i am NP
B<W—B;BT>B B<W73>V<BW—>B
Now, let us form the pullback of A M BxB& B
E—" B
e lA(nB,lB) (6.76)
A— BxB

We claim that e : £ — A is an equalizer of the parallel arrows f,¢g: A — B.
f
E——+ A—2B
g

First, let us verify that f oe = goe. Since (6.76) is a pullback diagram, it’s a commutative square.
Therefore,

<f7g> oce = <1B7 ]1B> o h. (677)
Using Proposition 3.10, (f,g)oce = (foe,goe) and (1p,1p) oh = (h,h). As a result,

(foe,goe)y=(h,h). (6.78)
Composing these arrows with m; and mo, we get

mo(foe,goe)=mo(hh) = foe=h, (6.79)
moo(foe,goe) =myo(h,h) = goe=h. (6.80)

Therefore, f oe = g o e. Now, suppose there is another a : Z — A such that foa = g oa. We need
to show that there exists a unique arrow u : Z — E such that e o u = a, i.e. the following diagram
commutes:
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f
E%A?B
A~
u!
} a
Z

Consider the following diagram:

A=(1p,dp)

Since f oa = g o a, we have

(fyg)oa=(foa,goa)={lpo(foa),lpo(foa))=(1g,1g)o(foa). (6.81)

Therefore, (f,g) oa = Ao (foa). By the UMP of pullbacks, there exists a unique arrow u: Z — E
such that eocu =a and howu = f oa. So there indeed exists an arrow u : Z — E satisfying e o u = a.
Now we need to verify the uniqueness of .

Suppose there is another v : Z — FE satisfying e o v = a. Now, consider the following diagram:

foa=goa

_h B

FE
el/ l/A(lB,ILB>
A X

——F B x B
(f:9)
By (6.79) and (6.80), h = foe = goe. Now,
hov=(foe)ov=fo(eov)= foa. (6.82)

Therefore, v : Z — E is an arrow that satisfies eov =a and hov = f oa. But u is the unique arrow
such that eou = a and hou = f o a. Therefore, u = v, and hence u is unique. So e : E — A satisfies
the UMP of equalizer. [ |
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Remark 6.3. Although u : Z — FE is the unique arrow such that eou = a and hou = f o a,
it doesn’t immediately satisfy the uniqueness property required in the UMP of equalizer. In the
equalizer diagram,

we needed to show the existence of a unique u : Z — E such that the triangle above commutes,
i.e. eou = a. w is the unique arrow such that eou = a and hou = foa. But we need uniqueness
with respect to the condition eou = a only. We cannot invoke the argument regarding uniqueness
of u in the pullback diagram to conclude that u is unique in the equalizer diagram, since we are
relaxing the condition a little bit. In principle, there could exist another arrow v for which eov = a
but howv # f oa. This does not violate the uniqueness property of u. That is why we needed to
check the uniqueness again.

~
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7 Limits and Colimits

§7.1 Limits

Definition 7.1. Let J be a small category and C be any category. A diagram of type J in C is
a functor

D:J—C.

We write the objects in the “index category” J with lowercase ¢, j, ..., and the values of the functor
D :J — C in the form D;, Dj, ... being objects in C.

Definition 7.2 (Cone). A cone to a diagram D consists of
e an object C' in C, and
e a family of arrows in C: ¢j : C — D; one for each object j in J.

such that for each arrow o : 7 — j in J, ¢j = D, o ¢, i.e. the following diagram commutes:

C
7N
D; Do D,

Such a cone is denoted by (C,¢;). A morphism of cones

9 (Cej) — (c’,c;.)
is an arrow ¢ : C — C’ in C making each triangle of the following form commute: (for each
j€0b(J)):

c—2 ¢

ie. ¢j=cjod forall j € Ob(J). Thus we have a category Cone (D) of all cones to a diagram
D.

Given arrows ¥ : (C,¢;) — (C',c&) and o : (C’,c;-) — (C’”,c}’) between cones, one can form the
composite

00V :(C,cj) = (C”,c;-/) .

Then ¥ : C — C’ and g : C' — C are arrows in C such that the following triangles commute for each
j€O0b(J):

[V 19
c — 5 ch—5 "
o o’
Cq ’ J
J Cj
D; D;
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7 Limits and Colimits 113

Combining these two triangles, we get the following commutative diagram, for each j € Ob (J):

oot
/_,\ )
cT 50
.
cj J c;/
D

Therefore, the following triangle commutes for each j € Ob (J):

C 0oV Vol

So p o ¥ is indeed an arrow from (C,¢;) to (C” e ) in Cone (D). The associativity of composition

is clear, since the arrow in Cone (D) are actually arrows in the category C, and associativity of
composition holds in C.

Given any object (C,¢;) in Cone (D), its identity arrow 1(c ;) is the arrow 1¢ in C. Indeed, the
following triangle commutes for each j € Ob (J):

c_ ' .

Therefore, 1¢ is indeed an arrow (C, ¢;) to itself. Given any arrow ¢ : (C, ¢;) — (C’, c’~) in Cone(D),
since ¥ : C — C’ is an arroow in C, ¥ o 1 = 9 in C. Therefore,

Vo ]]'(C’Cj) =
in Cone(D). Similarly, 1o o = ¥ in C. Therefore,
Lergyov =1

in Cone(D). Hence, 1(g.;) = lc is indeed the identity arrow of the object (C,c;) in Cone (D).
Therefore, Cone(D) is a category.
We can imagine a cone to be cone over a diagram D with its apex in C.

Definition 7.3 (Limit). A limit for a diagram D : J — C is a terminal object in Cone (D). A
finite limit is a limit for a diagram on a finite index category 7.

We often denote a limit in the form
pi: hmD] — Dz
J

The limit of a diagram itself is a cone (@] Dj, pj>. The limit of a diagram has the following UMP:
Given any cone (C,¢;) to D, there is a unique arrow u : C — @j Dj such that

bj o u = ¢y, (7.1)

for all 5. In other words, the following diagram commutes for each 1, j:
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7 Limits and Colimits 114

Thus the limiting cone (@J Dj, pj) can be thought of as the “closest” one to the diagram D, and
indeed the other cones come from it just by composing with an arrow at the vertex, namely u : C' —

fm, Dj.
Example 7.1. 1. Take J = {1, 2}, the discrete category with two objects and no nonidentity arrows.

A diagram D : J — C is a pair of objects Dy and Dy in C. A cone to D is an object C of C equipped
with arrows

D+ Cc—2 5 D,

A limit of D is a terminal such cone, that is product of D7 and Ds in C:

D1 <ﬂ——1 D1 X DQ L) D2
Therefore,
@Dj = D1 X DQ.
J

2. Take J to be the following category
1 # 2
A diagram of type J looks like

Do
Dy ——= Dy
Dp
A cone is an object C along with a pair of arrows ¢; : C — D; and ¢ : C' — Ds such that the

following diagram commutes:

Do
Dy —/——= Dy

In other words,
Dyoci =cg=Dgoc. (7.2)

A limit for D is, therefore, an equalizer C £y Dy of the parallel arrows D, Dg : D1 — Ds. If there
is any other cone

Dq
Dl PE— D2

—
Dg
/
1
%
!

satisfying D, o ¢} = ¢4 = Dg o ¢}, then from the UMP of limit, we know that there exists a unique
arrow u : C' — C such that ¢; ou = ¢} and cg ou = ¢b.
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Da
D1 D2
Dg
c1 Cc2
C
PN
4 1 <
el
o
The diagram is equivalent to the following equalizer diagram:
C # D1 :&>> D2
0 Dg
ul
1 4
o

Therefore, the equalizer is the “nearest” cone to the underlying diagram, i.e. a limit.

3. Now, J can be any small category, even the empty category. When J is the empty category, it has
no objects and no arrows. In this case, the cone consists of the apex (an object of C) only. Therefore,
the category Conme (D) is actually the category C. The limit for this diagram is the terminal object
of Cone (D), which coincides with the terminal object 1 of C. Therefore, the limit of the diagram
D :J — C when J is empty is 1. We write this as

J

2

lﬁ

1

So a diagram D : J — C of type J consists of the objects and arrows in C as below:
Dy

4. Let J be the following category:

3 «

Dg

DgD—a>D1

A cone to this diagram D is given by the following commutative diagram:
C L) DQ

C
Cc3 ! Dg

D3T>Dl

Each of the triangles above commute, so that

Da o0Cy =C = Da O C9. (73)

Now, if C is the nearest cone to D, then from the UMP of a limit, we know that given any other
cone (C’, c}), there is a unique arrow u : ' — C' such that ¢ = ¢; ou for all j, i.e. the following

diagram commutes:
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C—>D2

Y

D3 —> D1
This is precisely the UMP of pullback. Therefore,

l'&nDj ng XDy D2.

a limit in C.

Proposition 7.1

pullbacks and a terminal object.

(7.4)

Definition 7.4. A category C is said to have all finite limits if every finite diagram D : J — C has

A category has all finite limits if and only if it has finite products and equalizers, i.e. it has

Proof. (=) If a category has all finite limits, then it has all finite products and equalizers, since finite

products and equalizers can be seen as finite limits, by Example 7.1.

(«=) Let a category C admit finite products and equalizers. We have to prove that it admits all finite
limits. Let D : J — C be a finite diagram, i.e. the index category J is finite. Let Jy and J; denote
the object set and arrow set of 7, respectively, which are both finite sets. For ¢ € J, D; is an object

in C. Since C admits finite products, we can form the following products:

H D; and H Deoq g-

1€Jo BeET1

Suppose the following are the relevant projections:

My H DZ—>D] and Pa - H Dcod6—>DCOdOm
i€Jo BeT1

for j € Jy and a € J1. Now, consider the a-indexed family of arrows

Tcod o + H D; — Dcod as
1€Jo

for a € J1. By the UMP of product, there is a unique arrow ¢ : [[;c 7 Di = [lge s,
the following triangle commutes for each a € Ji:

Tcod o

Dcoda <p—a H Dcodﬂ
BET1

In other words, ¢ : [[;c7, Di = [lge s Deodp is the unique arrow such that

Tcodaw = Pa © @

116
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for each a € J1. Recall that for av: j — kin J, Dy : Dj — Dy, is an arrow in C, i.e.
Dy : Dyoma — Deod a- (77)

Now, form the composite arrow Dy © Tgoma : [ ;e 7o Di = Dcoda- We, therefore, have an a-indexed
family of arrows
Dy 0 Tdoma - H Di = Dcod o
i€Jo
for a € J1. By the UMP of product, there is a unique arrow ¢ : [[;c 7, Di = [Ige, Deod g such that
the following triangle commutes for each a € Ji:

[I D;
i€Jo
Daomgom o i
X
v
Dcoda <p—D< H Dcodﬁ
BeTL

In other words, ¢ : [[;c 7, Di = [1ges, Deod g is the unique arrow such that
Dy o Tgoma = Pa © . (78)

Let us combine the above commutative diagrams in the following diagram:

Deod o
Tdom « P
e
H DZ _ H Dcod[o’
i€Jo P BETL
Tdom « Pa

Ddoma T’ Dcod e

(Note that this is NOT technically a commutative diagram. The upper triangle commutes with
respect to ¢, the lower square commutes with respect to 1.) So we have two parallel arrows

©
H Dz _ H Dcodﬂ
1€Jo ¥ BeT

Since C has all equalizers, take the equalizer e : E — [[;c 7 D; of ¢ and 1.

©
E < ’ H D’L _ H Dcodﬁ
i€Jo P BET

For j € Jo, let pj = mjoe : E — D;. We claim that (E, ;) is a limiting cone to the diagram
D :J — C. Let us first see that (E, 11;) is a cone to the diagram D.

" WV \wkoe

Dj ———— D
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Since e : E — [[;c 7, Di is an equalizer of of ¢ and ¢, p oe =1 oe. Given an arrow a : j — k in 7,
we have

Mg = T © € = Teoda © €
=paopoe=paotoe
= Dy o Tdgoma o€ =Dyomjoe

= Dy 0 ;. (7.9)

Hence, (E,p;) is a cone to the diagram D. We now need to verify the UMP of limit. Suppose
F,7; : I — Dj is another cone to the diagram D. Then for any arrow o : 7 — k in J, the following

diagram commutes:

D; — 5 Dy,
In other words, D, o 7j = 73 for all o € J1, i.e.
Dg © Tgoma = Teoda- (710)

Consider the j-indexed family of arrows 7; : F' — Dj, there is a unique arrow h : F' — [[;c 7 D; such
that the following diagram commutes for all j € Jo:

F
- -
-
Dje—— 11 Di
1€J0

In other words, mj o h = 7, for all j € Jy. Now, given arrows Teoda = Teoda © b i F' — Deod o, there is
a unique arrow g : F' — [[gc 7, Dcod g such that the following diagram commutes for all o € Ji:

F

I

|
Tcod a=Tcod aoh }

'g

|

-
Dcoda <p—a H DcodB

BeT

In other words, py © g = Teoda, for all a € J1. We now claim that g = poh =1 o h.

paotpoh:ﬂ'codaoh:Tcodom (7.11)
paowoh:Dozoﬂ-domaoh:Daonoma = Tcod o~ (712)

Therefore, by the uniqueness of g, g = poh = oh. Since e : E — [[;c 7 D; is an equalizer of ¢ and
Y, and h: F' — [[;c 7 Di is another arrow satisfying poh =1 oh, there is a unique arrow u : F' — F
such that the following diagram commutes:

®
E——— H D14> H Dcodﬁ
~ i€Jo (4 BeET
ul
i h
F
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In other words, e o u = h.

pjou=mjoeou=mjoh=rj, (7.13)

for all j € Jy. Therefore, u is indeed an arrow from the cone (F,7;) to (E, pj). We now need to show
the uniqueness of u. Suppose there is another arrow v : F' — E such that p; o v = 7;. Then we have

T =pjov=mjo(eowv). (7.14)

for all j € Jy. But h is the unique arrow such that m; o h = 7; for all j € Jy. Therefore, by the
uniqueness of h, h = e o v. Moreover, u is the unique arrow such that eou = h. So u = v, proving
the uniqueness of u. Hence, there is a unique arrow from the cone (F,7;) to (E, uj). So (E, ;) is a
limiting cone. |

Note that there is no real use of the finiteness of the index category, except for forming the products

H D; and H Deoqg-

1€Jo BET

So we have the following corollary.

Corollary 7.2

A category has all limits of some cardinality if and only if it has all equalizers and all products
of that cardinality, where the category C is said to have limits (resp. products) of a cardinality x
if and only if C has a limit for every diagram D : J — C where card ([J1) < k.

§7.2 Preservation of Limits

Definition 7.5. A functor F' : C — D is said to preserve limits of type J if, whenever p; :
l'glk Dy, — Dj is a limit for a diagram D : J — C; the cone

F(pj): F (ﬁ&l%) — F (D)
k

is then a limit for the diagram F' o D : J — D. In other words,

P (o) =gmro.

(Here, FD; = (F'D), = F (D;)) A functor that preserves all limits is said to be continuous.

We have seen earlier that given a category C admitting products of a given cardinality and all equalizers,
it admits all limits of the same cardinality for any diagram D : 7 — C. Now, take a functor F' : C — D
that preserves products of the given cardinality and also preserve equalizers. One can immediately
form a diagram F'o D : J — D. Now, construct a limit (E, u; : E — D;) of the diagram D : J — C
following the way outlined in the proof of Proposition 7.1, where the apex E of the limiting cone is
obtained from the equalizer of a pair of parallel arrows between two products. Now use the property
of the functor F' : C — D that is preserves products and equalizers to construct a limit of the diagram
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FoD:J — D in the category D. Then the pertinent limit is (F'(E), F (u;) : F (E) = F (D;)). It
means that one has

F <@Dk> = Jim FDy.
k k

The above definition is precisely the definition of preservtion of a limit under the functor ' : C — D.
One observes that in order to verify that a functor preserves limit of a certain cardinality, it suffices
to show that it preserves products of that cardinality and all equalizers.

For instance, let C be a (locally small) category with all small limits (i.e. the index category is
small). The representable functors will preserves those limits. In other words, for a given object C' in
C, the functor

Home (C, —) : C — Sets

will preserve limits. In fact, a stronger result is true. Home (C, —) preserves all limits that exist.

Theorem 7.3

The covariant representable functors Home (X, —) preserve limits that exist. In other words, if
[T @Z D; — Dj is a limit for the diagram D : J — C, then the cone

Home (X, —) (1) : Home (X, —) (L > — Home (X, —) (D)

is a limit for the diagram
Home (X, —)o D : J — Sets.

Proof. Given a: j — k in J, the following is a commutative diagram in C.

lim, D;
D; - D

Under the action of the functor Home (X, —), this commutative diagram goes to the following com-
mutative diagram in Sets.

Homc X L

/\)J

Home (X, D) Home (X, Dy)

*

Therefore, (Homc (X Jim, Di) , (Mj)*) is a cone to the diagram
Home (X, —)o D : J — Sets.

We now need to show that it is a limiting cone. For that purpose, suppose (C,p;) is another
cone to this diagram in Sets. We need to show the existence of a unique arrow u : (C,p;) —

(Homc (X, an Di) , (,uj)*).
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bj
Home (X, Dj) D) Home (X, Dy)
Since (C, p;) is a cone, we have
(Do), ©pj = P (7.15)
for every arrow « : j — k in J. Therefore, given c € C,
Pk (¢) = (Da), o pj) (¢) = (Da), (pj (¢)) = Da o pj (c), (7.16)

where p; (¢) : X — Dj and py (¢) : X — Dy, are arrows in C. In other words, the following diagram
commutes for all arrows a: j — k in J:

X

pj(c) pi(c)

D;

Do Dy

Therefore, we have a cone (X, p;(c)) in C to the diagram D : J — C. Since p; : lim D; — Dj is a
limit for the diagram D : J — C, there is a unique arrow u (c) : (X, p; (¢)) — (ml D;, Mj)-

p;(©) i pr(c)

Dy,
In other words, there exists a unique arrow u (c) : X — 1&1Z D; such that

pj o u(c) =pj(c) (7.17)

for all 7 € Ob(J). So we define the function

u: C — Homg (X,@DZ)

(7.18)
c—ulc).
Then for all ¢ € C,
pj (e) = pjou(c) = ((1y), o u) (). (7.19)
In other words,
pj = (1j).0u (7.20)
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for all j € Ob(J). So u is indeed an arrow

u: (C,pj) = <H0mc (X,l’&lDZ) ,(uj)*> .

We now need to show the uniqueness of u. Suppose there is another

v:(C,pj) — (Homc (X,@Di> ,(,uj)*> .

7

So we have the following commutative diagram in Sets:

Q

by
Homge (X, Jim, DZ-)
(15).0 (kn)..
Home (X, Dj) D) Home (X, Dy)
Then for all j € Ob(J),
(145), 0% = p; = (1), o v. (7.21)

Then for all ¢ € C,

pj (¢) = (), 0v) (¢) = pjov(e), (7.22)

which is true for all j € Ob(J). But u(c) was the unique arrow u(c) : X — lim, D; such that
pj (c) = pjou(c). Sow(c) =wu(c), by the uniqueness of u (c). Therefore, u is unique, and hence

(15), : Home (X,@Dz') — Home (X, Dj)

is a limit for the diagram
Home (X, —)o D : J — Sets.

-
Corollary 7.4

Let C be a category that admits all limits. Then the representable functors Hom¢ (C, —) preserve
all limits.

Definition 7.6 (Contravariant functor). A contravariant functor F': C — D between categories
C and D is an assignment of Ob (C) to Ob (D) and a mapping of arrows in C to D:

Home (A, B) — Homp (F (B), F (A)),

where F'(A) and F (B) are the assigned objects of D under F. In other words, given an arrow
f:A—=BinC, F(f): F(B)— F(A) is an arrow in D, such that the following hold:

L. F'(14) = 1pa), for all A € Ob(C).
2. F(gof)=F(f)oF(g) for arrows f: A— Band g: B— C in C.
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The idea of a contravariant functor can be pictured as follows:

C D
F(f)
A—7 B F(A) «——— F(B)
_ -
gof ! Fgof) (©)
C F(O)

A contravariant functor F' : C — D is in one-to-one correspondence with a (covariant) functor F” :
C? — D. F’ is defined as follows: Ob (C) is the same as Ob (C°P), so given an object X € Ob (C°P),

F'(X)=F(X). (7.23)
Given an arrow f°P:Y — X in C°P, there is an arrow f: X — Y in C, and we define
F (f%) = F(f). (7.24)
Since F': C — D is a contravariant functor, F' (f) is an arrow from F'(Y') to F' (X)), i.e.
F' (fP): F'(Y)— F' (X).

Let g: Y — Z be an arrow in C so that f and g are composable in C.

X Q/g z inC X f\ng/p Z in Co
gof (gof)oP=f°Pog°P
Since F' is a contravariant functor,
F'(fPog™)=F((gof)®)=F(gof)
=F(f)oF(g)=F'(f)oF (4°). (7.25)
Besides, since the identity arrows in both C and C°P? are the same, one has
F'(lx)=F(ly)= Trix)=1px)- (7.26)

So F’ : C°? — D is indeed a covariant functor.
A typical example of a contravariant functor is given by

Homg¢ (—,C) : C — Sets

associated with an object C' € Ob (C), which is defined as follows: given an arrow f: X — Y in C, the
function Home (f,C) = f* : Home (Y, C') — Home (X, C) is defined as

frl9)=gof, (7.27)
for all ¢ € Home (Y, C).

The associated covariant functor with this contravariant functor is

Homgep (C,—) : C°P — Sets.

§7.3 Colimits

Colimit is the dual construction of limit. As before, we define a cocone to a diagram D : J — C and
we form the category of cocones. A colimit for the diagram D is then defined to be an initial object
in the category of cocones.
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Definition 7.7 (Cocone). A cocone to a diagram D consists of
e an object C' in C, and
« a family of arrows in C: ¢; : D; — C one for each object j in J.

such that for each arrow o : 4 — j in J, ¢j o Dy = ¢;, i.e. the following diagram commutes:

D; Do D;
C

Such a cone is denoted by (C,c;). A morphism of cones

9 (Crey) = (€' )
is an arrow ¥ : C — C’ in C making each triangle of the following form commute: (for each
j€0b(7))

c—3% ¢

ie. ¢j =docjforall j € Ob(J). Thus we have a category Cocone (D) of all cocones to a
diagram D.

Definition 7.8 (Coimit). A colimit for a diagram D : J — C is a terminal object in Cocone (D).
A finite colimit is a colimit for a diagram on a finite index category J.

We often denote a colimit in the form
pi: D — hﬂ D;.
J
The colimit of a diagram itself is a cocone (hgn] D;, pj). The colimit of a diagram has the following
UMP: Given any cocone (C,c¢;) to D, there is a unique arrow w : ligj Dj; — C such that

wopj = cj, (7.28)

for all j. In other words, the following diagram commutes for each ¢, j:
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Thus the colimiting cone (hﬂy D;, pj) can be thought of as the “furthest” one to the diagram D, or
the “universal repelling object”.

Lemma 7.5
Let (L, ;) be a limit to the diagram D : J — C. Then (L,u?p> is a colimit to the opposite
diagram D°P : 7°P — C°P, defined as

D°P (3) = D;,
D (a°P) = D (a)°® = DCP.

Proof. Since (L, j1;) is a cone to the diagram D in C, we have puj = D o p; for each arrow av: i — j
in J, i.e. the following diagram commutes in C°P:

L
7N
D; Do D

Then reversing all the arrows, we get the following commutative diagram in C°P:

L
V m

op
Dy

D; D;
Therefore, for every arrow a®® : j — i in J°P, u® = pi” o DgP. So (L, ,u?p) is indeed a cocone to the
diagram D°P : J°P — C°P in CP.

Note that we only used the fact that (L, u1;) is a cone. So this actually proves that if (C,p;) is a
cone to the diagram D : J — C, then (C, p(])-p) is a cocone to the opposite diagram D°P : J°P — C°P,

Dually, if (C, p?p) is a cocone to the diagram D : J°P — C°P, then (C, p;) is a cone to the diagram
D:J—C.

Let us now verify that (L, u§p> is a colimit. Suppose we have another cocone (C’, p?p> to the
diagram DP : J°P — C°P. Then (C,p;) is a cone to the diagram D : J — C. Since (L, u;) is a
limiting cone to the diagram D, there is a unique arrow u : €' — L such that p; = p; o u for all
j € ObJ. In other words, the following diagram commutes for each i, j:

C
|
|
i
i

pi i P;
L
Hi Mg
D; S D;

Reversing all the arrows, we get the following commutative diagram in C°P:
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op
Dq

So, given another cocone (C, p?p), there is an arrow u°P? : L — C such that p?p = u°P o ,u?p for all
j € Ob(J°P). The uniqueness of u follows from the fact that u is unique. Indeed, if there existed
another arrow v°P : L — C satisfying p;” = v°P o ui? (in C°P) for all j € Ob (J°P), then v satisfies
pj = pjov (in C) for all j € ObJ. Therefore, by the uniqueness of u, u = v, and hence v°? = u°P.
Hence, given a cocone (C’, p‘]?p>, there is a unique arrow u°P : (L, 15" ) — (C’, p})p> in the cocone
category Cocone(D°P). Therefore, (L, M;P) is an initial object in Cocone(D°P), i.e. a colimit to the
diagram D°P. |

4 N
Corollary 7.6

The contravariant representable functors Home (—, X) take colimits to limits. In other words, if
g v Dy — %ﬂl D; is a colimit for the diagram D : J — C, then the cocone

Home (—, X) (115) : Home (—, X) <h$1 Di> — Home (—, X) (Dy)

is a limit for the diagram

Home (—, X) o D : J — Sets.
. J

Proof. Given the colimiting cocone

D; Do D
limg, Di

let us examine where the functor Home (—, X) takes this cocone to.

Home (Da,X)

Home (D, X) Home¢ (Dj, X)

D; Do D;
Home (-, X) m A - Home ( m AC(HJ‘ ,X)
ling, Di

Home (lg D;, X)

(7.29)
Since the contravariant functor Home (—, X) is in one-to-one correspondence with the covariant functor
Homgop (X, —) : C°P — Sets, the diagram on the RHS of (7.29) is isomorphic to the follwoing diagram:

Homcop (X,DZP)
HOmCop X D HOmCop (X, Dj)

7.30
HOmcop Xu\ /Homcop (X,u;’p> ( )

Homgon (X, ling, Di>
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Furthermore, since (hgl D;, ,uj) is a colimit to the diagram D : J — C, by the dual statement of

Lemma 7.5, (hﬂz D;, u‘;p) is a limit to the diagram D°P : 7°P — C°P. Furthermore, by Theorem 7.3,
the covariant hom-functors preserve limits. Therefore, the diagram in (7.30) is a limiting cone. In

other words, the diagrams in (7.29) are also limiting cones. Hence, Hom¢ (—, X) takes colimits to
limits. |

Example 7.2 (Pushout). Pushout is the dual construction of pushback. Let us consider pushout in
Sets. Suppose we have two functions:

A—9% (¢

B

We can construct the pushout of f and g as follows: Start with the coproduct (disjoint union) of B
and C.

B—2 .B+C« < ¢

The identity those elements b € B with the elements ¢ € C' whenever there is an element a € A with
f(a) =band g(a) =c,
i.e. we take the equivalence relation ~ on B + C generated by the conditions
(f(a),0) ~ (g(a), 1),

for each a € A. Finally quotient out B + C' by ~ to obtain the pushout

B+4C = (B+0O)/~. (7.31)
We obtain B 44 C as the following coequalizer:

A % B+C —F— B+4+4C
co

It’s the dual construction of the pullback, as the pullback was obtained as an equalizer between two
parallel arrows.

A 9 C

B+C/
N

B B+,C

TOol R

Tl

Example 7.3 (Pushout in Top). Pushouts in Top are similarly formed from coproducts and coequal-
izers, which can be made first in Sets and then topologized as sum (topological sum) and quotient
spaces. For example, pushout can be used to construct S? from D?. Let D? be the 2-disk and S!
be the 1-dimensional sphere (i.e. circle) with the inclusion i : S — D? as the boundary of the disk.
Then the 2-sphere S? is the pushout

Sl i D2

D2 512
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K_/ mot2

_______

t_ moiy |

Here 7 is the quotient map that identifies the boundaries of the 2-disks.

Example 7.4 (Direct limit of groups). Suppose we are given a sequence

g0 g1 92 93
GO Gl G2 G3

of groups and group homomorphsms, and we want a colimiting group G, with group homomorphisms
Uy, : Gy — Goo satisfying u,41 0 g = uy, for all n € N. Moreover, G, should be “universal” with this
property. We are looking at the colimit of the diagram D : w — Groups, where the index category is
the ordinal numbers w = (N, <) regarded as a poset category

0 1 2 3

So the diagram in Groups looks like

GO g0 Gl g1 G2 g2 G3 93 . (732)

It is a diagram of type w in the category Groups. The colimiting group is the colimit of this diagram
D, which is an initial object in the category Cocone (D).

thn = Goo-

new

This group always exists and can be constructed as follows. Begin with the coproduct (disjoint union)
of the sets Gy, for n € w:
L Gn

new

is regarded as the union of all ordered pairs (z,,n) for x,, € G, as n varies over w. We want to put

an equivalence relation ~ on | |, c,, Gy. For i < j, we define g; ; to be the composite:

9i gi+1
Gi - Gi+1 — GH—Q

9i+2 gj—1
A Gj

9i,j=9j—-10"09i+1°9i
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In particular, g; i+1 = ¢i, and g;; = 1g,. We define (x,,,n) ~ (ym,m) if and only if there exists some
k > m,n such that
Ink (Tn) = Gmk (Ym) - (7.33)

Since gnnt1 = gn, one has (x,,n) ~ (gn(xn),n + 1) for each z,, € G,,. One can easily verify that ~ is
an equivalence relation.

o (Reflexivity) Given (z,,n) € |l;c,, Gi, (¥n,n) ~ (zn,n), because gnpn (Tn) = Gnn (2n).

o (Symmetry) If (z,,,n) ~ (ym, m), there exists some k > m,n such that g, (zn) = Gm i (Ym). So
there is some k > n,m such that gn, 1 (Ym) = gnk (xn). Therefore, (ym, m) ~ (zn,n).

o (Transitivity) Suppose (zn,n) ~ (ym, m) and (ym,, m) ~ (z;,1). Then there exists some k; > m,n
and k9 > n,l such that

Inger (Tn) = Gmky (Ym) and Gk, (Ym) = Giks (21) - (7.34)
Without loss of generality, suppose ko > k1 (if not, we can always choose a larger k2). Then
i1 kz © Gnky = (Gho—1 0+ © Gy 1 © Ghy) © (Gky =10+ © Gn1 © Gn) = Gn k- (7.35)
Similarly, gm.ky = Gky ks © Gm k- Lhen

Gk (21) = Gy (Ym)
= §k17k2 (ngﬂ (ym))
= gkl,kz (gn,lﬂ (.’L‘n))

= Gn,ks (Tn) - (7.36)
Therefore, (z,,n) ~ (z1,1).
So ~ is an equivalence relation. Then we define
Goo= | | Gn/ ~. (7.37)
new

An equivalence class in G is denoted as [x,]. The group operation on G is defined as follows:

[2] - [y] = [2"- ], (7.38)

with  ~ 2’ and y ~ ¢/ for 2’3/ € G, for sufficiently large n. If x; € G; and y; € G, then choosing
n = max {i, 7} is sufficient. So

(] [y;] = [Gim (%3) - Gjm (y5)] - (7.39)
The well-definedness of the operation (7.39) can be checked easily. Suppose [z;] = [ax] and [y;] = [b/],
for some a; € Gy and b, € G;. Let n = max {i, j} and m = max {k,[}. Then

[zi] - [y;] = [Gimn (%) - Gjn (Y5)] 5 (7.40)
lak] - [b] = [Gk,m (ar) - Gim (br)] - (7.41)

Since x; ~ ay, there exists some g > i, k such that

Gig (T5) = Grq (ar) . (7.42)

Similarly, since y; ~ by, there exists some r > j,[ such that

Gir (Y5) = Gir (b1) - (7.43)
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Let s = max{q,r}. Then s > ¢ > i,k and s > r > j,l. So s > i,j and s > k,I. As a result,
s >n=max{i,j} and s > m = max {k,(}. Now,
In,s (Gin (i) - Gjn (Y5)) = Gn,s (Gin (%0)) * Gn.s (Gin (Y5))
= Gi,s (i) - Gj.s (Y5)
9a,5 (Gig (1)) * Gr,s (Gjr (Y5))
Ga,s (Gr,q (ar)) - Gr,s (Gur (br))
ks (ak) - Gu.s (br)
= Gm,s (Gk,m (ak)) * Gm,s (Grm (b1))
= Gm,s (Gk,m (ak) - Gim (br)) -
Therefore, gin (i) - Gjn (Yj) ~ Grem (ak) - Gim (br), and hence
[Gin (i) - Gjn (Y3)] = [Grm (ar) - Gim (b1)] - (7.44)
Therefore, the operation defined in (7.39) is well-defined.
If e; denotes the unit element of the group G, then e; ~ e; for any i, j since group homomorphisms

take unit element to unit element. Then the equivalence class [e;] is the identity element of Goo
Indeed, for any x,, € Gy,

I
)
3

o
3.

Il
)
2.

[n] - [€s] = [n] - [en]
[ei] - [zn] = [en] - [zn] = [en - Tn] = [T4].

So [e;] is the identity element of Go. The inverse of [z,] is

2] =[], (7.45)

because
(] - [:E;l} = [l’n . 1:;1} = [ep] and [ZE;I} ] = [x;l xn} = [en].

So we have defined the group G. Now take the homomorphisms

n:Gn — Gso
(7.46)
Ty > [20] -
Gn o GnJrl
N /ﬂ
Goo
For z,, € Gy, xp ~ gn(xn). So [2] = [gn (z5)]. Therefore,
(Un+1 0 gn) (zn) = [gn (zn)] = [2n] = up (zn) . (7.47)

Hence, upy1 0 gn = uy, for each n. So (Goo,un : G, = G) is indeed a cocone. The universality
of G along with the homomorphisms u, : G,, — G results from the fact that this construction
is essentially a colimit in Sets with an induced group structure. Suppose there is a group H with
homomorphisms h,, : G,, — H such that hy,1 o g, = hy for each n. We need to show the existence of
a unique h : G — H such that h,, = h o u,, for each n.

Gp ——"—— G

\ / (7.48)
'h

:
H
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Let us define h : Goo — H as follows: given [z,] € G for some z,, € G,,, we define
h([zn]) = hn (zn) - (7.49)

We have to show that A is well-defined. Suppose z,, ~ y,, for some y,,, € G,,. Then there exists
k > n,m such that g, i (€n) = Gm.k (Ym). Now,

Iy = hn—i—l © gn
= hn+2 O gn+1 © gn

= hn+3 O gn+2 © gn+1 © gn

=hEogr—10"0gnt1°9gn = hi 0 gn k- (7.50)
H
hn hp
it hpt2
G” gn G"‘H In+1 Gn+2 In+2 T gk—1 Gk
En,k:gk—lo“'ognJrlogn
Similarly, Ay, = hj o gm k- Therefore,
h([zn]) = hn (zn)
= hy, (gn,k (xn))
= hi (Gm,k (Ym))
= hun (Ym) = b ([ym]) - (7.51)
So h is well-defined. Now, for any z,, € G,
(houp) (xn) = h([zn]) = hn (z0) - (7.52)

Therefore, h o u, = hy for all n € w. So there indeed exists a homomorphism h : G — H making
the diagram (7.48) commute. Now we have to show the uniqueness.

Gp ——"—— G

7]

Suppose there is another homomorphism h’' : G5 — H such that b’ o u, = h,, for all n € w. Now,
given [z,] € G with x,, € G,,, we have

W ([wn]) = (1 0 un) (2n) = hn (2n) = R ([2n]) - (7.53)

Therefore, h' = h proving the uniqueness of h. Hence, (G, Uy : Gy, — G) is a colimit to the diagram
(7.32).
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8 Exponentials

§8.1 Exponential in a Category

Exponentials can be thought of as the categorical notion of a “function space”. As with everything,
we shall first consider the category Sets to motivate ourselves about the definition of exponentials. In
Sets, we use the notation CP to denote the set of all functions from B to C, i.e.

CB = Homges (B, 0).

Consider a function of sets:
f(=,—):AxB—C.

Now, if we hold a € A fixed, we have a function
fla,—):B—C,
so that f (a,—) € CB. If we now vary a over A, then we get a function
f:A=CB
a— f(a,—).
In other words, f (a) = f (a,—). This function is uniquely determined by
f(a) (b) = f(a,=) (b) = [ (ab).

Furthermore, any map ¢ : A — C® is uniquely of the form f, for some f: A x B — C. This function
f is defined as follows:

f(a,b) =g (a)(b).

So we have an isomorphism of Hom-sets

Homsets (A x B, C) = Homsets (4,C7). (8.1)

In other words, there is a bijection Homgets (A X B,C) — Homgets (A, C’B) taking f to f This
bijection is mediated by an operation of evaluation. In Sets, this evaluation function is

eval : CB x B = C
(9,b) = g (D).

In other words, eval (g,b) = g (b). This evaluation function has the following UMP: given any set A
and any function f : A x B — C, there is a unique function f : A — CP such that

eval o (fx ]IB) = f. (8.2)
That is, for any a € A and b € B,

f(a,b) = (evalo (fx ]IB)) (a,b) = eval (f(a) ,b) .

cB CBxp 2 , ¢
.? fX]lB f
A Ax B

Now we can extend this to any arbitrary category that admits binary products.
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8 Exponentials 133

Definition 8.1 (Exponential). Let C be a category admitting binary products. An exponential
of objects B and C consists of an object C® and an arrow €: CB x B — C such that for any
object A and arrow f : A x B — C, there is a unique arrow f : A — CP such that

eo(fx ]13):f. (8.3)
P CBxB——C
f fx1p f
Jél Ax B

The arrow € : CB x B — C is called evaluation, and the unique arrow f : A — CF is called the
(exponential) transpose of f: A x B — C. Given any arrow g : A — OB, we define

g=¢€co(gx1p):Ax B —C,

and also call g the transpose of g. Let ¢ : Hom¢ (A x B,C) — Homg (A,C’B) be the function
defined as

e(f)=1 (8.4)
Furthermore, we define v : Hom¢ (A, CB> — Home (A x B,C) as
V(g9)=g=¢€o(gx1p). (85)

Then given g : A — CB, ¢ (¢ (¢9)) = g, which is the unique arrow A — CP such that the following
diagram commutes:

CPxB——C

gx1lp 3
Ax B
In other words,
g=co(7x15). (8.6)
But the definition of § is § = € o (g x 13). Therefore, by the uniqueness of g, we get
g=9 (8.7)
for any g € Home (A, chB ) Therefore,
o) = lygome(a,0B) - (8.8)

Furthermore, given f: Ax B — C, ¥ (¢ (f)) = ?, which is, by definition,
f=eo(fx1p). (8.9)
Using the definition of f, the following diagram commutes:
CBExB——C
fX]lB f

Ax B
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So eo (fx ]lB) = f, and hence

f=17 (8.10)
for any f € Home (A x B,C). Therefore,
Y09 = THome(AxB,C) - (8.11)
Therefore, ¢ is an isomorphism (in Sets), i.e.
Home (A x B, C) = Home (A,CF). (8.12)

§8.2 Cartesian Closed Categories

Definition 8.2. A category is called cartesian closed, if it has all finite products and exponen-
tials.

Example 8.1. We have already seen that Sets is a cartesian closed category. The category Setsgy
of finite sets is also a cartesian closed category (CCC). If M and N are finite sets, then the set NM
of all functions from M to N is also a finite set. In fact, it has cardinality

|[NM| = |N[M

Example 8.2. Consider the category Pos of posets and monotone functions. This is a cartesian
closed category. Given posets P and @), the cartesian product of P and @ is also a poset, and is
partially ordered by

(rq) < (0,d) <= p<pp andgq<qq. (8.13)
Then < is a partial order on P x @), because

e (p,q) < (p,q), since p<ppand q <g q.

o If (p,q) < (P,¢) and (p',¢') < (p",¢"), then p <p p’ and p’ < p"; and ¢ <g ¢’ and ¢’ < ¢". By
the transitivity of <p and <g, we get p < p” and ¢ < ¢”. Therefore, (p,q) < (p”,¢").

o If (p,q) < (¢, ¢) and (p',¢') < (p,q), then p <p p’ and p’ < p; and ¢ <q ¢’ and ¢’ <q ¢. By the
antisymmetry of <p and <g, p =p’ and ¢ = ¢’. Therefore, (p,q) = (¢, ¢).

So P x Q is a poset. We define the projections 7 : P x Q - Pand my: P X Q — Q as

71 (p,q) = p and 2 (p,q) = ¢ (8.14)
Pt PxQ—— Q

7 and my are clearly monotone, since given (p,q) < (p',¢’), we have p <p p’ and ¢ <g ¢’. So

o) <(.¢d) = mpq) <pm (,4).

Therefore, 71 is monotone. Similarly, 7o is also monotone. Now suppose that given another poset
X, there are monotone functions x; : X — P and 2 : X — ). We need to show the existence of a
unique monotone function h : X — P x @ such that the following diagram commutes:

/ h\ (8.15)

P<—P><Q4>Q
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In other words, m; o h = f and m 0o h = g. Let us define

h(x) = (f(x),g(x)), (8.16)

for x € X. If © <x 2/, then f (z) <p f(2') since f is monotone. Similarly, g (z) <g g (') since g is
monotone. Therefore,

h(x) = (f (1’) 79(‘73)) < (f ('rl) Y (1’/)) =h (ml) .

Therefore, h is monotone. Now,

(moh)(x) =m (f(z),9(z)) = f(2),

so mpoh = f. Similarly, my 0 h = g. Therefore, there indeed exists a monotone function h : X — P x Q)
such that (8.15) commutes. We now need to show the uniqueness of h. Suppose there is another
monotone function A’ : X — P x ) making (8.15) commute.

X
! | n g
P<—7r1 PXQ4>W2 Q

Let b/ () = (p, q), for a given x € X. Since m; o A’ = f, we have

p=(mohl)(z)=f(x).

Similarly, ¢ = g (). Therefore,
W (z) = (f(z),g(x)) =h(2), (8.17)
and this holds for any x € X. So h = I/, proving the uniqueness of h. Therefore,

P<—7r1 P><624>7r2 Q

is a product diagram in Pos. In other words, Pos admits finite products (any singleton {x} is a
terminal object in Pos). Let us now show that Pos admits exponentials. Given posets P and @, we
define

QF = Hompos (P,Q) = {f : P — Q | f is monotone }. (8.18)

We put a partial order < on QF as follows:
f2g < f(p) <gg(p) foranypeP. (8.19)
=< is indeed a partial order, because
e f(p) <q f(p) for all p € P. Therefore, f < f.

o If f<gandg=h,then f(p) <g g(p) and g (p) <o h(p) for any p € P. By the transitivity of
<@, f(p) <q@ h(p) for all p € P. Therefore, f < h.

o If f <gandg = f, then f(p) <o g(p) and g (p) <g f (p) for any p € P. By the antisymmetry
of <qg, f(p) =g (p) for all p € P. Therefore, f = g.

So QF is a poset. Let us define the evaluation function € : QF x P — Q by

e(f,p)=f)- (8.20)

Let us verify that e is a monotone function. Suppose (f,p) < (g,p') in Q¥ x P. Then f < g in QF
and p <p p’. f is monotone, so f (p) <¢g f (p'). Since f < g, f (p) <@ g (p) for any p € P. Therefore,

e(fip)=F(p)<qf)<og®)=¢€(9.1). (8.21)
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So € is monotone. Now, given any monotone function f : X x P — (@), the transpose f: X - QP is
defined as

fla)=flz,=):P=Q. (8.22)
We need to verify that f is monotone as well. Given z <x ', for any p € P, (xz,p) < (2/,p) in X x P.
Since f is monotone,

f(z.p) <q f(2',p),
for any p € P. Therefore, f (2, —) X f (2, —) in QF ie. f(ac) = f(m’) in QF, proving the monotonicity
of f.

QF QP x P ——— Q
n

if ]A{XILP f

X X x P

Then clearly we have € o (fx ]lB) = f, because given any (z,p) € X x P,

(co (Fx1p)) (@) = (F(2) .p) = F (@) (o) =  (x.1). (8.23)

Now we have to show the uniqueness of f . Suppose g : X — QF is another monotone function such
that eo (g x 1) = f.

QU x P —Q

XxP
Then for any z € X and p € P,
f(z,p) = (eo (g9 x1p))(z,p) =€(g(z),p) =g(z)(p). (8:24)

Since this equality holds for any p € P, we can conclude that g (z) = f (z,—). Therefore, g = 1,
proving the uniqueness of f. Therefore, Q¥ is indeed an exponential of the objects P and @ in Pos.

Proposition 8.1

In a cartesian closed category (CCC) C, exponentiation by a fixed object A is a functor
(—)A:c—c.
(—)?A takes an object B to the exponential B; and given an arrow 8 : B — C in C, (—)* takes

it to o
B4 :=Boep: BA = C4,

where e : BA x A — B is the evaluation arrow.

Proof. 4 : BA — C* is the unique arrow such that the triangle below commutes:

c4 CAxA— (O
iﬁA BAX1 4 Bocp
BA BAx A
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We can also rewrite the triangle as a commutative square:
CAxA—C
BAXI 4 B
BAXA ——— B
In other words, 84 : B4 — C4 is the unique arrow such that
€c o (ﬁA x 11A) — Boeg. (8.25)

Let us now verify the functorial properties of (—)4. Given the identity arrow 1p : B — B, (1 B)A is
the unique arrow B4 — B4 such that the following square commutes:

BAxA—2- B
(]lB)AX]lA 1p
BAXA ——— B
In other words, (1 B)A is the unique arrow satisfying
A _
€EB © ((]IB) X]lA) —]lBOEB. (8.26)

Since C is a category admitting binary products, x : C x C — C is a functor, as verified in § 3.5.ii.
Therefore,
]lBAXAzﬂBAX]lA. (827)

So, the following diagram commutes:
BAxA—% B
Ipa,s=lpaxXTa 1p
BAx A — — B
Writing this commutativity in an equation, we get
epo(lgax1y) =1pgoep. (8.28)

But (15)” is the unique arrow such that (8.26) holds. In (8.28), we found that 1 g4 also satisfies the
same commutativity. Therefore, by the uniqueness, we get

(1) =1ga. (8.29)

Now, suppose we have arrows 8 : B — C and v : C' — D. We need to show that y4 o0 84 = (yo ﬁ)A.
BA, A (yo 5)‘4 are the unique arrows making each of the following squares commute:

CAxA— 5 C DAxA—L 5 (C DAxA—L 5 (C
BAXI4 B YAXL 4 v (voB)A x1 4 ~of
BAXA T B CAXA T B BAXA T B
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In other words, (v o [5’)‘4 is the unique arrow B4 — D# such that
€D © ((705)A X ]lA) =7ofoep. (8.30)

Combining the two commutative squares for 4 and v, we get the following commutative diagram:

DAxA—L 4D
~AxT 4 ol
CAx A< (O

BAXT 4 B

BAXATB

So the following square commutes:
DAxA—2 D
(vAx1a)o(BAx14) ~yoB (8.31)
BAxA—2 B

Again, since C is a category admitting binary products, x : C x C — C is a functor (see § 3.5.ii).
Therefore,

(’yA X ]lA) o (6‘4 X ]lA) = (fonBA) X (Taoly) = (’onﬁA) x1y. (8.32)
Now, using the commutativity of (8.31), we get

€p © ((7‘4 oBA> X ]lA> =~ofBoeg. (8.33)

But (v o 8)? is the unique arrow such that (8.30) holds. In (8.33), we found that v o 34 also satisfies
the same commutativity. Therefore, by the uniqueness, we get

(yo B =704 (8.34)

Therefore, (—)4 : C — C is a functor, if C is a CCC. [ |
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§9.1 The Category of Categories

Let us start by discussing the category Cat of categories and functors. This category has finite
coproducts 0 (the empty category) and C + D; and finite products 1 (the category with only one
object and its identity arrow) and C x D. We can also construct equalizers in Cat as follows: suppose
we are given two parallel functors F, G : C — D. Then we define the category £ and functor F,

E—Lf ¢ 4,%’ D
as follows:
& ={CelC | F(C)=G(O)}
G ={feC|F(f)=G(},

and let £ : &€ — C be the inclusion. Then this is an equalizer, which can be easily checked. The
category € is a subcategory of C, i.e. E: £ — C is a monomorphism (since it is an equalizer).

(9.1)

Definition 9.1. A functor ' : C — D is said to be
« injective on objects if the object part Fy : Co — Dy is injective;
« surjective on objects if the object part Fy : Co — Dy is surjective;
e injective on arrows if the arrow part F; : C; — D; is injective;
e surjective on arrows if the arrow part Fy : C; — D is surjective;
e [ is faithful if for all A, B € Cy, the map

Fa p:Home (A, B) — Homp (F (A), F (B))
f=F(f)

is injective.

Fis full if Fy p is surjective for all A, B € Cy.

Example 9.1. A faithful functor need not be injective on arrows. Consider the coproduct of categories
C + C. The objects of this category are of the form (C,0) or (D, 1), for C,D € Cy. If f: C — D is an
arrow in C, then

(f,0):(C,0) = (D,0) and (f,1):(C,1) — (D,1)

are arrows in C + C. The inclusion functors i1,49 : C — C + C are defined as

i1 (C) = (C,0), i1 (f) = (f,0); (9-2)
iz (C) = (C,1), ia (f) = (f,1). (9-3)

Then the “codiagonal functor” V : C + C — C is the unique functor such that the following diagram
comimutes:

c 2 cyce2 ¢

1c v 1c
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This codiagonal functor V is faithful, but not injective on arrows. If f : C'— D is an arrow in C, then
(f,0): (C,0) = (D,1) is an arrow in C +C, so is (f,1) : (C,1) — (D, 1). Then

V(£,0) =V (i (f)) =1c(f) = [,
V(f,1) =V (i2(f)) =1 (f) = f.

Therefore, V is not injective on arrows. But it is faithful. Given two objects (C,) and (D, j) in C+C,
with 7,7 € {0,1} and C, D € Cy, if i # j, then

Homeyc ((C,1),(D,j)) = @.
Therefore, the function
V(c,i),(p,j) : Homeye ((C, i), (D, j)) — Home (C, D)
is vacuously injective. On the other hand, if i = j, then the function
V¢, (p,j) : Homeqce ((C,i), (D, 1)) — Home (C, D)
is a bijection, so it’s clearly injective. Therefore, V is a faithful functor, but not injective on arrows.

A full subcategory U — C consists of some objects of C, and all the arrows between them. For
example, Setsgy, is a full subcategory of Sets. The inclusion functor Setsg, — Sets is full and faithful.
On the other hand, the forgetful functor Groups — Sets is faithful but not full. There is another
forgetful functor for groups: Groups — Cat. This is both full and faithful, since a functor between
two groups is exactly the same thing as group homomorphism.

Example 9.2. Let C be a (locally small) category, so that we have the representable functors
Home (C, —) : C — Sets,
for all objects C € Cy. This functor is faithful if and only if for all objects X,Y, the function
Fxy : Hom¢ (X,Y) = Homgets (Home (C, X)), Home (C,Y)) (9.4)

is injective (here F' = Hom¢ (C, —)). Fxy is injective if and only if for f,g : X — Y with f # ¢,
Fxy (f) # Fxy (g9), i.e. F(f)# F(g). But F(f) and F (g) are both functions from Hom¢ (C, X)
to Home (C,Y). Two functions are unequal if and only if there exists some input where the functions
don’t agree. Therefore, F'(f) # F(g) if and only if there is some z € Home (C, X) such that
F(f)(xz)# F (g9) (z). But since F = Hom¢ (C, —),

F(f) (x) = Home (C, f) (x) = (f) (x) = fow. (9-5)

Similarly, F' (g) (x) = g o x. Therefore, Hom¢ (C, —) is faithful if and only if for all objects X,Y and
arrows f,g: X — Y with f # g, there exists an arrow = : C' — X such that fox # gox.

Example 9.3. Let G be a group in a (locally small) category C. Then the contravariant representable
functor Home (—, G) has a group structure, so that we have a functor

Homg¢ (—,G) : C — Groups.

For example, if C = Sets, then for each set X, we can define the group operation on Homgets (X, G)
pointwise:

o Suppose f, g € Homgets (X, G). Then we define

(fxg)(x) = f(z)*c g (2), (9.6)

where *g is the group operation on G.
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o Let e € G be the identity element. Then the identity element of Homgets (X, G) is the function
u:X — Gthatsendsallz € X toee G.

o The inverse of f € Homgets (X, G) is the function g : X — G such that

g(x)=f(z)". (9.7)
Then Homgets (X, G) is a group under x. We then have an isomorphism
Homsgets (X, G) = [] G- (9.8)
zeX

Indeed, the elements of the product [],cy G are functions

p: X — U Gy
rzeX
such that ¢ (z) € G for every z € X. In our case, G; = G for all x € X. Therefore, the elements of
the product [],cx G are all the functions ¢ : X — G, so that the isomorphism in (9.8) holds.
Furthermore, given any function h : X — Y, h* : Homgets (Y, G) — Homgets (X, G) is a group
homomorphism. Indeed, given any f,g:Y — G,

[0 (f *y 9)] (x) = [(f >y g) o ] (z)
= (f*y g) (h(z))
= f(h(2)) *c g (h(2))

=|[foh*x gohl](x)

)] (

= [P" () *xx h" (9)] (2).

Therefore,

W (fxy g) = h* (f) *x h* (9) (9.9)
i.e. h* is a group homomorphism. So we say that the contravariant functor Homgets (—, G) "captures"
the group structure of G.

The group structure is not particularly a special structure. We can do the above for pretty much any
algebraic structure. For instance, R has a ring structure, and using that ring structure, we can form the
ring Homop (X, R) of all the continuous functions from the topological space X to R. Homrep (X, R)
is also written C (X). The ring structure of Hommep (X, R) is inherited from that of R (the addition
and multiplication are defined pointwise, in a similar manner as before). In this case as well, given a
continuous function A : X — Y, the function

h* : Homrop (Y, R) = Homep (X, R)

is a ring homomorphism.

However, not all algebraic structures are preserved. For instance, R has the structure of a field, but
Homop (X, R) is not a field. We can consider X = R, and the continuous function f (z) = x. Then
[ #0, but f has no multiplicative inverse in Homrep (X, R).

§9.2 Naturality

We have already defined natural transformation in Definition 3.10. Let us recall the definition once
again.

Definition 9.2 (Natural Transformation). Let F' and G be two functors between the categories C
and D. Then a natural transformation 7 : F' = (G is a family of arrows

{nx : F(X) = G(X)}xee,

in D such that for every arrow f: X — Y in C, one must have ny o F' (f) = G (f) onx. In other
words, the diagram below commutes:
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nx

G(X) —g7— G(Y)

Given such a natural transformation 7 : F' = G, the arrow ny is called the component of n at X.

Example 9.4. Consider the free monoid M (X) on a set X, and let U : Sets — Sets be the functor
that takes a set X to the underlying set of its free monoid, i.e. U (X) = |M (X)|. Let us see the
action of U on functions. Suppose f : X — Y is a function between sets. Let ix : X — |M (X)| and
iy 1 Y — |[M (Y)| be the insertion of generators. Then we have a function iy o f : X — [M (Y)|. By
the UMP of a free monoid, there exists a unique monoid homomorphism f : M (X) — M (Y) such
that the following diagram commutes in Sets:

MﬂX!———HMﬂY
X Y

We define U (f) = ‘ﬂ Now we have a natural transformation 7 : 1gets — U, whose components are

—>

nx = tx. Given any function f : X — Y, the following diagram commutes, so that n is a natural
transformation.

X Y

nx Yy

UX) = |M(X)] —— = [M(Y)]

u(f) H

Example 9.5. Let C be a category with products. In § 3.5.ii, we have seen a functor
x:CxC—=C.

Now we define a new functor

x:CxC—C,
(A,B) — B x A, (9.10)
(f,9)—gx [

Then we define a “twist” natural transformation ¢ : x = X as follows: given the product diagrams

A«  AxB " B

B+ BxA—2 4

we take t(4 gy : A x B — B x A to be the unique arrow such that the following diagram commutes:

AxB

I

|
/ ;t(AB o

|

\

B+——BxA—F— A
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In other words,
D1 Ot(A7B) = T2 andpgot(A,B) = 7. (9.11)

In order to show that ¢ : X = X is a natural transformation, we need to show the commutativity of
the following diagram, given arrows av: A —+ A’ and f: B — B’ in C:

AxBa—Xﬁ>A’><B’

t(a,B) tear,Br)

BwaB’xA’

We have two arrows Bomg : Ax B — B’ and aom : Ax B — A’. So there is a unique arrow
u:Ax B — B’ x A" such that the following diagram commutes:

AxB

’<7B’><A’4>A’

In other words,
plou=om and phou=aom. (9.12)

Now, in light of the following commutative diagrams,

AXB A+— AxB — B

tea,m) N\ laxf B
- i - o

B+« _BxA—2 A Ale——2 _AxB —2— P
1 p2 ! pl
v -

B +—— B xA — A B x A’

Py )

we can see that both (8 x a) ot(4 p) and t(4 gy o (a x B) fits the requirement of (9.12). Therefore,
by the uniqueness of u,

(5><oa)ot(A,B):u:t(A/7B/)o(a><5), (9.13)

and hence t: X = X is a natural transformation.

Definition 9.3 (Functor Category). The functor category Fun (C,D) has
e Objects: functors F': C — D
e Arrows: natural transformations ¥ : F' = G
For each object F', the natural transformation 1 has components
(Ir)e =1pc) : F(C) = F(C).

The composite natural transformation of

143



9 Naturality

144

has components

(Won)e="vconc.

F = G which is an isomorphism in the functor category Fun (C, D).

Lemma 9.1

Yo : F(C) — G(C) is an isomorphism.

Definition 9.4 (Natural isomorphism). A natural isomorphism is a natural transformation ¥ :

A natural transformation 9 : F' = G is a natural isomorphism if and only if each componenet

Proof. Suppose 19 is a natural isomorphism, i.e. an isomorphism in Fun (C,D). Then there is another
natural transformation 7 : G = F such that 4 on =1g and no ¥ = 1p. Then for each C € Cy,

Jeone = (Jo 77)0 = (]lG)c =g -

Similarly, nc o V¢ = (). Therefore, Jc : F'(C) — G (C) is an isomorphism.

(9.14)

Conversely, suppose J¢ : F' (C') — G (C) is an isomorphism for each C' € Cyp. Then we define another
natural transformation n : G = F, whose components are ng = 1951. One can easily check that 7 is a
natural transformation. For that purpose, we need to show the commutativity of the following square

given any arrow f: X — Y in C:
Fx) Y piyy
1

£

F
G(X) T G(Y)

-1
Iy

Since 1 is a natural transformation, the following square commutes:

£(f)
e

F(X) F(Y)

Vx Iy

In other words,

ﬂyOF(f) :G(f)oﬁx
Composing with 19;1 to the left and 19)_(1 to the right, we get

F(f)odx' =iy oG (f).
Therefore, (9.15) commutes, so 7 is a natural transformation. Now, for any C' € Cy,
(nod)e=ncodc=1pc)y=1r)s-
Therefore, n o ¥ = 1p. Similarly, ¥ on = 1g. So ¢ is an isomorphism in the functor

Fun (C, D).

144
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Example 9.6. Consider the category Vectr of real vector spaces and linear transformations f : V —
W. Every vector space has a dual space

V* = Homvect, (V,R) (9.19)

of linear transformations ¢ : V — R. Every linear transformation f : V' — W gives rise to a dual
linear transformation

ffwr = v
defined by precomposition, f* (@) = ¢ o f for ¢ : W — R. Therefore, (—)* = Homvect, (—, R) is just

the contravariant representable functor endowed with the vector space structure.
There is a canonical linear transformation from each vector space to its double dual

nviV—>V**
x> (evy : V¥ = R),

where ev, () = ¢ (z) for every ¢ : V' — R. This map ny is the component of a natural transformation
77 : 1VectR = <_)**7

since the following diagram commutes:

v mw (9-20)

Indeed, given any « € V,

(fony)(z)=f"(eve) =evyo f*, and (nw o f) (z) = evy(y). (9.21)

Both evy(,) and ev; o f* are elements of W**, i.e. they are linear maps W* — R. Now, given any
e W* ¢: W — Ris a linear map. Now,

(eva o f7) () = eva (f" (¥)) = eva (Yo f) =4 (f (2)). (9.22)
On the other hand,
Vi) () =¥ (f (). (9.23)
Therefore, ev, o f* = evy(, for every x € V. As a result,
[ onv =nwof. (9.24)

*x

Therefore, (9.20) commutes, so that 7 : Lvect, = (—)* is a natural transformation. When V is finite

dimensional, 7y is an isomorphism, so

*%

1 Lyeetin = (—-)

is a natural isomorphism, where Vect]%n is the category of finite dimensional R-vector spaces and
linear transformations.

§9.3 Exponentials of Categories

In this section, we shall prove that the category Cat of (small) categories and functors is a cartesian
closed category. Given categories C and D, we take D¢ = Fun (C, D), for which we need to show the
required UMP of exponentials. Before going into the proofs, we need the following lemma:
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Lemma 9.2 (Bifunctor Lemma)
Given categories A, B,C, if F': A x B — C is a functor, then

1. Fis a functor in each argument: F (A,—): B — C and F' (—,B) : A — C are functors for
all A € Ay and B € By;

2. F satisfies the following “interchange law”: Given a«: A —+ A’ in A and §: B — B’ in B,
the following diagram commutes in C:

F(A,B) 248, poa, B

F(a,B)‘ ‘F(aﬁB’)

/ ! /
F(A',B) 4 F(A, B)

Conversely, if we have functors F (A,—) : B — C and F(—,B) : A — C for all A € A and
B € By, such that

F (A, =) (B)o F(=,B)(a) = F (=, B) (a) o F (4, -) (B),

for arrows av: A — A’ in A and 3: B — B’ in B, and

for all A € Ay and B € By, then F' : A x B — C is a functor.

Proof. (=) If F: A x B — C is a functor, then for arrows 5: B — B’, f': B — B" in B,

F(A, =) (8 0pB) =F (14,8 0p)
=F(14,8)0F (14,8)
=F(A,—)(8)oF(A—-)(B). (9.25)

Furthermore, given any object B € By,

F(A,~)(1p) = F(14,15) = F (L(a)
=1ru,B) = 1ra,—)B)- (9.26)

Therefore, F'(A,—) : B — C is a functor for every A € Ay. Similarly, F(—,B) : A — C is also a
functor for every B € By.

Now, suppose « : A — A’ is an arrow in A and 8 : B — B’ is an arrow in B. Then (a, 3) : (A, B) —
(A’, B') is an arrow in A x B. We then have the following commutative diagram in A x B:

(A B) (]lAwB)

(@5) (o1 1)
N

(A',B) W (A, B')

(4, B")

(a’ﬂB)

Since F' : A — B — C is a functor, we have

F (avﬁ) = F((a>]lB’) o (]1A75))
= F(aaﬂB/) 0 F(]lAaﬁ)
— P (-, B) (a)o F(4,-)(5). (9.27)

146



9 Naturality 147

Similarly,

F(a,B)

F((La,p)o (a,1p))
F(La,p)oF(a,1B)
F

(A=) (B) o F (=, B)(a). (9.28)

In other words, the following square commutes in C:

F(A, B) 2049, poa B
| |
Fov1p) F(a,B) Fonl 1)
\
F(A,B) 5t F(A,B)
Therefore,
F(=,B") (@)o F(A, =) (8) = F (A=) (B) o F (-, B) (@), (9.29)

i.e. the interchange law holds.
(=) We define the (proposed) functor F': A x B — C as follows:

F(4,B) = F(A,-) (B) = F (=, B) (4) (9.30)

F(avﬁ) =F (A/> _) (5) o F(_aB) (a) =F (_7B/) (a) o F(A7 _) (/B) ) (931)
for (A, B) € (A x B), and arrow (o, ) : (A, B) — (A’, B’). Let us now check the functorial properties.
Suppose 1(4,p) = (14, 1) is the identity arrow of the object (A, B) € (A x B),. Then,

F(Lap) = F (1a,15) = F (A, =) (1) o F (=, B) (1)
= lra - o lr-nw

=1p@,B)°olra,n)

Now, suppose the following is a composition of arrows in A x B:

(,8) (A/7 B/) (o/,8") (A//7 B//)

\_/

(o' ,8")o(a,B)=(a’0a,B'0p)

(4, B)

Now, using the following commutative diagram (commutativity is guaranteed by the interchange law
(9.31)),

F(A, B)F(Av_)(ﬁloﬁ)
l F(a,p) lF(,B”)(a’oa)

™~

1 1 1
F(A 7B%'(A”,*)(,B’OB§:(A 7B )

F(A,B")

F(—,B)(a’oa)

F(d oa,p op)
(A1) (30 B (- B) (o 00)
F(A", =) (B) 0 F(A".=) (B) o F (~.B) (&) o F (. B) (a) . (9.3

Using interchange law once again, we get
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P, B) B0 oy By

F(VB)(a’)‘ ‘F(vB’)(a’)

" " /
FUA%B) o) (A B)

F (A", =) (B) e F (= B) (o) = F (= B) (o) o F (4, =) (B). (9.34)
Plugging (9.34) into (9.33), we get
F (o, )0 (a,8) = F(A", =) (8') o F (=, B') (/) o F (A, =) (B) o F (=, B) () . (9.35)

Now we shall use interchange law once again.
F(A"-)(BY)

F(A, B) ZAD0 poa By Fa, By 08 by By

F(=.B)(a) F(a8) F(=B')(a) F(—.B") () Fa',) F(=.B")(a)
. ~

F(AaB)m)F(AvB) F(A,B)FW)F(A,B)
Therefore,
F(Oé,,@) :F(Alv_) (/B)OF(_vB) (Oé), (936)
F,8)=F(A", =) (f)oF (-, B (). (9.37)
Now plugging (9.36) and (9.37) into (9.35), we get
F((o,8) o (a,B)) = F(/,8') 0 F(av, B). (9.38)
Therefore, F' : A x B — C is a functor. [ |

Theorem 9.3

Cat is cartesian closed, with the exponential
D¢ = Fun (C,D).

Proof. We need to show that the evaluation arrow
e:Fun(C,D)xC— D

is a functor. The action of € on objects is clear. It takes an object F' € Fun (C, D), i.e. a functor
F :C — D, and an object C € Cp, and yields F (C) € Dy as output. In other words,

e(F,C) = F(C). (9.39)

The action of € on arrows is defined as follows: given an arrow in Fun (C, D), i.e. a natural transfor-
mation ¥ : F' = G between functors F,G : C — D, and an arrow f : C — C’ in C, we define

€, f)=dcr o F(f) =G (f)edc. (9.40)

These two arrows are equal, since ¢ is a natural transformation, so that the following diagram com-

mutes:
F(c) = F(en
|k
G(O) —z77 GO
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We shall use Bifunctor Lemma to prove that € is a functor. First, we need to show that € is functorial
in each argument. If we fix a functor F': C — D, then

e(F,—):C—D
takes an object C € Cy to F'(C) € Dy. Furthermore, it takes an arrow f € C;

e(F, =) (f) =e(Up, f) = Lpry oF (f) = F (f). (9.41)

So e (F,—) is just F' itself. Therefore, € (F,—) is a functor.
On the other hand, if we fix C € Cy, then

e(—,C):Fun(C,D) - D

takes an object F' € Fun (C,D),, i.e. a functor F': C — D, to F (C). Furthermore, it takes an arrow
9: F=Gto
€ (—, C) (19) = € (19, ]10) =G (]lc) o) 190 = ]IG(C) 0190 = 190. (942)

So € (—,C) (9) is just the component of ¥ at C. As a result, e (—, C) is also a functor.
Now we need to verify interchange law. Let ¥ : F' = G be a natural transformation, and f : C — C’
be an arrow in C. We need to verify that

(G, =) (floe(—C) (W) =€(—C") () oe(F,—)(f).
In other words, we need to check that the following diagram commutes:

e(F,0) LD (o

(=) () e(=,CN)(9)

!
E(G, C) m G(G, C )

The above diagram can be rewritten as the following diagram:

£(f)
e

F(C) F(C")

Yo 190/ (943)

G(C) G(C")

T
G(f)

(9.43) clearly commutes since ¥ is a natural transformation. Therefore, interchnage law holds, and
hence € : Fun (C,D) x C — D is a functor.

Given any category X and a functor F': X x C — D, we need to show the existence of a unique
functor F' : X — Fun (C, D) such that

F:eo(ﬁ’x]lc>.

i.e. the following diagram commutes:

Fun(C,D) xC —=—— D

FX]IC F

X xC
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Given X € Xp, F(X,—) : C — D is a functor, by the forward direction of Bifunctor Lemma. So we
define N
F(X)=F(X,—) € Fun(C,D),. (9.44)

Now, given an arrow f: X — Y in X, we define a natural transformation n : F (X, —) = F (Y, —) as
follows: the component of n at C' € Cy is the arrow F (f,1¢), i.e.

ne=F(=C)(f)=F(f1c). (9.45)

n is indeed a natural transformation from F' (X, —) to F (Y, —), since the following diagram commutes
(commutativity is guaranteed by interchange law, since F is a bifunctor) for any arrow a: C' — C” in

C:
Fx,0) B529 pox on

ne=F(=,C)(f) nor=F(=,C")(f)

F(Y,C) — F(Y,C")

F(Y,~)(a)
So we define
F(f)y=(n:F(X,~-)= F(Y,-)) € Fun (C,D), . (9.46)
In other words,
(F(n),=FE=0))-

This is clearly functorial since F'(—,C') : X — D is a functor. So we have constructed the functor F.
Now, given any X € Xy and C € Cy,

[eo (Fx )] (X,0) = € (F(X),0) = F(X,-) (C) = F(X,0). (9.47)
Now, given any f: X - Y in X and a: C — C' in C,

eo (Fx1c)] (f.0) = €(F(f),0). (9.48)

Now, using (9.40), € (9, g) = J¢, oG (f), where ¥ : G = H is a natural transformation, and g : Co — C
is an arrow in C. Therefore,

e(F(f),a)=(F()
where the last equality follows from the interchange law of the bifunctor F.

F(X,—)(Oé) F(

LOF(Y, =) () =F(=,C) ()o F(X,~)(a) = F(f,a),  (9.49)

F(X,C)

N

F(=0)(f) F(f,a) F(=,C)(f)

N

!
FY.C) woo@ FC)

X, ')

Therefore,
co(Fx1lc)=F, (9.50)

on both objects and arrows. Now we need to show the uniqueness of F. Suppose there is another
functor G : X — Fun (C, D) such that eo (G x 1¢) = F, i.e. the following diagram commutes

Fun(C,D) xC ——— D
GXI[C

X xC
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Then F' = eo (G x 1¢). We shall now look at the exponential transpose of e€o (G x 1¢). Write
H:=¢€o(Gx1g): XxC—D. Then H : X — Fun (C,D) is an arrow (defined as above) such that
the following diagram commutes

Fun(C,D) xC —~—— D

ﬁch[ H

X xC
Now, for any X € X), using (9.44),

H(X)=H(X,—)=[eo(Gx 1) (X,~) = (G (X),~) = G(X). (9.51)

For any arrow f: X — Y in &, H(f): H(X)= H(Y) is a natural transformation. Since H = G at
the object level, H (f) : G (X) = G (Y) is a natural transformation, with components

(B (), = H(~0) () = [0 (G x 1e)] (f.1e) = (G (F) . 1c). (9.52)
Now using (9.40),
e(G(f), 1) =G(Y)(Le) oG (f)e = Laryc) ° (G(f))e = (G(f))e (9.53)
Therefore, B
(H(H), =G (9.54)

for all C' € Cy. Therefore, H (f) = G (f) for all f € X;. Hence, H = G both at the object and arrow

level. But since H :=e€o (G x 1¢) = F, o

G=H-=F. (9.55)
Therefore, F = G, so that F is unique. So the UMP of exponential is satisfied, and thus Cat is a
CCC. [ |
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