CATEGORY THEORY: A FIRST COURSE

GEORGE JANELIDZE

ABSTRACT. These notes correspond to the Semester Course of Category The-
ory given in 2020 for Honours Students at the University of Cape Town.

(Last updated on May 19, 2022)

1. INTRODUCTION

As the Abstract says, these notes correspond to the Semester Course of Cate-
gory Theory given in 2020 for Honours Students at the University of Cape Town.
Describing this course one cannot avoid mentioning Mac Lane’s “Categories for
Working Mathematician”, which is the book of category theory. Mac Lane’s so ele-
gant style of presenting ideas and results makes his book irreplaceable, not only for
“working mathematicians who use category theory”, but first of all for the experts in
category theory; however, the beginners might need more formal definitions, more
technicalities, and more exercises, covering much smaller basic material, which was
the reason of writing these notes. Nevertheless reading them a good student should
also read, at least partly, the first four chapters of Mac Lane’s book.

Reading this text requires much less of general mathematical knowledge than
Mac Lane’s book does, but it requires at least familiarity with some introductory
course of set theory; the exercises that require a bit of algebra are marked with *.

The ‘collection of all sets’ does not form a set; this problem is what one usually
refers to as the problem of size. We will mostly ignore it here, assuming that in our
entire considerations one can always replace “the collection of all” with “a collection
of sufficiently many”. A proper treatment of the problem of size would involve a
considerable amount of material from mathematical logic, e.g. as much as needed
to speak about models of set theory. We might, however, indicate that certain
‘collections’ we consider are not really sets by calling them (proper) classes, or just
collections.

The notes consist of 20 sections (including this one) with exercises for almost
all of them, the list of categories used with special abbreviated ‘names’, such as
Sets for the category of sets, and selected questions and answers that came up in
discussions with students.
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The students, Hestia Brink, Jean-Luc Ciapparelli, Siphelele Danisa, Andrew Mc
Gregor, Mikaeel Mohamed, Adam Smith, and Matthew Sutton, who attended this
course in 2020, greatly helped me by correcting many misprints and asking good
questions to let me see how they follow the course.

2. CATEGORIES

Definition 2.1. A category C is a system C = (Cy, Cy,dc, cc, ec,mc), in which:

(a)
(b)

Co and Cy are classes called the class of objects in C and the class of
morphisms (or arrows) in C, respectively;

dc and cc are maps from Cy to Cy called domain and codomain respectively;
for f € Cy, when de(f) = A and cc(f) = B, we write f : A — B and say
that f is a morphism from A to B, or that the domain of f is A and the
codomain of f is B;

ec is a map from Cy to Cy called identity; for A € Cy, we write ec(A) =14
and say that 14 is the identity morphism of A;

decec = 1¢, = ccec, that is, for every A € Co, 14 is a morphism from A to
A;
mc is a map from Ci X 4. ..y C1 = {(g, f) € C1 xCy |dc(g) = cc(f)} to Cy
called composition; accordingly, the class C1 X (g o) C1 is called the class
of composable pairs of morphisms in C, and the image mc(yg, f) of (g, f)
under mg is written as gf (or go f) and called the composite of g and f;
1gf = f = fla, for every morphism f: A — B in C;

mg is associative, that is h(gf) = (hg)f whenever (h,g) and (g, f) are
composable pairs of morphisms in C.

When two morphisms in the same category have the same domain and the same
codomain, we say that they are parallel.

A morphism f: A — A is also called an endomorphism of A.

Describing particular categories, one often uses one or more of the following
conventions:

e In a category C, the components Cy, Cy, dc, cc, ec, mc, are far from

being independent from each other; for example one cannot change ec
with all the other components remain the same, as the standard argu-
ment e(A) = e(A)e’'(A) = €'(A) shows. Nevertheless one usually defines ec
independently, unless one uses an abbreviated description of a category, as
in our convention (iii).
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e Defining morphisms f : A — B in a particular category it might turn
out that A and B are not really determined by f alone. This imperfection
makes no harm, since one can always eliminate it replacing f with the triple
(A, f, B). This is a counterpart of the convention in set theory, according
to which a map f : A — B is often defined as a triple (A4, Gy, B), where
Gy C A x B is what is called the graph of f. Note, however, that the term
“graph” has a different meaning in category theory (also different from its
meaning in graph theory), which we will see later.

e Many categories are named after their objects, as it is done in Example
2.2 below. Moreover, having some experience constructing categories, one
often describes them by describing only their objects, or, in less obvious
cases, objects and morphisms; however, we will not do that in this section.

Consider some examples of categories:

Example 2.2. The category Sets of sets is defined as follows:

(a) Co is the class of all sets, and Cy the class of all maps of sets; domain,
codomain, identity, and composition have, in this case, the same meaning
as set theory, that is:

(b) f: A — B means that f is a map from A to B;

) 1a: A — A is the map defined by 14(a) = a;

gwen f: A— B and g: B — C, the composite gf : A — C is defined by

(9/)(a) = g(f(a)).

Example 2.3. A monoid is a triple (M, e, m), in which M is a set, e an element
in it, and m : M x M — M a binary operation on M with

S~
[="e]
N

m(e,x) = x =m(z,e) and m(z,m(y,z)) = m(m(z,y),z),
for all x,y, z € M. The set M is called the underlying set of (M, e, m), although
one usually simply writes M = (M, e, m), informally identifying this set with the
monoid itself. It is often convenient to use either the additive notation, in which
e=0 and m(z,y)=x+y
and the equalities above become
O+z=2z=2+4+0and 2+ (y+2)=(x+y) + 2z,
or the multiplicative notation, in which
e=1 and m(z,y) =xy (or m(z,y) =z -y)
and the equalities above become
lz =2 =21 and z(yz) = (zy)z.
While using this notation one says that the monoid M s additive or multiplicative,
respectively, and e and m are called zero and addition, or one (=identity) and
multiplication, respectively. Any, say, multiplicative, monoid M can be viewed as a
category as follows:

(a) My is any one-element set, e.g., one can take My = {M} or My = {0},
while My = M, that is, the elements of M become morphisms of M viewed
as a category;

(b) since My has only one element, the maps dp; and cpr are uniquely deter-
mined and every pair of morphisms (=elements of M) is composable;

(¢) en = 1, that is, the identity morphism of the unique object of M is 1 of
M.

(d) the composition of M viewed as a category is the same as the multiplication
of M considered as a monoid.
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Example 2.4. A preorder is a pair (P, R), in which P is a set and R is a preorder
relation on P, that is R C P x P is reflerive and transitive. One usually writes
x <y to mean (x,y) € R, and then reflexivity and transitivity become

r<zand (z<y&y<z)=>a<z2

(for all z,y, z € P), respectively. Again, one usually simply writes P = (P, R),
informally identifying the underlying set P with the given preorder. Any preorder
P = (P,R) can be viewed as a category as follows:
(a) Py = P and P, = R, and each morphism in this category is of the form
(z,y) : & =y, for some x <y in P;
(b) as follows from (a), there is no choice but to take 1, = (x,z) and (y, 2)(z,y)
(z,2), for all x, y, z € P with x <y < z, which fully describes the identity
and composition.

In particular, this applies to ordered sets, which are preorders satisfying the anti-
symmetry condition (r <y & y<z)=>x=y.

Example 2.5. Let C = (Cy, Cy,dc, cc,ec, mc) be a category and Sg and Sy sub-
classes of Cy and Cy, respectively, satisfying the following conditions:

(a) If f: A — B is a morphism in C with f in Sy, then A and B are in Sy;

(b) If A is an object in C that is in Sy, then 14 is in Sy;

(c) If (g, f) is a composable pair of morphisms in C with f and g in Sy, then

the composite gf also is in Sy.

Then the pair (So,S1) determines a category S = (So, S1,ds, cs, es, ms), in which
So and Sy are the same and ds, cs, es, and mg are induced by dc, cc, ec, and mc,
respectively. We then say that S is a subcategory of C, or, more precisely, that'S is
the subcategory of C determined by Sy and S1. Furthermore we say that:

e S is a full subcategory of C, if, for every A and B in Sy and every morphism
f:A—= B inC, fisin Sy, in this case one usually describes S as the full
subcategory of C with objects in Sy;

e S is a wide subcategory of C, if Sg = Cy; in this case one usually describes
S as the wide subcategory of C with morphisms in Sy;

Example 2.6. The opposite category C°P of a category C = (Cy, Cy, dg, cc, ec, mc)
is constructed as C°? = (Cy, Cq, cc, dc, ec, m”), where mg¥ is defined by mg¥ (f, g) =
mc(g, f); note also that (f,g) is a composable pair of morphisms in C°P if and only
if (g, f) is a composable pair of morphisms in C. One sometimes says “dual” instead
of “opposite”, but “dual” also has another meaning.

Exercises

1. Given a set X, all maps from X to X form a monoid, which is a motivat-
ing example of a monoid. Explain that Example 2.2 similarly motivates
Definition 2.1.

2. Let M and N be monoids, for which we will use the multiplicative notation.
A monoid homomorphism f : M — N is a map f from M to N with
f(1) = 1 and f(ay) = f(x)f(y) for all z, y € M. Define the category
Mon of monoids similarly to Example 2.2, but replacing sets with monoids
and replacing maps of sets with monoid homomorphisms. Do the same for
a few, say, ten, examples of familiar types of mathematical structures on
sets that admit a good notion of a structure preserving map. For instance,
define the categories Preord and Ord of preordered sets (=preorders) and
of ordered sets (=orders), where the preservation of (pre)order by a map f
should be defined by < y = f(z) < f(y). Note: these categories will be
used in exercises of other sections.
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3. Show that the class M determines a wide subcategory of Sets with mor-

phisms in M when M is the class of all maps that are:
(a) injective;

(b) surjective;

(c) bijective.

4. Define composable n-tuples (n = 0, 1, 2, 3, 4, ...) of morphisms in a cate-
gory and show that each such n-tuple has a well-defined composite with no
parentheses needed. Hint: define f,...f1 by induction, and then show that
(9n---91)(fn--- 1) = gn--g1 frn-- f1.

5. Define the notion of opposite preorder and explain how it agrees with the
notion of opposite category.

3. ALGEBRAIC CATEGORIES

Definition 3.1. Let Q be a set equipped with a map lg : @ — N, where N =
{0,1,2,...} is the set of natural numbers; we will say that Q is a signature. An
O-algebra is a pair (A,v) in which A is a set and

v: — UAAn
neN

is a map with v(w) € AAW), for all w € Q. The set A is called the underlying set
of (A, v).

Together with this definition, let us introduce some terminology, notation, and
conventions:

e Given a set A, a map A" — A is called an n-ary operation on A. Ac-
cordingly, when (A, v) is an Q-algebra as in Definition 3.1, and w € Q has
lo(w) = n, one says that w is an n-ary operation symbol, or a name for
an n-ary operation, or an n-ary operator, and that v(w) : A™ — A is an
operation on A determined by (or associated to) w, or the valuation of w,
or the interpretation of w in (A, v). Operations on A of the form v(w) (for
some w € Q) are called the basic operations on A. The signature € of (A4, v)
can also be called the set of names of basic operations for (A,v), or the set
of operators for (A,v) (having in mind that I, is also given). Logicians say
“functional symbol” instead of “operation symbol”.

e In the situation above, for ay, ..., a, in A, one usually writes w(ay, ..., an)
instead of v(w)(ay,...,a,). When n = 0, 1, and 2, this is usually further
abbreviated as w, wai, and ajwas, respectively. When n small:

One says | instead of
nullary 0-ary

unary l-ary
binary 2-ary
ternary 3-ary

e Let w be a nullary operator. The notation above suggests to write w € A
to mean v(w) € A. In fact v(w) is a map from A°, which is a one-element
set, to A, and so, indeed, it can be identified with an element in A. This
agrees with, say, linear algebra, where we write 0 € V' for any vector space
V; cf. Example 2.3, where we had 0 € M in the additive notation, and
1 € M in the multiplicative notation. The authors who prefer not to use
this convention, call nullary operations constants, and define constants of
A as chosen elements of A.
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e Once the notation and conventions above are freely used, we will also write
informally A = (A,v), ignoring therefore the distinction between the Q-
algebra (A4,v) and its underlying set A. Such identifications will also be
used for other mathematical structures, including (€2, l) above, for which
we will write Q = (Q, ).

e Furthermore, sometimes it is convenient to avoid using the symbol [l com-
pletely and use the sets 2, = {w € Q]lg(w) =n} (n =0,1,2,...) instead.
In other words, one can also think of Q as a sequence (g, Q1,s,...) of
disjoint sets.

Definition 3.2. Let A and B be Q-algebras. An Q-algebra homomorphism, or,
simply, a homomorphism, f : A — B is a map [ : A — B of the underlying sets
with

flw(ar, ...an)) = w(f(ar), ..., f(an)),

for everyn =0,1,2, ..., every w € Q,, and every ay,...,a, € A.

It is easy to see that:
e for every Q-algebra A, the identity map 14 is a homomorphism 14 : A — A;
e for Q-algebra homomorphisms f : A — B and g : B — C, the (usual)
composite gf : A — C is an Q-algebra homomorphism;
e this defines a category, to be called the category of (2-algebras; it will be
denoted by Alg(2).
Universal algebra studies various full subcategories of Alg(€2) for various §2; some
particular ones, including those considered in the rest of this section are studied in
classical algebra.

Example 3.3. Alg()) = Sets.
Example 3.4. If Q) consists of one operator, and that operator is nullary, then
Alg(Q) is called the category of pointed sets; we will simply write

Alg(Q2) = Pointed Sets.

This category can be identified with the category of pairs (X, x), where X is a set
andz € X.

Example 3.5. If Q consists of one operator, and that operator is binary, then
Alg(Q2) is called the category of magmas; we will write

Alg(Q2) = Magmas.

This category can be identified with the category of pairs (X, m), where X is a set
and m a binary operation on X.

Example 3.6. A magma (X, m) is called a semigroup if m is associative. This
determines a full subcategory Semigroups of the category Magmas.

Example 3.7. Suppose Q consists of two operators, one nullary and one binary.
Then Alg(Q) can be identified with the category of triples (X, e, m), where X is a
set, e € X, and m is a binary operation on X. This makes the category Mon of
monoids (cf. Exercise 2 of Section 2) a full subcategory of Alg(2).

Example 3.8. A group is a four-tuple (G, e, m, 1), in which (G, e, m) is a monoid,
and i a unary operation on G with
m(i(z),z) = e = m(z,i(z)),

for all x € G, although it would be sufficient to require only one of these equalities
(does not matter which one). This makes the category Groups of groups a full sub-
category of Alg(Q), where Q consists of three operators, one nullary, one binary,
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and one unary. Note that, as in the case of monoids, one might use the multiplica-
tive or the additive notation; for the first of them one writes i(z) = x~% while for
the second one it becomes i(x) = —x.

Example 3.9. We obtain full subcategories CommSemigroups, of commutative
semigroups, CommMon, of commutative monoids, and Ab of abelian (= commu-
tative) groups, of the categories Semigroups, Mon, and Groups, respectively, by re-
quiring the commutativity condition m(x,y) = m(y,x). A further possible condition
is idempotency m(x,x) = x, creating the categories idempotent commutative semi-
groups and idempotent commutative monoids; one does not consider “idempotent
commutative groups” since every such group would have only one element.

Example 3.10. Suppose Q2 = Qy, that is, every operator in ) is unary. Then the
category Alg(Q) can be identified with the category of pairs (X, h), where X is a set
and h : Qx X — X is a map; this identification makes h(w, z) = wz, for allx € X.
If Q is equipped with a monoid structure, say, multiplicative, then one might require

lz =z and W'(wz) = (W'w)z,

for all x € X, and then call X = (X, h) an Q-set. This defines the category Sets*:
of Q-sets as a full subcategory of Alg(£2).

Exercises

1. Present a few, say, five, examples of familiar types mathematical structures,
not considered above, as full subcategories of Alg(€2), for suitable ’s. Have
you already considered them for Exercise 2 of Section 27

2. Have your examples for the previous exercise included vector spaces over a
given field, or, more generally, modules over a given ring? If not, can you
still make them Q-algebras? Hint: use Example 3.10.

3. Let X be a set, P(X) its power set (that is, the set of all subsets of X),
and let U = union, N = intersection, and + = symmetric difference be
considered as binary operations on P(X). Show that:

(a) (P(X),0,U) and (P(X),X,N) are idempotent commutative monoids;
(b) (P(X),0,+,1p(x)) is an abelian group.

Remark: doing this exercise one is expected to know many more standard
examples of groups and monoids of course.

4. ISOMORPHISMS

In this and in fact also in the three following sections we ‘are inside’ an arbitrary
but fixed category C, which means that all objects and morphisms we will consider
are in C.

Definition 4.1. A morphism f : A — B is said to be an isomorphism if it is
invertible, that is, if there exists a morphism g : B — A with gf =14 and fg = 1p.
If this is the case, then g above is called the inverse of f and we write g = f~1.

An endomorphism that is an isomorphism is also called an automorphism.

Of course the second sentence in Definition 4.1 assumes obvious that there is at
most one g with gf = 14 and fg = 1g. Indeed, if also ¢'f = 14 and fg¢' = 1p,
then ¢ = ¢'1p = ¢'(fg) = (¢'f)g = 1ag = g. Other first obvious observations on
isomorphisms are formulated in the following theorem, where actually a part of (b)
repeats a part of (a), and both (a) and (b) only need straightforward calculations,
essentially the same as what is needed to prove (c):

Theorem 4.2. The class Iso(C) of all isomorphisms in C has the following prop-
erties:
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1t contains all identity morphisms and is closed under composition and tak-
ing inverses of invertible morphisms;

if h = gf and two of the morphisms f, g, and h are isomorphisms, then so
s the third one;

1;1 =14, (gf)"r = flg7L, and (f~Y)~! = f, for every object A and
every composable pair (g, f) of isomorphisms. O

Definition 4.3. We say that objects A and B are isomorphic and write A =~ B if
there exists an isomorphism from A to B (or, equivalently, from B to A).

From Theorem 3.2(a), we immediately obtain:

Corollary 4.4. The isomorphism relation = is an equivalence relation on the class
Co of objects in C. O

The notion of isomorphism suggests introducing two ’extreme’ types of cate-

gories:

Definition 4.5. A given category is said to be:

(a)
(b)

a groupoid, if every morphism in it is an isomorphism;
a skeleton, if its objects satisfy the implication A~ B = A = B.

Exercises

1.

Nk Wb

g

It is easy to characterize isomorphisms in many categories. For example,
a morphism in Sets is an isomorphism if and only if it is a bijective map.
Prove this, and characterize isomorphisms in all other categories considered
so far.

Describe all monoids of < 3 elements up to isomorphism.

Which monoids, viewed as categories, are groupoids?

Describe all preorders of < 3 elements up to isomorphism.

Which preorders viewed as categories are groupoids?

Which preorders viewed as categories are skeletons?

Describe all finite-dimensional vector spaces (over a given field) up to iso-
morphism.*

Describe all finite Boolean algebras up to isomorphism.*

Define the category of fields, describe all prime fields up to isomorphism,
and prove that the full subcategory of fields with objects all prime fields is
a groupoid.*

5. INITIAL AND TERMINAL OBJECTS

Definition 5.1. An object Z in a category C is said to be:

(a)
(b)
(c)

wnitial, if, for every object A in C, there exists a unique morphism from Z
to A;
terminal, if, for every object A in C, there exists a unique morphism from

Ato Z;
zero, if it initial and terminal at the same time.

Some authors use different terminology, or symbols 0 and 1, as shown in the table

Initial Terminal
Universal Couniversal
Left universal | Right universal
Left zero Right zero
0 1
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although the symbol “0” is sometimes used only for a zero object.
It is obvious that an object Z is:

e initial in C if and only if it is terminal in C°P;

e terminal in C if and only if it is initial in C°P.
One says that the notions of initial and terminal are dual to each other. Simi-
larly, whatever is done, being it a definition, a construction, or an argument, in an
abstract category, has its dual version. We will often simply say “dually”, either
shortening or even omitting the details. Furthermore, some categorical notions, e.g.
the notion of isomorphism, are self-dual.

Theorem 5.2. Let Z and A be objects in a category C. Then:
(a) if Z is initial, then A is initial if and only if A is isomorphic to Z in C;
(b) if Z is terminal, then A is terminal if and only if A is isomorphic to Z in
C;
Proof. (a): The “if” part is obvious. For the “only part” we observe:

e since both Z and A are initial, there are morphisms f : Z — A and ¢ :
A— Z;
e since 7 is initial, gf =1z : Z — Z;
e since A is initial, fg=14: A — A;
e that is, f and g are isomorphisms, inverse to each other.
(b) is dual to (a). O

When a mathematical construction is either defined as an initial object or defined
as a terminal object in a certain category, one says that it is defined via a universal
property, or defined as a universal construction. As follows from Theorem 5.2, the
universal constructions are determined uniquely up to isomorphism. Defining by a
universal property is a widely generalized idea of defining as “the smallest ... such
that ...” or as the “the largest ... such that ...”, as the following example shows:

Example 5.3. Recall that an ordered set (or a poset, where “po” is an abbreviation
of “partial order”) P = (P, <) is the same as a preorder P = (P, <) in which < is
antisymmetric in the sense that (r < y &y < xz) = x =y in it. An element z in
P is:
(a) initial in P viewed as a category, if and only if it is the smallest element of
the poset P, that is, if and only if z < x for each x € P;
(b) terminal in P viewed as a category, if and only if it is the largest element
of the poset P, that is, if and only if x < z for each x € P.

Example 5.4. The category of sets has both initial and terminal objects. They are
the empty set and any one-element set, respectively.

Exercises

1. Give examples of categories, say, ten, where you can describe initial and
terminal objects. Do such objects always exist?

2. Explain that the system of natural numbers can be defined as an initial
object in the category of triples (X, e, f), where X is a set, e an element in
X and f is a map from X to X.

3. Define other number systems by means of universal properties (in some
cases there is more than one natural way to do that).*

4. When X is a basis of a vector space V', one also says that V is a free vector
space on X. Define “free” by means of a universal property, and apply
similar definitions to other algebraic structures; are there types of algebras
for which you can construct free ones? Give examples showing that not
every algebra is free.*



10 GEORGE JANELIDZE

5. Given objects A and B in a category C, let D be the category of triples
(C,a,8), in which « : C — A and 8 : C — B are morphisms in C; a
morphism v : (C,a,8) — (C',a/,4') in D is a morphism v : C — '
with o’y = a and v = 8. A terminal object in D, usually written as
(A x B,m1,m2) is called the product of A and B. Dually, the product of A
and B in C°P is called the coproduct of A and B (in C). Describe:

(a) products and coproducts in Sets; hint: use cartesian products and
disjoint unions respectively;

(b) products and coproducts in Preord and in Ord; hint: use the previous
exercise;

(c) products and coproducts in a preorder viewed as a category, and, in
particular, in (P(X), C) (where P(X) is as in Exercise 3 of Section 3);

(d) products in Alg(€2); hint: to describe A x B in Alg(2) use A x B in
Sets with the Q-algebra structure defined by

W((a1,b1)y ey (Anyby)) = (W(ag, oy an),w(by, oy by));

(e) products and coproducts in categories described in Examples 3.4 and
3.6-3.9.

6. MONOMORPHISMS AND EPIMORPHISMS

One can think of the notion of isomorphism as a generalization of the notion
of invertible element in a monoid. Now we are going to generalize, similarly, the
notions of left/right invertible and left/right cancellable element.

Again, we ‘are inside’ an arbitrary but fixed category C.

Definition 6.1. A morphism f: A — B is said to be:

(a) a monomorphism, if fa = fa' = a = a’ whenever a and o' are parallel
morphisms with codomain A;

(b) an epimorphism, if bf = b'f = b = U whenever b and b’ are parallel
morphisms with domain B;

(¢) a bimorphism if it is a monomorphism and epimorphism at the same time;

(d) a split monomorphism if there exist a morphism g: B — A with gf = 14;

(e) a split epimorphism if there exist a morphism g : B — A with fg = 1p.

Theorem 6.2. For the five classes of morphisms in a given category introduced in
Definition 6.1, we have:

(a) all these classes are closed under composition and contain all isomorphisms;
) if gf is a monomorphism, then so is f;
(c) if gf is an epimorphism, then so is g;
(d) if gf is a split monomorphism, then so is f;

) if gf is a split epimorphism, then so is g;

) if a morphism is monomorphism and a split epimorphism at the same time,
then it is an isomorphism;
(g) if a morphism is epimorphism and a split monomorphism at the same time,

then it is an isomorphism. O

Proof. Let us prove only (f). If f: A — B is a split epimorphism, then there exists
a morphism g : B — A with fg = 15. We also have f(gf) = (fg9)f =1pf = f =
fla, and, if f is a monomorphism, this gives gf = 14. O

Theorem 6.3. A morphism f: A — B is an isomorphism in each of the following
cases:

(a) B is an initial object and f is a monomorphism;
(b) A is a terminal object and f is an epimorphism.
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Proof. (a): Since B initial, there exist a morphism g from B to A. Applying
initiality again, we also see that fg = 1p, making f a split epimorphism. Therefore
f is an isomorphism by Theorem 6.2(f).

(b) is dual to (a). O

Exercises

1. Prove all assertions of Theorem 6.2.

2. Explain that Theorem 6.3 improves the “only if” parts of Theorem 5.2.

3. Explain the first two sentences of this section.

4. Describe each of the five classes of morphisms from Definition 6.1 in Sets
and in a preorder viewed as a category. In particular show that a morphism
in Sets is:

(a) a monomorphism if and only if it is an injective map;

(b) an epimorphism if and only if it is a surjective map.
Furthermore, almost every monomorphism in Sets is split (that is, is a split
monomorphism). Why “almost”?

5. Explain that Axiom of Choice can be formulated as: every epimorphism in
Sets is split (that is, is a split epimorphism).

6. Let C be a subcategory of either Alg(2) (for some signature ), or of Preord
(although preorder axioms will be irrelevant in this exercise). For a mor-
phism f: A — B in C, explain that (a) and (b) of Exercise 4 immediately
imply:

(a) if f is an injective map, then it is a monomorphism;
(b) if f is a surjective map, then it is an epimorphism;

7. Describe each of the five classes of morphisms from Definition 6.1 in the

following categories:

(a) the category of pointed sets;

(b) the category of vector spaces over a fixed field;*
(c) the category of abelian groups.*

8. Describe monomorphisms, epimorphisms, and bimorphisms in Preord and
in Ord. Would you say that these descriptions trivially agree?

9. Prove that the inclusion map from the additive monoid of natural numbers
to the additive group of integers (considered as a monoid) is a bimorphism
in Mon.

10. Modify the previous exercise to involve the ring of integers and the field of
rational numbers.*

11. Explain that Theorem 6.3(a) applied in the situation of Exercise 2 of Section
5 gives the Induction Principle.

7. hom SETS

We write hom¢ (A, B), or simply hom(A, B), for the set of all morphisms from
A to B in a category C. Other authors might write “Hom” with capital “H”, or
any of the following:

mor(A, B), morc(A4, B), Mor(A, B), Morc(A4, B), C(A, B), [A, B], C[A, B],
to denote the same set.

Remark 7.1. One can define a category in terms of these hom sets, as a sys-
tem C = (Co, (homc(4, B))(a,B)eCoxCos (€4) AcCys (MA,B.C)(A,B,C)eCoxCoxCy)s T
which ea is an element of homc (A4, A) (A € Cy) written as 14, and ma p,c 1is
a map home (B, C) x homc(A, B) — homc (A, C) written as ma p.c(9,f) = gf,
and such that 1gf = f = fla and h(gf) = (hg)f, for all A, B, C, D € Cy and
f € hom¢(A4, B), g € home(B,C), and h € homc(C, D). It seems that in order
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to make this definition equivalent to Definition 2.1, one has to require the hom-
disjointness condition

home(A, B) Nhomc(A',B') #0 = (A= A" & B=B'),

which was required in old text books (otherwise the domain and the codomain maps
are not well-defined), but, as we will see later (Ezercise 8 of Section 18), this
condition can be avoided. Right now we can only say that once it is not satisfied we
can make it satisfied by replacing each f € home(A, B) with (A, f, B). This was
already mentioned in convention (ii) in Section 2. Partly rephrasing it, let us point
out that this is important, since, defining a particuler category C, one often begins
with Cy and then says “a morphism f: A — B in C is ...”, not paying attention
on the hom-disjointness condition, which we will also do. In fact this was relevant
already in Ezercise 2 of Section 2.

Definition 7.2. Given a morphism f : A — B and an object X in the same
category C, we introduce induced maps

(a) hom(X, f) : hom(X, A) — hom(X, B) defined by hom(X, f)(a) = fa;

(b) hom(f, X) : hom(B, X) — hom(A, X) defined by hom(f, X)(b) = bf.

Exercises

1. Explain that hom¢ (A, B) = homgeop (B, A) makes the constructions 7.2(a)
and 7.2(b) dual to each other, and observe dualities in other exercises of
this section.

2. In the notation of Definition 7.2, show that:

(a) hom(X,1,4) is the identity map of hom(X, A);
(b) given also a morphism g : B — C, we have

hom(X, g)hom (X, f) = hom(X, gf), hom(f, X)hom(g, X) = hom(gf, X).

3. Given morphisms f : A — B and g : C — D define the induced map
hom(g, f) : hom(D, A) — hom(C, B) and explain how it is related to Defi-
nition 7.2.

4. Prove that the following conditions of a morphism f : A — B in a category
C are equivalent:

(a) f is an isomorphism;
(b) the map hom(X, f) is bijective for every object X in C;
(¢) the map hom(f, X) is bijective for every object X in C.

5. Reformulate Definition 6.1 in terms of hom sets. For, show that a morphism
f in Sets is:

(a) a monomorphism if and only if the map hom(X, f) is injective for every
object X in C;

(b) an epimorphism if and only if the map hom(f, X) is injective for every
object X in C;

(c) a bimorphism if and only if the maps hom(X, f) and hom(f, X) are
injective for every object X in C;

(d) a split monomorphism if and only if the map hom(f, X) is surjective
for every object X in C;

(e) a split epimorphism if and only if the map hom(X, f) is surjective for
every object X in C.

6. Explain how the previous exercise can be used to prove Theorem 6.2 ‘set-
theoretically’ (see also Exercise 3 of Section 2).

8. FUNCTORS

Categories themselves form a category Cat (in fact ‘smaller’ categories form a
‘larger’ category), whose morphisms are called functors; they are defined as follows:
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Definition 8.1. Let A and B be categories. A functor F' : A — B is a pair
F = (Fy, F1), in which Fy : Ag — By and Fy : Ay — By are maps, satisfying the
following conditions:
(a) if a is a morphism in A from A to A’, then Fy(a) is a morphism (in B)
from Fy(A) to Fo(A'); it is written simply as F(a) : F(A) — F(A");
(b) F(14) = 1p(ay, for every object A in A;
(¢) F(a'a) = F(a')F(a), for every composable pair (a',a) of morphisms in A.

What remains to describe Cat is to say what is the identity functor of any
category A, and to say how to compose functors. Rather obviously, this is done as
follows:

1A = (1A07 1A1) and GF = (GoF(),GlFl).

Convention (iii) in Section 2 on categories, obviously suggests a similar conven-
tion of functors, namely to describe only their ‘object part’; at the beginning we
will not use this convention but only omit checking conditions 8.1(b) and 8.1(c).

Consider some examples of functors:

Example 8.2. IfS is a subcategory of a category C, there is the inclusion functor
S — C, which carries objects and morphisms of S to the same objects and morphisms

in C.
Example 8.3. For an arbitrary category C and an object X in C, we have:
(a) the functor hom(X,—) = hom¢(X,—) : C — Sets, which carries any f :
A — B from C to
hom(X, f) : hom(X, A) — hom(X, B)
as defined in 7.2(a);
(b) the functor hom(—, X) = homc¢(—, X) : C°P — Sets, which carries any
f:B — A from CP to
hom(f, X) : hom(B, X) — hom(A4, X)
as defined in 7.2(b).

Example 8.4. Let M be a multiplicative monoid and X an M-set (see Example
3.10). Considering M as category, as in Example 2.3, X determines a functor
M — Sets, constructed as follows:

(a) it carries the unique object of M to X;
(b) it carries any morphism w of M (that is, any element u of M) to the map
X — X, defined by x — ux.

Moreover, every functor F': M — Sets can be obtained this way by taking X to
be the F-image of the unique object of M and putting uz = F(u)(z).
Definition 8.5. For a functor F': A — B, we say that:

(a) F preserves monomorphisms, if, for every monomorphism m in A, F(m)
18 a monomorphism in B;

(b) F reflects monomorphisms, if a morphism m in A is a monomorphism
whenever so is F(m).

Preservation and reflection of epimorphisms, bimorphisms, split monomorphisms,
split epimorphisms, and isomorphisms is defined similarly.
Definition 8.6. Given a functor F : A — B and objects A and A’ in A, the map
homy (A, A”) — homg(F(A), F(A"))
induced by F' will be denoted by Fy ar. A functor F: A — B is said to be
(a) faithful, if each F4 4 is an injection;
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(b) full, if each Fa, as is a surjection;

(c) ff (=fully faithful), if each Fa as is a bijection;

(d) e.i.o. (=essentially injective on objects), if F(A) = F(A") = A~ A’;

(e) e.s.o. (=essentially surjective on objects), if, for every object B in B, there
exists an object A in A with F(A) ~ B;

(f) e.b.o. (=essentially bijective on objects), if it is e.i.o. and e.s.o. at the

same time.

Exercises

1. Let A and B be categories, and B a fixed object in B. Define the constant
functor Constg : A — B associated to B.

2. If X is a fixed set and F' : Sets — Sets a functor claimed to be defined by
F(A) = X x A, how would you define it on morphisms?

3. Let X be a fixed set. Show that, for the conditions (a)-(c) below, we have:
(b) and (c) are equivalent to each other and imply (a), while (a) implies
(b) and (c) whenever X is finite.

(a) there exists a functor F' : Sets — Sets with F(A) = X U A for every
set A;

(b) there exists a functor F' : Sets — Sets with F/(A) = X N A for every
set A;

(c) X =0.

4. Let Mon and Preord be as an Exercise 2 of Section 2. Explain that:

(a) for monoids M and M’, to give a functor M — M’ is to give a monoid
homomorphism M — M’, and this determines an f.f. functor Mon —
Cat;

(b) for preorders P and P’, to give a functor P — P’ is to give a preorder
preserving map P — P’, and this determines an f.f. functor Preord —
Cat.

5. Show that each of the six collections of functors, introduced in Definition
8.6, contains all isomorphisms (of categories) and is closed under the com-
position.

6. Prove the following preservation and reflection properties of functors:

(a) Every functor preserves split monomorphisms, split epimorphisms, and
isomorphisms;

(b) Every faithful functor reflects monomorphisms, epimorphisms, and bi-
morphisms;

(c¢) Every f.f. functor reflects split monomorphisms, split epimorphisms,
and isomorphisms;

(d) Every f.f. functor is e.i.o;

(e) If a functor is f.f. and e.s.o., then it preserves monomorphisms, epi-
morphisms, and bimorphisms.

7. Show that:

(a) there exist a full functor F' and a morphism f in its domain category,
such that F(f) is an isomorphism while f is neither a monomorphism
nor an epimorphism;

(b) there exist an f.f. functor F' that does not carry bimorphisms to
monomorphisms.

8. Prove that the following conditions on a functor F' = (Fp, F}) are equivalent:

(a) F is an isomorphism (that is, an isomorphism in Cat);

(b) Fp and F} are bijections;

(¢c) Fy is a bijection;

(d) Fp is a bijection and F is fully faithful.
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9. Define the underlying set functors Mon — Sets and Preord — Sets (also

called forgetful functors), and show that:

(a) both of them are faithful and preserve monomorphisms;

(b) none of them is neither full nor e.i.o;

(¢) none of them reflects split monomorphisms and none of them reflects

split epimorphisms;

(d) the first of them reflects isomorphisms while the second one does not;
(e) the first of them does not preserve bimorphisms and is not e.s.o.;

(f) the second one preserves epimorphisms and is e.s.o.
Note: in items (a) and (d), monoid axioms lz = x = z1 and z(yz) = (zy)z
play no role.

10. Any familiar category of mathematical structures on sets (as in Exercise 2
of Section 2) admits a suitable underlying set functor from it to Sets; try
to analyze such underlying set functors by trying to establish properties
similar to those of the previous exercise. More generally, do the same for
various forgetful functors between categories of mathematical structures
that associate weaker structures to given structures (e.g. the functor that
associates to rings their additive groups).*

11. Try similar analysis for functors of Example 8.3 taking C to be one of
familiar categories of mathematical structures.*

12. Make similar analysis for the functor F' of Exercise 2. Some of it will
require considering the following three cases separately: (a) X = 0; (b) X
is a one-element set; (¢) X has more than one element.

9. OLD TERMINOLOGY: COVARIANT AND CONTRAVARIANT FUNCTORS

Functors, as we have defined them in Section 8, were originally called covariant
functors, in contrast to contravariant functors, whose definition is obtained from
Definition 8.1 by replacing;:

e F(a): F(A) — F(A’) with F(a) : F(A") — F(A) in 8.1(a);

e F(gf) = F(9)F(f) with F(gf) = F(f)F(g) in 8.1(c).
The reason why it is better to avoid this terminology is that a contravariant functor
A — B can either be seen as a functor A°® — B, or as a functor A — B°P, while
one cannot identify these two functors with each other.

However, after abandoning this terminology, it is convenient to call the functors
home (X, —) : C — Sets and homg(—, X) : C°P — Sets, of Example 8.3, covariant
hom functors and contravariant hom functors, respectively.

Exercises

1. Example 8.4 in fact says that, for a monoid M, to give a functor M —
Sets is to give an M-set. Rephrase it, explaining that covariant functors
M — Sets can be identified with left M-sets while contravariant functors
M — Sets can be identified with right M-sets. Hint: in Example 3.10
we wrote h(w,z) = wzx, and “left” refers to w written on the left in wz —
which is convenient in the covariant case, while writing xw would be more
convenient in the contravariant case (explain why).

2. For monoids M and M’, explain that:

(a) to give a covariant functor M — M’ is, according to Exercise 4(a) of
Section 8, to give a monoid homomorphism M — M’;

(b) to give a contravariant functor M — M’ is to give a monoid antiho-
momorphism M — M’; by a monoid antihomomorphism we mean a
map [ satisfying f(1) =1 and f(zy) = f(y)f(z) (for all z,y € M) in
the multiplicative notation.
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3. For preorders P and P’, explain that:

(a) to give a covariant functor P — P’ is, according to Exercise 4(b) of
Section 8, to give a preorder preserving map P — P’;

(b) to give a contravariant functor P — P’ is to give a preorder reversing
map P — P’; by a preorder reversing map we mean a map f satisfying
z<y= f(y) < f(z) (for all z,y € P).

4. Explain that with an appropriate notion of composite of functors, covariant
or contravariant, we have:

(a) the composite of a covariant functor with a contravariant functor (in
any order) is contravariant;

(b) the composite of contravariant functors is covariant.

5. Explain that the identity functor of a category C can be considered either
as a contravariant functor C°? — C or as a contravariant functor C — C°P,
and composinig with these functors (as in the previous exercise) defines
certain obvious bijections between collections of covariant and contravariant
functors.

10. REMARKS ON COMMUTATIVE SQUARES

Postponing the formal definition of a diagram, let us agree that what we mean
by a diagram is just a display of objects and morphisms in a given category, such
as

X, eIl oy

4 N
A B

BN A

Y ——..——=Y,
g1 gn—1

calling it commutative (or saying that it commutes) if fu,...fo = gn..-go. In partic-
ular, a commutative square is a diagram

A4f>B

|

A ——= DB
f/

with f’a = bf. The following theorem describes very basic simple properties of
commutative squares; it is trivial, but worth mentioning.

Theorem 10.1. In a given category:

(a) for every morphism a: A — A’, the diagram

commutes;
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(b) if the first two of the following three squares commute, then the third one
also commutes:

A—t.B B—Y-C A ¢

Lo

A B B — A’%C’
I’ g’

(c) if f and f' are isomorphisms and the first of the following two squares
commutes, then the second one also commutes:

f ot
A——B B——A
L
A ——= DB B ——= A
1 (fHt

O

Remark 10.2. It would be convenient to formulate 10.1(b) rather informally, say-
ing that if the two inner squares in the diagram

f g

A——B——C

kb

A14I>B/*,>C/
g

commute, then the outer square also commutes.

Remark 10.3. Given a category C, Theorem 10.1 in fact consructs the so-called
arrow category Ar(C), whose objects are morphisms in C and whose morphisms
are commutative squares; and 10.1(b) shows how to compose such morphisms. In
the situation 10.1, informally identifying commutative squares with their pairs of
horizontal arrows, we might write 1, = (14,14), (9,9)(f, ) = (gf,d'f"), and
(f, ) L= ("1 f7Y) — when f and f' are isomorphisms, which makes (f, f') to
be an isomorphism.

11. NATURAL TRANSFORMATIONS

Given categories A and B, all functors from A to B form a category B*, whose
morphisms are called natural transformations; they are defined as follows:

Definition 11.1. Let F,G : A — B be functors. A natural transformation T : F —
G is a family 7 = (14 : F(A) = G(A)) aca, of morphisms in B such that, for every
morphism a : A — A’ in A, the diagram

F(A) —> G(4)
F(a)i \LG(a)
F(A') ——> G(A),
called a naturality square, commutes.

As suggested by 10.1(a) and 10.1(b) (see also Remark 10.3), we also define 1p =
(1p(a))ach, and vT = (VATA)Aca,, Which completes our description of the functor
category B*. Also, from 10.1(c), we easily obtain:
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Theorem 11.2. Let F,G : A — B be functors. A natural transformation 7 : F —
G is an isomorphism in B® if and only if T4 : F(A) — G(A) is an isomorphism in
B for each object A in A. If T is an isomorphism, then 771 = (75 ") aca,- O

Consider some examples of natural transformations:

Example 11.3. Let C be category, S : C — Sets a functor, C' an object in C, and
¢ an element of S(C). Then o : hom(C,—) — S defined by aa(f) = S(f)(c) is a
natural transformation. This construction will be used in Theorem 14.1.

Example 11.4. Sets™ is a functor category. In detail: Let M be a multiplicative
monoid and X and Y be M-sets viewed as functors M — Sets (see Example 8.4).
Then a natural transformation X — Y is nothing but an M-set homomorphism
from X toY, that is, a map f : X = Y with f(uzx) = uf(z) for allu € M and
x € X. So, Definitions 3.2 and 11.1 agree here.

Example 11.5. Let Q be a signature, w € Q,, C any subcategory of Alg(Y), and
U : C — Sets the (obviously defined) underlying set functor (cf. Exercises 9 and 10
of Section 8, although their results are not needed here). Let U™ : C — Sets be the
functor defined by U™(A) = U(A)™, with U™(f) : U"(A) — U™(B) defined, for any
f+A—= B, by U™(f)(a1,...,an) = (f(a1),..., f(an)). Then 7 : U™ — U defined by
Ta(a1,...yan) = wlay,...,an) is a natural transformation.

Thinking of categories as sets equipped with morphisms between their elements,
we can make now a “functorial versions” of maps hom(X, f) and hom(f, X) in
Example 8.3:

Example 11.6. (of functors) For categories A, B, and X, a functor F : A — B
determines:

(a) a functor FX : AX — B which carries 7 : ® — ® to Ft : F® — F®,
where F1 is defined by (F1)x = F(7x).

(b) a functor X¥ : XB — XA, which carries v : ¥ — ¥ to vF : VF — U'F,
where v is defined by (VF)a = vpay.

Exercises

1. Let A and B be categories, and b : B — B’ a morphism in B. Explain that
b can be considered as a natural transformation Consty — Constps (see
Exercise 1 of Section 8).

2. Let z: X — X’ be a map of sets and F, F’ : Sets — Sets functors defined
by F(A) = X x A and F'(A) = X' x A, respectively (see Exercise 2 of
Section 8). Explain that z determines a natural transformation F — F”.

3. Let F,G : A — B be functors. Assuming that B is a preorder viewed as a
category, prove that there exist at most one natural transformation F' — G
and find a necessary and sufficient condition for its existence.

4. Let K be a field, U(K) its multiplicative group (of non-zero elements),
and GL,(K) the group of invertible n x n matrices with coefficients in K.
Explain that U and GL,, can be viewed as functors from the category of
fields to the category of groups, and that taking the determinants can be
viewed as a natural transformation GL,, — U.*

5. Explain that the natural transformation considered in the previous exercise
can be obtained as a special case of the natural transformation constructed
in Example 11.5.

12. THREE REMARKS ON ISOMORPHIC FUNCTORS

The first remark is that the properties introduced in Definition 8.6 are invariant
under the isomorphism in the following sense:
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Theorem 12.1. Let F and G be isomorphic functors, and K be any of the siz
collections of functors introduced in Definition 8.6. Then F € R < G € R.

Proof. Let 7 : F — G be an isomorphism of functors A — B. Then the diagram
hom(F(4), F(A'))

hom(A4, A") fromarfryt

k

hom(G(A),G(A"))

whose vertical arrow is a bijection (with the inverse map defined by g — TX,l gTa)
commutes for all objects A and A" in A. Therefore each F4 4/ is injective if and
only if each G4 4/ is injective, and the same is true for surjectivity and bijectivity.
This proves our theorem in the first three cases for 8. In the other three cases just
use the fact that F(A) &~ G(A) for every object A in A. O

The second remark, also formulated as a theorem, shows how to transport the
functor structure from a functor F : A — B to amap G : A — B along isomorphisms
F(A) = G(A) given for all object A in A:

Theorem 12.2. Let A and B be categories, F' : A — B a functor, G : Ay — By
a map, and T = (14 : F(A) = G(A))aeca, a family of isomorphisms in B. Then
there exist a unique way to make G a functor from A to B that makes T a natural
transformation from F to G.

Proof. To make G a functor that makes 7 a natural transformation from F to G is
to define G(a) : G(A) — G(A'), for each a: A — A’ in A, in such a way that:
(a) TaF(a) = G(a)7a,
(b) G(1a) = 1g(a),
(c) G(d'a) = G(a)G(a),
where a’ is any morphisms whose domain is A’. However, (a) is equivalent to
G(a) = TaF(a)y",
which defines G(a) and (used for each a), makes (b) and (c) hold. O

The third remark is in fact about the relationship between two notions of isomor-
phism, the abstract one (Definition 4.1) and the notion of isomorphism of categories.
One can also say that it justifies the abstract notion of isomorphism:

Remark 12.3. In Theorem 12.2, let us take A =B, F = 1,, and G to be bijective.
Then:

(a) As follows from Theorem 12.1 and the assertion of Exercise 8 of Section 8,
the functor G is an automorphism of A.

(b) Roughly, the existence of the automorphism G should be understood as:
whatever we do in a category A, the same can be repeated after replacing
all (or some) objects of A with isomorphic objects provided this replacement
s a bijective map Ay — Ag.

13. EQUIVALENCE AND SKELETONS OF CATEGORIES

Definition 13.1. Given categories A and B, an equivalence (of categories) A ~ B
is a system (F,G,«, ) in which F : A — B and G : B — A are functors, and
a:1ly = GF and B : 1y — FG are isomorphisms. When such an equivalence
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exists, one says that the categories A and B are equivalent (to each other), and the
functors F' and G are said to be quasi-inverses of each other.

Remark 13.2. This definition has several standard variations, including the fol-
lowing ones, in which we use A, B, and (F,G, a, ) above. One might:
o write (F,G,a,0) : A~DB, or (F,G): A~B;
e replace o, or B, or both a and 8 by their inverses in the system (F, G, «, B);
e say that (F,G) is a category equivalence when 1y =~ GF and lp ~ FG;
e say that F is a category equivalence when there exists G with 15 ~ GF and
1[5; ~ F@G.

In this section we characterize category equivalences, which turns out to be far
more sophisticated than the characterization of category isomorphisms given by
Exercise 8 of Section 8.

Theorem 13.3. The category equivalence is an equivalence relation on the collec-
tion of all categories. Moreover:

(a) Let F : A — B be an isomorphism of categories. Then (F,F~1,1y,,11,) :
A ~ B is an equivalence of categories.

(b) If (F,G,,B) : A ~ B is an equivalence of categories, then sois (G, F, B, a) :
B~ A.

(¢) If (F,G,a,B1) : A ~ B and (K,L,B2,7) : B ~ C are equivalences of
categories, then so is (KF,GL,(GB2F)a, (Kp1L)7y) : A ~ C, where G F
is defined as G(B2F) = (GB2)F (see Example 11.6), and KB L is defined
similarly. O

Lemma 13.4. If a functor is an equivalence of categories, then it is fully faithful
and essentially surjective on objects.

Proof. The second assertion is obvious. To prove the first one, consider the com-
mutative diagram

homg(F'(A), F(A"))

y Creayran

hompy (A, A") homy (GF(A), GF(A")),

(GF)a ar

for arbitrary two objects A and A’ in A, and observe:

Since GF is isomorphic to 14, it is f.f. by Theorem 12.1.
Since GF is £.f., (GF) 4 4’ is bijective.
Since (GF) 4,4/ is bijective, Fa 4 is injective.
Since this is true for any two objects A and A’ in A, F is faithful.
As follows from Theorem 13.3(b), since F is faithful (in each such situation),
so is G.
Since G is faithful, Gp(a) r(ar) is injective.
e Since FA,A/ and GF(A)7F(A’) are injective while (GF)AA/ is bijective, FA7A/
is bijective.
That is, F is f.f. O

Definition 13.5. Let C be a category. A skeleton of C is a ‘mazimal’ full subcat-
egory of C that is a skeleton, that is, a full subcategory of C such that, for every
object C' in C, it has a unique object isomorphic to C.

Theorem 13.6. Let C be a category and C' a skeleton of C. The inclusion functor
C’' — C is an equivalence of categories.
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Proof. We choose, for each object C' in C:

e an object ®(C) in €’ isomorphic to C (in C), which, in particular, gives
CeCy=o(C)=C, and

e an isomorphism 7¢ : C — ®(C), assuming, in particular, that 7« = 1¢
when C € Cj,.

Then we observe:

(a) Applying Theorem 12.2 to the identity functor 1¢ : C — C, the map
o : Cy — Cy, and the family 7 = (7¢)cec,, we make ® a functor from C
to C and 7 : 1¢ — ® an isomorphism.

(b) Denoting the inclusion functor C' — C by F, we see that the functor ®
determines a functor G : C — C’ with FG = ® (since the ®-images of all
objects of C are in C’ and C’ is a full subcategory of C).

(¢) For any morphism ¢ : C; — Cy in C', we have GF(C;) = C; (i = 1,2) and
GF(c) = TCQCTc_ll = 1(;201511 = ¢. Therefore GF = 1¢/.

That is, FG = ® =~ 1¢ and GF = 1¢.. O

Given an equivalence (F, G, a, 8) : A ~ B of categories, consider the diagram

in which Sk(A) is any skeleton of A and Sk(B) is any skeleton of B, while (P, S) :
A ~ Sk(A) and (Q,T) : B ~ Sk(B) are equivalences of categories. We observe:

e As follows from Theorem 13.3, (QFS, PGT) : Sk(A) ~ Sk(B) is an equiva-
lence of categories.

e After that, applying Lemma 13.4 (with Theorem 13.3(b)) and the result of
Exercise 6(d) of Section 8, we conclude that the functors QFS and PGT
are fully faithful and essentially bijective on objects.

e Being essentially bijective on objects functors between skeletons, QFS and
PGT are bijective on objects.

e Being fully faithful and bijective on objects functors, QFS and PGT are
isomorphisms of categories by the equivalence (a)<(b) in Exercise 8 of
Section 8.

e On the other hand, just having two categories with equivalent skeletons, we
could use Theorem 13.3 to conclude that they are equivalent to each other.

This proves:
Theorem 13.7. For two categories A and B, the following conditions are equiva-
lent:

(a) A and B are equivalent categories;

(b) A has a skeleton A’ and B has a skeleton B’ such that A" and B’ are equiv-
alent categories;

(c) every skeleton of A is isomorphic to every skeleton of B.

In particular, a skeleton of a category is unique up to isomorphism. O

And the last assertion of Theorem 13.7 explains why it is reasonable to write
Sk(A) for a skeleton of A.
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Now consider the diagram

A——>
S lP NQ
Sk(A) ———= Sk(B),

QFS

where F' is only required to be fully faithful and essentially surjective on objects,
while the vertical arrows are as before. Let us argue as follows:

S and @ are also f.f. and e.s.o., by Lemma 13.4.

Therefore so is QFS (see Exercise 5 of Section 8).

Then, arguing as before, we conclude that QF'S is an isomorphism.
After that we put S(QFS)~1Q = G and calculate:

A~ SP~S(QFS)'QFSP ~ S(QFS) 'QF ~ GF,

Iy ~TQ ~TQFS(QFS)™'Q ~ FS(QFS)™'Q ~ FG,
which, together with Lemma 13.4 (see also Exercise 6(d) of Section 8 again), proves:

Theorem 13.8. The following conditions on a functor are equivalent:
(a) it is an equivalence of categories;
(b) it is fully faithful and essentially bijective on objects;
(c) it is fully faithful and essentially surjective on objects. O

Remark 13.9. The crucial part of Theorem 13.8, which is the implication (¢)=(a),
can actually be proved directly, not using skeletons. For, given a fully faithful es-
sentially surjective on object functor F : A — B, we construct a functor G : B — A
as follows:

e Define G(B), for each object B of B, as any object in A whose F-image is
isomorphic to B.

o Fiz an isomorphism fp : B — FG(B).

e For each morphism b : B — B’ in B, define G(b) : G(B) — G(B’) as the
unique morphism in A with FG(b) = 5Brbﬂl§1, This makes G a functor
from B to A, and makes 8 : 1y — F'G an isomorphism.

After that, for each object A in A, we define aq as the unique morphism from A
to GF(A) in A with F(aa) = Breay, which makes a: 15 — GF an isomorphism.
Indeed, given a morphism a: A — A’ in A, we have

F(GF(a)aa) = F(G(F(a)))F(aa) = BF(A,)F(a)ﬁg(lA)ﬁp(A)
= Brant(a) = Flaa)F(a) = F(aaa),

and so GF(a)aa = aqra, which gives the naturality of «. Then the fact o is an
isomorphism follows from the fact that F reflects isomorphisms (see Ezxercise 6(c)
of Section 8) and Theorem 11.2.

Definition 13.10. A full subcategory B’ of a category B is said to be replete if it
contains all objects B with B =~ B’ in B for some object B’ in B'. Accordingly, the
replete image of a fully faithful functor F : A — B, which we will briefly denote
by F(A), is the full subcategory of B whose objects are all objects B in B with
B =~ F(A) for some object A in A.

In the notation above, we can say that F'(A) is the smallest full replete subcat-
egory of B containing F-images of all objects of A. From Theorem 13.8(c)=-(a) we
obtain:
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Corollary 13.11. If F : A — B is a fully faithful functor, then the induced functor
F: A — F(A) is a category equivalence. More generally, the same will remain true
if we will replace F(A) with any full subcategory of it containing F-images of all
objects of A.

Exercises.

1. Use Corollary 13.11 to establish an equivalence A ~ B in the following
cases:

(a) A = Mon, and B is the full subcategory of Cat with objects all one-
object categories.

(b) A = Preord, and B is the full subcategory of Cat with objects all
categories with no distinct parallel morphisms (such categories are
sometimes called coherent categories).

(c) For a fixed field K: A is the category whose objects are natural num-
bers 0, 1, 2, ..., and a morphism n — m is an m X n matrix with
entries in K — and matrices are composed as usually; B = Vect}‘(m
is the category of finite-dimensional K-vector spaces. Hint: define a
functor F : A —» B by F(n) = K™.*

(d) A is the category of finite sets, and B is the opposite category of finite
Boolean algebras. Hint: define F' : A — B by F(A) = P(A), where
P(A) is the Boolean algebra of all subsets of A.*

2. Given a set S, establish an equivalence (F,G) : A ~ B, in which:
— the objects of A are S-indexed families of sets, and a morphism w :
(XS)SES — (}/S)SGS is a family u = (us X — YYS)SES' of maps;
— the objects of B are pairs (X, p) in which X isaset and p: X — S is
a map, and a morphism v : (X,p) — (Y,q) isamap v : X — Y with
qu = p;
— F : A — B is defined by

F((X.)ses) = ({5} x Xorp),

seS

where p is defined by p(s,z) = s;
— G :B — A is defined by G(X,p) = (p71(s))ses-

3. Use the previous exercise to establish an equivalence between Cat and its
modified version in which categories are defined as in Remark 7.1 (not
requiring the hom-disjointness condition).

4. Prove that the category Vectf(m is self-dual, that is, it is equivalent to its
opposite category. Hint: .

(a) Considering K as an object in Vectf;(m7 use the functor hom(—, K)
to make functors F : (Vect/!™)°P — Vect}i™ and G : Vectf" —
(Vect?")"p. In fact both F and G carry any finite-dimensional K-
vector space V to its dual (in the sense of linear algebra) vector space
V.

(b) Given a K-vector space V, each v € V determines a K-linear map
¥ : V* — K defined by 9(f) = f(v). Show that this gives an injective
linear map V' — V**. Then conclude that, for a finite dimensional V,
this map is an isomorphism.

(¢) Use (b) to show that (F,G) is a category equivalence.*

5. Prove that the category fAb of finite abelian groups is self-dual. Hint:
instead of V* used in the previous exercise, use, for any finite abelian group
A, the abelian group of homomorphisms from A to Q/Z, where Q and Z
are the additive groups of rational numbers and of integers, respectively.*
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6. Use the way of establishing a category equivalence in Exercise 1(d) to estab-
lish the equivalences of Exercises 4 and 5. Does the converse make sense?
Hint: for the converse, use a two-element set 2 as merely a set, which makes
P(A) ~ hom(A,2) (for any set A), and as a two-element Boolean algebra.*

7. Use the equivalence of Exercise 1(c) to establish the equivalence of Exercise
4.%

8. Prove that if F': A — B is a fully faithful functor, then an object A in A
is:

(a) initial in A if F'(A) is initial in B;
(b) terminal in A if F'(A) is terminal in B.

9. Prove that if F: A — B is a category equivalence, then an object A in A
is:

(a) initial in A if and only if F'(A) is initial in B;
(b) terminal in A if and only if F(A) is terminal in B.

14. YONEDA LEMMA AND YONEDA EMBEDDING

Theorem 14.1. (“Yoneda Lemma: covariant form”) Let C be a category, C
an object in C, and S : C — Sets a functor. There are bijections

Nat(hom(C, —), S) %’ S(C)

inverse to each other, which are defined by a(c) = oc(1¢) and B(c)a(f) = S(f)(c),
between the set Nat(hom(C,—),S) of all natural transformations hom(C,—) — S
and the set S(C).

Proof. For ¢ € S(C), we have af5(c) = B(c)c(1c) = S(1c)(c) = c.
For o : hom(C,—) — S, in order to prove that Sa(c) = o, we need to prove that
(Ba(o))a(f) = oa(f), for every object A in C and every morphism f : C — A.

We have (Ba(0))a(f) = S(f)(a(0)) = S(f)oc(lc) = oahom(C, f)(1c) = oalf),
where the equality S(f)oc(1c) = oahom(C, f)(1¢) follows from the commutativity
of the naturality square

hom(C, C) —<= S(C)
hom(Cyf)l lS(f)
hom(C, A) —— S(4)
used to calculate the image of 1¢ under S(f)oc = oc4hom(C, f). O

Remark 14.2. Considering the commutative square above should actually be the
first step towards the ‘discovery’ of Yoneda Lemma. Indeed, it immediately shows
that a natural transformation o : hom(C,—) — S is completely determined by
oc(1le), after which the whole proof of Yoneda Lemma becomes straightforward.

Dually, that is, replacing C with C°P, we obtain:

Theorem 14.3. (“Yoneda Lemma: contravariant form”) Let C be a cate-
gory, C' an object in C, and S : C°? — Sets a functor. There are bijections

Nat(hom(—, C), S) % S(C)

inverse to each other, which are defined by a(o) = oc(1c) and B(c) a(f) = S(f)(c),
between the set Nat(hom(—,C),S) of all natural transformations hom(—,C) — S
and the set S(C). O
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Example 14.4. Given a functor U : C — X and an object X in X, composing the
hom functors hom(X, —) and hom(—, X) with U, we obtain functors
hom(X,U(—)) : C — Sets and hom(U(—), X) : C°P — Sets,
and Theorems 14.1 and 14.3 give:
(a) For S =hom(X,U(-)), the bijections « and 8 of Theorem 14.1 become

Nat (hom(C, —), hom(X, U(-))) % hom (X, U(C))

with a(o) = oc(le) and B(c)a(f) = U(f)c for every morphism ¢ : X —
U(C) in X, every object A in C, and every morphism f:C — A in C.
(b) For S =hom(U(—),X), the bijections oo and B of Theorem 14.3 become

Nat(hom(—, C), hom(U(~), X) % hom(U(C), X)

with a(o) = oc(1e) and B(c)a(f) = cU(f) for every morphism ¢ : U(C) —
X in X, every object A in C, and every morphism f: A — C in C.
Furthermore, taking X = C and U = 1¢, we obtain:
(¢) For S =hom(X,—), the bijections o and B of Theorem 14.1 become

Nat(hom(C, —),hom(X, —)) # hom(X, C)

with a(o) = oc(1c) and B(c)a(f) = fe forallc: X - C and f: C — A
in C.
(d) For S =hom(—, X), the bijections o and 3 of Theorem 14.3 become

Nat (hom(—, C'), hom(—, X) % hom(C, X)

with a(c) = oc(le) and B(c)a(f) =cf forallc:C — X and f: A — C
in C. O

Remark 14.5. We presented bijections described in Example 14.4(a) as a special
case of bijections described in Theorem 14.1. However, one could also present bi-
jections in Theorem 14.1 as a special case of bijections in Example 14.4(a). Indeed,
in Ezanple 14.4(a), take X = Sets, S = U, and X to be a one-element set; then
hom(X,U(-)) = hom(X,S(—)) = S and it is easy to check that the bijections
described in Example 14.4(a) give the bijections described in Theorem 14.1.

Theorem 14.6. (“Yoneda embedding”) Given a category C, the functor Y =
Y : C — Sets™” defined by

hom(—,c)

Y (C —5+ ") = (hom(—,C) hom(—, C")),

where hom(—, ¢) is the natural transformation defined by hom(—, ¢)4 = hom(A4,c),
is fully faithful.

Proof. For any two objects C and C’ in C, consider the map 3 of Example 14.4(d)
for X = C’. We have

Ble)a(f) = ¢f =hom(A, ¢)(f) = hom(—,c)a(f) = Y(c)a(f) = Yo.cr (c) a(f),

forall¢: C — C" and f: A — C in C. Therefore 8 = Y¢ ¢, which implies that
Yc,cr is a bijection. O

Exercises
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1. Let M a monoid. We could also consider M as an M-set, and, given any
M-set S, form hom(M, S) in the category Sets™ of M-sets. Use Yoneda
Lemma to establish a bijection hom(M, S) ~ S.

2. What would you call the counterpart of the bijection above in linear alge-
bra?*

3. Let M be a monoid and M the monoid of all maps (not just monoid ho-
momorphisms) M — M. Use Yoneda embedding to prove that the map
f: M — M, defined by f(@)(y) = ay, is an injective homomorphism of
monoids. How does the Yoneda embedding describe the image of f7

15. REPRESENTABLE FUNCTORS AND UNIVERSAL ARROWS

Definition 15.1. Let C be category and S : C — Sets a functor. The category
Elc(S) of elements of S over C is the category of pairs (C,c), where C is an object
in C and ¢ € S(C); a morphism f : (C,c) — (C',c) in Elc(S) is a morphism
f:C—=C inC with S(f)(c) =¢.

Theorem 15.2. In the notation of Theorem 14.1, let o : hom(C, —)
¢ € S(C) correspond to each other via the bijection Nat(hom(C,—),S5)
Then the following conditions are equivalent:

— S and
~ S(C).
(a) o is an isomorphism;

(b) (C,¢) is a initial object in Elc(S).

Proof. Just note that the following conditions are (subsequently) equivalent:
e condition (a);
e 04 :hom(C, A) — S(A) is bijective for every object A in C;
e for every object A in C and every a € S(A), there exists a unique morphism
f:C — Awith S(f)(c) =q;
e for every object (4, a) in Elc(.5), there exists a unique morphism from (C, ¢)
to (4, a),
and that the last of them is condition (b). O

The dual definition and dual theorem are:

Definition 15.3. Let C be category and S : C°P — Sets a functor. The category
Elc(S) of elements of S over C is defined as Elcor(S)°P. That is, a morphism
f:(C,c) = (C',¢) in Elg(S) is a morphism f: C — C' in C with S(f)(d) = c.
Theorem 15.4. In the notation of Theorem 14.3, let o : hom(—,C) — S and
¢ € S(C) correspond to each other via the bijection Nat(hom(—,S5),S) ~ S(C).
Then the following conditions are equivalent:

(a) o is an isomorphism;

(b) (C,c¢) is a terminal object in Elgc(S).

Example 15.5. Let us go back to situations (a) and (b) of FEzample 14.4. We
have:
(a) For S = hom(X,U(-)), the category Elc(S), denoted by (X | U), is the
category of pairs (A,a), where A is an object in A and a : X — U(A) is
a morphism in X; a morphism f : (A,a) — (B,b) in this category is a
morphism f: A — B in A with U(f)a =b, hence making the diagram

U(f)
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commute. In this case the initial object of Elg(S) is called the universal
arrow X — U, and Theorem 15.2 says:

Let o : home(C, —) — homx(X,U(=)) and c: X — U(C) correspond to
each other via the bijection

Nat(homc(C, —), homx (X, U(—)) = homx (X, U(C)).

Then the following conditions are equivalent:
(a1) o is an isomorphism;
(az2) (C,c¢) is a universal arrow X — U.
For S = hom(U(-), X), the category Elc(S), denoted by (U | X), is the
category of pairs (A,a), where A is an object in A and a : U(A) — X is
a morphism in X; a morphism f : (A,a) — (B,b) in this category is a
morphism f: A — B in A with bU(f) = a, hence making the diagram

U(f)
) ———=U(B)
N
X
commute. In this case the terminal object of Elc(S) is called the universal
arrow U — X, and Theorem 15.4 says:

Let o : homg(—,C) — homx(U(—),X) and ¢: U(C) — X correspond to
each other via the bijection

Nat(home(—, C), homx(U(—), X) ~ homx (U (C), X).

U(A

Then the following conditions are equivalent:
(a1) o is an isomorphism;
(az2) (C,c¢) is a universal arrow U — X.

Definition 15.6. A functor S : C — Sets is said to be representable if there exists
an object C in C with S ~ hom(C, —); the object C is then called a representing
object for S.

This definition is self-dual in the sense that it automatically implies that a functor

with S

S : C°P — Sets should be said to be representable if there exists an object C' in C
~ hom(—, C).

From the results above, we obtain:

(a)
(b)
(c)
(d)

(a)
(b)
(¢)

Corollary 15.7. We have:

A functor S : C — Sets is representable if and only if the category Elc(S)
has an initial object;

A functor S : C°P — Sets is representable if and only if the category Elc(S)
has a terminal object.

A functor of the form homx(X,U(—)) : C — Sets is representable if and
only if there exists a universal arrow X — U;

A functor of the form homx(U(—), X) : C°P — Sets is representable if and
only if there exists a universal arrow U — X.

Remark 15.8. Similarly to how it is described in Remark 14.5, it is easy to see
that:

Definition 15.1 can be presented as a special case of what is introduced in
Ezample 15.5(a); briefly Elc(S) = (1) U);

Theorem 15.2 can be deduced from the equivalence (a1) < (az2) in Example
15.5(a);

15.7(a) can be deduced from 15.7(c).



28 CGEORGE JANELIDZE
Exercises.

1. Explain that one has to be careful in dualizing Remarks 14.5 and 15.8.
Specifically, explain that, for a functor S : C°? — Sets, the existence of an
isomorphism Elc(S) ~ (U | 1) almost implies S = 1. Explain “almost”
and how the symbol 1 is used here in two different ways.

2. For an object Z in a category C, show that:

(a) Z isinitial in C if and only if it is a representing object for any functor
C — Sets sending all objects of C to one-element sets;

(b) Z is terminal in C if and only if it is a representing object for any
functor C°P — Sets sending all objects of C to one-element sets;

3. Show that the functor lses : Sets — Sets is representable, and use this to
show that there are no non-identity natural transformations lsets — lsets.

4. Let X be a set, C a category of (familiar) mathematical structures, and
U : C — Sets the underlying set functor (=the forgetful functor). Describe
a universal arrow X — U for C being:

(a) Sets, which makes U = lgets;

(b) Pointed Sets;

(¢) Sets™, where M is a monoid;

(d) CommSemigroups;

(e) Semigroups;

(f) Mon;

(g) CommMon;

(h) Groups;

(i) Ab;

(j) the category of semimodules over a fixed semiring S (note that this
includes the cases (g) and (i), and the case of modules and vector
spaces);*

(k) Preord, and the same construction works for Ord

5. Describe a universal arrow X — U for (X being an object in X and)
U : C — X being the forgetful functor:

(a) Mon — Pointed Sets;

(b) Mon — Semigroups;

(¢) Ab — CommMon;

6. Describe a universal arrow U — X for (X being an object in X and)
U : C — X being:

(a) asin (k) of Exercise 4;

(b) asin (c) of Exercise 5;

(c) the functor Sets — Sets defined, for a given fixed set S, by C'+— C x S
(cf. Exercise 2 of Section 8).

7. Extend the results of Exercises 4(k) and 6(a) from Preord to Cat.

8. Extend the result of Exercise 6(c) from Sets to (Ord and) Preord, and then
further to Cat.

9. Given functors U : A — X and V : X — S, and universal arrows (X, z) :

S — V and (A,a) : X — U, prove that (4,V(a)z) : S — VU is a universal

arrow.

16. COMMA CATEGORIES: GENERAL DEFINITION AND SPECIAL CASES

Definition 16.1. Given categories A, B, and C, and functors

A—F>(C<G—B,

the comma category (F | G) is the category of triples (A, B,c), in which A is an
object in A, B is an object in B, and ¢ : F(A) — G(B) is a morphism in C; a
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morphism (A, B,c) — (A, B',¢') in (F | G) is a pair (a,b), in which a : A — A’
is a morphism in A and b: B — B’ is a morphism in B making the diagram

F(A) —~G(B)

F(a)i iG(b)

F(A') — G(B)

commute. The morphisms compose obviously (cf. Remark 10.3).

The term “comma category” comes from the old symbol (F,G) used in earlier
literature for (F' | G).
The following example in fact lists important special cases:

Example 16.2. In the notation of Definition 16.1 we can take:

(a) A=B=C and F =G = 1¢. Then (F | G) = Ar(C), the arrow category
introduced in Remark 10.3.

(b) C to be indiscrete, that is, all hom sets in C are one-element sets. Then
(F | Q) can be identified with A x B, the product (defined in Ezercise 5 of
Section 5) of A and B in Cat. Of course the standard description of A x B
should present it as the category of pairs (A, B), in which A is an object in
A and B is an object in B; a morphism (A,B) — (A, B’) in Ax B is a
pair (a,b), in which a : A — A’ is a morphism in A and b : B — B’ is a
morphism in B.

(¢c) A =1, the terminal category (in which Ay and Ay are one-element sets),
and let C be the F-image of the unique object of A. Then (F' | G) can be
identified with (C' | G), which is the same as the category of elements of
hom(C, G(—)) over B (see Example 15.5(a)).

(d) B =1, and let C be the G-image of the unique object of B. Then (F | G)
can be identified with (F' | C), which is the same as the category of elements
of hom(F(—),C) over A (see Example 15.5(b)).

The following further special cases are also important:

(e) if B=C and G = 1¢ in (c), then (C | G) is also denoted by (C ] C) and
called the coslice of C over C. Some authors also denote it by C'\ C.

(f) if A=C and F = 1¢ in (d), then (F' | C) is also denoted by (C | C) and
called the slice of C over C. Some authors also denote it by C/C.

17. PRODUCTS OF CATEGORIES AND BIFUNCTORS

Given categories A and B, we can form their product A x B constructed as, in
Example 16.2, as the category of pairs (A, B), in which A is an object in A and B
is an object in B. As also briefly mentioned in Example 16.2, A x B is the product
of A and B in Cat. More precisely, there are projection functors

A< AxB—2-B

which carry (a,b) : (A,B) — (A’,B’)toa: A— A’ and to b : B — B’, respectively,
and the triple (A x B, Py, P,) satisfies the universal property described in Exercise
5 of Section 5. This universal property in fact says, that given functors F' : X — A
and G : X — B, there exists a unique functor H : X — A xB making (both triangles
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e

A<~—AxB——B
Py Py

of) the diagram

commute. Clearly, H is defined by
H(z: X - X') = (F(2),G(@)) : (F(X),G(X)) > (F(X"), G(X"))).

That is, to give a functor X — A x B is just to give a functor X — A and a functor
X — B. What about the functors from A x B to another category?

Definition 17.1. A bifunctor (=functor of two variables) is a functor of the form
A xB — C, where A, B, and C are arbitrary categories. Given such a bifunctor ®
we introduce the following two functors associated to it:

(a) the functor ®; : A — C® defined by
Di(a:A— A)=d(a,—): P(4,—) = ®(4',-),
where ®(A, —) : B — C is the functor defined by
D(A,—)(b: B— B')=(®(14,b) : (A, B) — ®(A, B")),
O(A',—) is defined similarly, and the natural transformation ®(a,—) is
defined by ®(a,—)p = ®(a,1p).
(b) the functor ®, : B — C* defined by
®,(b:B— B')=d(—b): &(—,B) — &(—, B),
where ®(—, B) : A — C is the functor defined by
&(—,B)a:A— A) = (®(a,1p) : P(A, B) — ®(4', B)),
O(—, B’) is defined similarly, and the natural transformation ®(—,b) is
defined by ®(—,b)4 = ®(14,D).
(The indices | and r stand for “left” and “right” respectively.)

Remark 17.2. Note that, in the situation of Definition 17.1, we have:
(a) ®(1a,b) = P(A,b) = P(A,—)(b) = D1 (A)(b) = D,.(b)a, for every object A
m A and every morphism b in B;
(b) ®(a,1) = ®(a,B) = ®(—,B)(a) = ¢,.(B)(a) = ®;(a)p, for every mor-
phism a in A and every object B in B.

Lemma 17.3. A functor ® : A x B — C is determined by any of the following
data:

(a) the functor ®; : A — C® defined as in 17.1(a);

(b) the functor ®, : B — C* defined as in 17.1(b);

(c) the pair ((®1)o : Ao — (CB)g, (D)0 : Bo — (C*)g) (in the notation of Def-
inition 8.1), or, equivalently, the pair ((®;(A))aca,, (Pr(B))Ben,) (which
is the same as ((P(A,—))aca,, (P(—, B))BeB,))-

Specifically, for a morphism (a,b) : (A, B) — (A’, B’) in A X B, we can reconstruct
®(a,b) as follows:

(a') ®(a,b) = (<I>z(A’)(b)) 1(a)p or ®(a,b) = ®i(a)p (Pi(A)(b)), using Pi;
(b') @(a,b) = @,(b) 4 (®r(B)(a)) or ®(a,b) = (®,(B")(a))®,(b) 4, using ®,;
(¢) @(a,b) = (2:(A")(0))(®r(B)(a)) or ®(a,b) = (P,(B')(a))(®:(A)(D)), using

the data (c).
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Proof. Just use the equalities

(114’7 b)(a% 13) = (av b) = (a7 13’)(1A7 b),

and relevant equalities from Remark 17.2. O

Theorem 17.4. Given categories A, B, and C. we have:

(a) For every functor F : A — CB, there exist a unique functor ® : A x B — C

with q)l =F.
(b) For every functor G : B — C*, there ewist a unique functor ® : A x B — C
with ®,. = F.

(c) Let (Fa : B — C)aca,, (G : A — C)pen,) be a pair of families of
functors, in which Fa(B) = Gg(A) for all A € Ag and B € By, and all

diagrams of the form

ap(A) S8 Gha

~

N\
/

Fu/(B)

FA(b)\L lFA/(b)

Fa (B)

/
A\

GB/(A) mGB/(A

commute. Then there exists a unique functor ® : AxB — C with ®(A,—) =
Fy and ®(—,B) = Gp for all A € Ay and B € By.

Proof. In each of these assertions, the uniqueness follows from Lemma 17.3, and so
we need to prpve only the existence.

(a): For objects A in A and B in B, we put ®(4,B) = F(A)(B), and, for
morphisms a: A — A’ in A and b: B — B’ in B, consider the natuality square

F(A)(B) 222 p(ary(B)
F(A)(b)l lF(A')(b)
FA)(B) 5= FA)(B);

we define ®(a, b) as any of the two composites in it. That is, ®(a,b) is defined as

(A, B) = F(A)(B) " FOOI=EDOIR@s o py g gy,

The rest of the proof of (a) is a routine calculation, and we will only show that,
given morphisms

(A, B) L (ar, By ) (ar By
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in A x B, we have ®((a’,V')(a, b)) = ®(a’,b")®(a, b). For, consider the diagram

(a’)

F(A)(B) —2% F(A)(B) % F(A")(B)
F(A)(b)l m lF(A’)(II;)(a/) , lF(A”)(b)
F(A)(B F(A)(B) 222 parys)

aB/

P(a’,b")
b/)l A)(b)l \ lF(A")(b')
(A)( )

A B// F A/ B// F A/I BII
F(G)B// ( ( )F(a/)B// ( )( )7

in which:

e the four small squares being naturality squares commutes;
e the four triangles commute by our definition of ®(a,b) (and ®(a’,V’));
e therefore, for example, the diagram

(A)(B)
F(A)(b) l %
F(A)(B') F(A")(B')
o) e
F(A)(B") == F(A")(B") —— F(A")(B")

B// F(a/)Bu

commutes;
e since F and F(A) are functors, we have F(a')p+F(a)gr = F(d'a)p- and

)
(F(A)))(F(A)()) = F(A4)(4D):

This gives ®(a’,0')®(a,b) = F(a'a) g (F(A)(V'D)) = ®(d'a,b’d) = ®((a’,V')(a,b)),
as desired.

(b) and (c) can be proved similarly. Just note that, for (¢), the naturality square
used at the beginning of our proof of (a) should be replaced with the diagram
displayed in in (c), and ®(a,b) should be defined as

Gpr(a)Fa(b)=F,/ (b)G
®(A, B) B/ () Fa(b)=F4 (b)Gp(a)

(A, B'),

where ®(A, B) = F4(B) = Gp(A) and ®(A’,B’) = Fa/(B') = G/ (4). O
Example 17.5. Let us return again to Exercise 5 of Section 5, where the product
(A x B,my,ma) of objects A and B in a category C was defined via a universal

property in fact saying that, for every object C and morphisms o : C — A and
B :C — B, there exists a unique morphism v : C — A X B making the diagram

/J/X\
Y
A<?AXBT2>B

commute. We will write v = {(a, ). Now, given morphisms a : A — A’ and
b: B — B, we can form the morphism (ami,bms) : A x B — A’ x B'. The
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commutative diagram it is determined by can be displayed as

A< AxB-".B

al l(mrl,bﬂ@) \Lb

A/%Al X .BIH/.B/7
T T2

where both rows are product diagrams (that is, the represent the product of A and
B and of A" and B’, respectively). This suggests to write {(amy,bra) = a x b. Next,
we easily conclude that if all such products exist in C and if choose such a product
for each pair (A, B) of objects in C, then, associating a X b : Ax B — A" x B’
o (a,b) : (A,B) — (A, B’), we obtain a functor x : C x C — C. In this case,
according to notation introduced in this section we can write:

(a) Ax (=):C = C, for the functor defined by
(Ax(=)(b:B—B')=(Axb: Ax B— Ax B,

where A X b=14 X b;
(b) (=) x B:C — C, for the functor defined by

(-)xB)la:A— A)=(axB:AxB— A xB),

where a X B=a X 1p;
(c) x;:C — CE, for the functor defined by

xjla:A—=A)=(ax(=): Ax (=)= A x(-)),

where a X (=) is a natural transformation defined by (a X (—))p = a X 1p;
(d) x,:C — CC, for the functor defined by

X (b:B—B)=((=)xb:(=)x B— (=) x B’),
where (=) X b is a natural transformation defined by ((—) x b)a =14 x b.
Example 17.6. Given again a category C, consider the functor
hom : C°? x C — Sets
defined by
hom((a, b) : (A, B) — (A", B")) = (hom(a, b) : hom(A, B) — hom(A’, B')),
where hom(A, B) and hom(A’, B’) are as defined in Section 7, and hom(a,bd) is
defined by (hom(a,b))(f) = bfa. In this case:
(a) hom(A, —) and hom(—, B) are the same as in Section 7;
(b) the functor hom, : C — Sets®”" is the same as the Yoneda embedding
Ye:C— Sets®” introduced in Theorem 14.6.
Exercises.
1. Given categories A, B, and C define the composition functor
o:CPxB* - C*
with o(G,F) = G o F' = GF, and explain that this functor was in fact
inexplicitly used in Theorem 13.3(c) and at the end of the proof of Theorem
2. g)l\/?en categories A and B, define the evaluation functor
Ev=FEvap:B*xA B

with Ev(F, A) = F(A).
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3. Given a category C, explain that the collection bijections
(Nat(hom(ca _)7 S) B S(C))CE(CQ,SG(SetsC)O

from Theorem 14.1 make inverse to each other isomorphisms of functors
Sets® x C — Sets, one of which is the evaluation functor Eve sets.

4. For every two objects A and B in C, chose their product diagram, and, using
these chosen diagrams, examine the constructions introduced in Example
17.5 in the following cases:

(a) C = Sets;
(b) C is one of the other categories considered in Exercise 5 of Section 5;
(c) C = Cat.

5. Explain how Theorem 17.4 is related to Exercise 8 of Section 15.

18. ADJOINT FUNCTORS

We will define an adjunction in nine seemingly different ways, and then prove
several simple theorems showing that these definitions are equivalent via certain
straightforward bijections between the sets of structures involved.

Definition 18.1. An adjunction X — A is any of the following kinds of structure
on categories X and A:

(a) A functor U : A — X and a family ((F(X),nx))xex,, in which each
(F(X),nx) is a universal arrow X — U.

(b) A triple (F,U,n), in which F : X — A and U : A — X are functors, and
n : 1x — UF a natural transformation such that each (F(X),nx) is a
universal arrow X — U.

(¢) A functor U : A — X and a family ((F(X),¢x))xex,, in which each
F(X) is an object in A and each px is an isomorphism homy (F(X),—) —
homyx (X,U(-)).

(d) A triple (F,U, ), in which F : X — A and U : A — X are functors, and ¢ :
homy (F (%), —) — homx(*,U(—)) an isomorphism. Here homy (F(x), —)
and homg (%, U(=)) are the composites

F°PxX h
XOP x A — 5 AP x A —2 Sets

(where F°P is the functor dual to F, induced by F in the obvious way) and

XxU b
XOP x A =5 XOP x X —2% Sets,

respectively.
(e) A fourtuple (F,U,n,¢€), in which F : X — A and U : A — X are functors,
andn:1lx = UF and e : FU — 1, are natural transformation making the

diagrams
Fn nU
F——FUF UFU ~———U
\ lsF Usi /
1r 1U
F U
commute.

(f) A triple (F,U, ), in which F : X — A and U : A — X are functors, and
¥ : homx (*, U(—)) — homy (F'(x), —) an isomorphism.

(g) A functor F : X — A and a family (U(A),v¥4))Aen,, in which each
U(A) is an object in X and each 14 is an isomorphism homx(—,U(A)) —
homy (F(—), A).
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(h) A triple (F,U,e), in which F : X = A and U : A — X are functors,
and € : FU — 1, a natural transformation such that each (U(A),c4) is a
universal arrow I — A.

(i) A functor F : X — A and a family (U(A),£4))aen,, n which each
(U(A),e4) is a universal arrow F — A.

Theorem 18.2. (‘18.1(a)<18.1(b)’) Given a functor U : A — X and a family
((F(X),nx))xexy, in which each (F(X),nx) is a universal arrow X — U, there
ezists a unique way to define F also on morphisms such that it becomes a functor,
and the family (nx)xex, becomes a natural transformation n: 1x — UF.

Proof. If we could define F' on morphisms as required, then, for every morphism
z: X — Y, the diagram

X S UF(X)

wl iUF(z)

Y ——=UF(Y)

would commute. On the other hand, the universal property of (F(X),nx) shows
that requiring this diagram to commute defines F'(z) as the unique morphism
F(X)— F(Y), whose U-image composed with nx gives nyx. After defining F(x)
this way for each morphism  in X, we only need to show that F'(1x) = 1p(x) for
each object X in X, and that F(yz) = F(y)F(z) for each composable pair (y,x)
of morphisms in X. Thanks to the universal property of (F(X),nx), is suffices to
prove that U(F(1x))nx = U(lpx))nx and U(F(yx))nx = U(F(y)F(z))nx. We
have:
U(F(1x))nx = nx1x = U(lpx))nx

and, forz: X Y andy:Y — Z:

U(F(yz))nx = nzyr = UF(y)nya = UF(y)UF (z)nx = U(F(y)F(x))nx,
as desired. [l

From the equivalence (a;)<(as) in Example 15.1(a) (see also Example 14.1(a)),
we obtain:

Theorem 18.3. (‘18.1(a)<18.1(c)’) Given a functor U : A — X, let H be
the set of families ((F(X),nx))xex, satisfying 18.1(a) and & the set of families
(F(X),px))xex, satisfying 18.1(c). There is a bijection H = &, under which
((F(X),nx))xex, corresponds to ((F(X),vx))xex, if and only if, for each X, they
have the same F(X), and nx and ¢x determine each other by (ox)a(f) = U(f)nx
and nx = (ox)rx)(Lrx))- O
Theorem 18.4. (‘18.1(¢c)<18.1(d)’) Given a functor U : A — X and a fam-
ily (F(X),9ox))xexys n which each px is an isomorphism homy (F(X),—) —
homx (X, U(—)), there exists a unique way to define F' also on morphisms such that
it becomes a functor, and the family (ox)xecx, becomes an isomorphism
homy (F (%), —) — homx(x, U(—)).

Proof. If we could define F' on morphisms as required, then, for every morphism
z: X — Y, the diagram

homy (F(Y), —) ——— homy (Y, U(-))
homA(F(z),—)l/ ihomx(rvU(_))
homy (F/(X), =) — > homx (X, U(-))
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would commute. On the other hand, since the Yoneda Embedding A? — Sets” is
fully faithful, requiring this diagram to commute defines F'(x). After defining F'(z)
this way for each morphism x in X, we only need to show that F'(1x) = 1p(x) for
each object X in X, and that F(yx) = F(y)F(x) for each composable pair (y, z)
of morphisms in X. However, that is easy to check, and in we could simply apply
Theorem 12.2 and the fact that the Yoneda Embedding A% — Sets” is faithful. [

Let ((F(X),nx))xex, and ((F(X),px))xex, correspond to each other as in
Theorem 18.3. According to Theorems 18.2 and 18.4, respectively, both of these
families make F' a functor X — A, but do they make the same F(z) for every
z: X — Y? To show that it is the case, consider the commutative diagram
(ey)r(yv)

homy (F(Y), F(Y)) homx (Y, UF(Y))

homA(F(:v),F(Y))J/ ihomx(z,UF(Y))

homy (F(X), F(Y)) ———— homx (X, F(Y)),
(ex)rv)
which is the ‘F(Y)-component’ of the commutative diagram used in the proof of
Theorem 18.4. For F'(z), obtained as in that proof, we have

UF(z)nx = (¢x)ry)(F(2)) = (px)pv)(homa (F(z), F(Y))(1py))) =
= homx (z, UF(Y))(¢y)rv)(1r(Y)) = nva,

and so it is indeed the same as F'(x) obtained as in the proof of Theorem 18.2.

This shows that 18.1(a)-18.1(d) all give the same notion of an adjunction. Dually,
the same is true for 18.1(f)-18.1(1). Moreover, there is an obvious equivalence
between 18.1(d) and 18.1(f): just take ¢ and 1) inverse of each other. We shall then
write (px)a = ¢x,4 and (Ya)x = ¥x,a, and, from Theorem 18.3 and the dual
result for ¢ and 1, we obtain:

Corollary 18.5. Letn be as in 18.1(b), ¢ as in 18.1(d) and related to n as in the
theorems above, 1) the inverse of @, and € related to 1 dually to how n is related to
. Then:

nx = eox,rx)1rx)), exa(f)=U(f)nx,

ea = Yua)aluy), ¥x,alu) =cal(u),
forall f: F(X)—> A A andu: X — U(A) in X. O

Theorem 18.6. (18.1(b) is ‘equivalent’ to other items of 18.1) Under the
assumptions of Corollary 18.5, the pair (n,e) satisfies 18.1(e). Conversely, any
pair (n : 1x — UF, e : FU — 1) of natural transformations satisfying 18.1(e) is
obtained this way.

Proof. Under the assumptions of Corollary 18.5, we calculate:

(eF)(Fn))x = erc)F(nx) = Yx rex)(nx) = ¥x,reovx,rex) (Irx)) = e,
and, dually, ((Ue)(nU))a = 1y(a). That is, the pair (1, ) satisfies 18.1(e).
Conversely, given natural transformations n : 1x — UF and € : FU — 14, we
can create ¢ out of n and ¥ our of ¢ with all formulas of Corollary 18.5 satisfied.
After that we will only need to prove that, if (n,¢) satisfies 18.1(e), then ¢ and
1) are inverse to each other. Moreover, as follows from Theorems 14.1 and 14.3
(or, just see Example 14.4), it suffices to prove that (Yx r(x)ox,rx))(1r(x)) =
Lpxy and (¢ua),a¥uay,a)(lucay) = lycay. But this follows from 18.1(e), since,
as we have already seen, (Vx px)¢x,rx))(lpx)) = ((eF)(Fn))x, and, dually,
(Pua),a%u(a),a)(luay) = (Ue)(nU)) a- O
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Terminology and notation: When 7, ¢, ¢, and ¥ are as Corollary 18.5, one
might say that (F,U,n,e,p,v) : X = A, or just (F,U,n,e,p,¥), is an adjunction.
More often, however, one replaces the sixtuple above either with (F, U, n, ) or with
(F,U,p, ), or even uses a triple involving F', G, and one of the letters 7, ¢, ¢, or
1. The shortest expression for the adjunction above is F' 4 U. The functors F' and
U are called the left and right adjoint (of U and of F), respectively. The natural
transformations 1 and ¢ are called the unit and counit, respectively (of the given

adjunction).

One also says that (F,U) is an adjoint pair of functors. For some

authors “right adjoint”=“adjoint” and “left adjoint” =“coadjoint”; for some others
“left adjoint” =“adjoint” and “right adjoint” =“coadjoint”.

Exercises.

1. Make precise and explain the following:

(a)

Initial and terminal objects in a category C can be described using left
and right adjoints of the unique functor from C to a terminal category.
F HU is an adjunction if and only if so is U°P + F°P.

If F HU is an adjunction, then F 4 U’ is an adjunction if and only if
U=U'.

If FH4U and G 4V are adjunctions and (G, F) is a composable pair
of functors, then GF 4 UV is an adjunction. How is this related to
Exercise 9 of Section 157

If (F, G, a, B) is an equivalence of categories, then (F, G, ), (F,G,571),
(G,F, ), and (G,F,a™!) are adjunctions, but (F,G,, ) does not
have to be (if it is the case, then it is called an adjoint equivalence).
Suppose (F,U,n,¢) : X — A is an adjunction, X’ the full subcategory
of X with objects all X in X, for which 7y is an isomorphism, and A’
the full subcategory of A with objects all A in A, for which €4 is an
isomorphism. Then (F, U, n,¢) induces an adjoint equivalence X’ ~ A’,
and it is the largest induced equivalence between full subcategories of
X and of A.

An adjunction Suppose (F,U,n,e) : X — A can be described as an
isomorphism (F' | 14) — (1x | U), making the diagram

(F 1 14) (1x L U)
<X,A,f)®\ /mwx,m
X x A

commute.

2. Given an adjunction (F,U,n,¢) : X — A, prove that:

(a)

F is faithful if and only if nx is a monomorphism for each object X
in X

F is full if and only if nx is a split epimorphism for each object X in
X

F is fully faithful if and only if nx is an isomorphism for each object
X in X

U is faithful if and only if € 4 is an epimorphism for each object A in
A;
U is full if and only if €4 is a split monomorphism for each object A
in A;

U is fully faithful if and only if €4 is an isomorphism for each object
Ain A.
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Hint: to prove (a) and (b) first prove that the diagram
hom(F(X'), F(X))

y

hom (X', X) PXF(X)

ho'rn()(\/,nx)\

hom (X', UF (X))

commutes for all X, X’ € X;, and then use Exercises 5(a) and 5(e) of Section
7; use Theorem 6.2(f) to deduce (c) from (a) and (b); to deduce (d)-(f) from
(a)-(c) use Exercise 1(b) of this section.

3. Replace general categories with ordered sets considered as categories and
describe the resulting counterpart of Definition 18.1.

4. Describe adjoint functors obtained, via Theorem 18.2 (or its dual), from the
universal arrows found in Exercises 4-8 of Section 15 (possibly excluding
4(3)).

5. For an adjunction F 41U : X — A, prove that:

(a) if X is an initial object in X, then F'(X) is an initial object in A;

(b) if A is a terminal object in A, then U(A) is a terminal object in X.

(c) F preserves epimorphisms; then use Exercise 6(b) of Section 8 to con-
clude that, if F'is faithful, then a morphism z in X is an epimorphism
if and only if so is F(z).

(d) U preserves monomorphisms; then use Exercise 6(b) of Section 8 to
conclude that, if U is faithful, then a morphism a in A is a monomor-
phism if and only if so is U(a).

6. Explain that, as follows from Exercise 1(b), in Exercise 5 we have (a)<(b)
and (c)&<(d).

7. In the situation of Exercise 5, does U preserve initial objects and/or epi-
morphisms? Find examples and counter-examples.

8. Let f: A — B be a map of sets. In set theory one considers two induced
maps between the power sets, which are

— the map P(A) — P(B) carrying subsets of A to their images under f;
in category this map is often denoted by 3y, since it can be presented
as X =~ {beB|3, (f(x)=bAzeX)}

— the map P(B) — P(A) carrying subsets of B to their inverse images
under f; in category this map is often denoted by f*.

Considering P(A) and P(B) as categories (using their inclusion orders),
show that:

(a) 35 A F%

(b) there is also an adjunction f* 4V;. Hint: define Vy by

Vi(X)={beB|f(zx)=b= zec X}

Explain that (a) and (b) are dual to each other.

19. GRAPHS AND DIAGRAMS

Informally, graphs, in the sense of category theory, are simply ‘categories without
identity morphisms and composition’. The formal definition is:

Definition 19.1. A graph (also called a diagram scheme) G is a system G =
(Go, Gy, dg, cg), in which:



CATEGORY THEORY: A FIRST COURSE 39

(a) Go and Gy are classes (usually actually sets) called the class of objects in
G and the class of morphisms (or arrows) in G, respectively;

(b) dg and cg are maps from Gy to Gg called domain and codomain respectively;
for f € Gy, when dg(f) = A and cg(f) = B, we write f : A — B and say
that f is a morphism from A to B, or that the domain of f is A and the
codomain of f is B.

Graphs form a category Graphs, in which a morphism F : G — H is a pair F =
(Fo, F1), in which Fy : Gog — Hy and Fy : Gy — Hy are maps making the diagrams

G —>H, G —H
d@i ld]}[ CGl lcl'-ﬂ
GQ T0> HO GO T()) Ho

commute (equivalently, for every morphism g : G — G’ in G, Fi(g) is a morphism
(in H) from Fo(GQ) to Fo(G'); it is written simply as F(g) : F(G) — F(G')).

Once graphs are defined, we can also introduce the formal definition of a diagram:

Definition 19.2. Let C = (Cy,Cy,dc, cc, ec,me) be a category; the underlying
graph of C is the graph (Co,Cy,dc,cc). Given a graph G and a category C, a
diagram D : G — C, also called a diagram in C over G, is a morphism in Graphs
from G to the underlying graph of C.

When a graph G has only a few objects and morphisms, it is convenient to
display it as dots and arrows between them, dots for the objects and arrows for
the morphisms. Given such a display, we can display a diagram D : G — C by
replacing dots with (the names of) the images of the corresponding objects under
D, and labeling arrows accordingly.

Remark 19.3. Involving a graph in Definition 19.1 shows that we should not
identify diagrams in C with sets of objects and morphisms in C. For example

C—+Cand C —=C—=C
display two different diagrams, and

displays yet another diagram. The graphs used in these three diagrams have two,
three, and five objects, and one, two, and three morphisms, respectively.

Theorem 19.4. There is an adjunction (F,U,n) : Graphs — Cat, in which:

(a) U : Cat — Graphs is the (obviously defined) underlying graph functor.
(b) For a graph G, F(G) is the category of paths of G, in which the objects are
the same as in G, and a morphism G — G’ is a sequence of the form

G=Gy—2~. . - vG,=0G,

written as (gn,...,q1) : G — G', for each n = 0,1,2,...; when n = 0,
the sequence becomes empty and its existence forces G = G’, in which
case it is written simply as 1g, being the identity morphism of F(G). The
morphisms compose as (gny .-y G1)(frms -y J1) = (Gny s 915 frns ooy J1). The
category F(G) is also called the free category on G.

(¢) Fachng : G — UF(G) is the (obviously defined) inclusion map.
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Proof. Let us only check the universal property of ng (for an arbitrary graph G),
which is to check that, for every category C and every diagram D : G — C, there
exists a unique functor D : F(G) — C with Dng = D. If such a functor does exist,
we must have

D(gn, - g91) = D(gn)-..D(g1) = Dng(gn)...Dne(g1) = D(gn)...D(g1),

which proves the uniqueness of D gunder_ its existence). On the other hand, it is
easy to check that we can define D by D(gn,...,91) = D(gn)...D(g1), which will
give Dng = D. U

This theorem allows us to define the commutativity of a diagram formally:

Definition 19.5. In the notation of Theorem 19.4 and its proof, a diagram D is
said to be commutative if every two parallel morphisms in F(G) have the same
images under D.

Exercises.

1. Explain that the commutativity of a diagram in the sense of Section 10 is
a special case of the commutativity of a diagram in the sense of Definition
19.5.

2. Prove that the diagram

A—2>B

d ib

commutes if and only if all its arrows are isomorphisms and dcba = 1 4.
3. Let D : G — A be a diagram, E : A — B a functor, and U as in Theorem
19.4. Show that:
(a) if D is commutative, then so is U(E)D;

(b) if U(E)D is commutative and E is faithful, then D is commutative.

Explain that Theorem 19.4 can be used in Exercise 4(f) of Section 15.

5. For a graph G and a category C, define the category Diag(G,C) of dia-
grams G — C and show that the bijection hom(F(G), C) ~ hom(G, U(C)),
determined by the adjunction established in Theorem 19.4, extends to a
category isomorphism CF(G) ~ Diag(G, C).

6. Find a graph G such that the category of graphs can be identified with the
category Diag(G, Sets).

=~

20. LIMITS AND COLIMITS

When we think of diagrams over a ‘very small’ a graph, it is better denote our
graph by G (rather than G) and use small letters to denote its objects.

Definition 20.1. Let G be a graph and C a category. Then:

(a) Given an object C in C, the constant diagram A(C) = Constc : G — C
(cf. Execrise 1 of Section 8) is defined by

AC)(f:x—y) =1c:C—=0).

(b) Given a morphism ¢ : C — C' in C, the corresponding morphism A(c) :
A(C) = A(C") in Diag(G,C) (see Exercise 1 of Section 11 and Exercise
5 of Section 19), which is in fact the same a natural transformation of the
corresponding functors F(G) — C, is defined by A(c), = c.

(¢) The diagonal functor A : C — Diag(G,C) is determined by the data (a)
and (b) above.
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Next, for a diagram D : G — C:

(d) A cone (=limiting cone) over D is a natural transformation A(C) — D,
for some object C' in C; explicitly, it is a system (C, (vz : C = D(x))zec,)
in which D(f)y, =y, for each morphism f:x —y in G.

(e) A limit of D is a universal arrow A — D; it will be denoted by

lim D = (lim D, (7, : lim D — D(2))zec,)-

According to the universal property of lim D, for every cone (C, (v, : C —
D(2))zec,) over D, there exists a unique morphism v : C — lim D with
TzY = Yz for each object x in G. Here the morphisms m, (x € Go) are
called the limit projections (sometimes just “projections”)

(f) A cocone (=colimiting cone) over D is a natural transformation D — A(C),
for some object C' in C; explicitly, it is a system (C, (v : D(z) = C)zecy,)
in which vy D(f) = vz for each morphism f:x —y in G.

(g) A colimit of D is a universal arrow D — A; it will be denoted by

colim D = (colim D, (iy, : D(z) — colim D) eq,)-

According to the universal property of colim D, for every cocone (C,(vs :
D(z) = C)yeg,) over D, there exists a unique morphism «y : colim D — C
with Yt = 7, for each object x in G. Here the morphisms i, (x € Gg) are
called the colimit injections.

The same notions are used for functors (considered as diagrams).

Note that the colimit injections do not have to be injective in any sense, although
in many ‘classical’ examples where C is a category of mathematical structures on
sets they are.

Let us also mention some old terminology and notation, still kept in some ‘non-
category-theoretic’ literature:

Now established Old
limit inverse limit

lim (h_m
colimit direct limit

. [im

colim —

and consider several special situations:

e Suppose G; = (), that is, G has no morphisms; let us also write Go = S.
In this case, to give a diagram D : G — C is to give an S-indexed family
(Ds)ses of objects in C (where Dy = D(s)), and we write

lim D = H Dy:
seS

this limit is called the product (also cartesian product or direct product) of
the family (Dg)ses, and its limit projections are called the product projec-
tions. When S is finite, say S = {1, ...,n}, we also write

HDS:Dlx...an:Dlﬂ...I_IDn.

In particular, the product A x B considered in Example 17.5 (see also
Exercise 5 of Section 5) is nothing but D; x Dy for D; = A and Dy = B.
Dually, for the colimit, called coproduct, or, sometimes, sum, we write

colim D = HDS = ZDS

ses seS
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and

> Dy=Di+..+Dp=DyU..UuD, (whenS = {1,...,n});
seS

coproducts of two objects are used in Exercise 5 of Section 5.

If Go = S is also empty, then imD = 1 (a terminal object) and
colim D = 0 (an initial object) in C.
Suppose G is a graph of the form

[ Pl I
that is, it has two objects and two parallel morphisms between them; let
us write them as
1—=0.
t

A diagram D : G — C can be displayed as

A—= B,
g

where A = D(1), B = D(0), f = D(s), and g = D(t). A cone over D can
be presented as a triple (C,vp,71), where 79 : C — B and v : C — A
are morphisms in C with fy; = 79 = g7v1- However, since this makes
Yo completely determined by D and <, such a cone can be equivalently
presented as a pair (C,h), where h : C — A is a morphism in C with
fh = gh (we can then take 79 = hf and v; = h). Accordingly, the limit
of D, also called the equalizer of f and g, can be described as a pair (C, h)
above whose universal property is: for every morphism A’ : ¢/ — A with
fh' = gh’/, there exists a unique morphism % : ¢/ — C with hk = h’. The
whole display is

C/

k. . \L h'
A

C — A—x B;
g
one also says that the bottom row here is an equalizer diagram.
Dually, for the colimit of the same D, called the coequalizer of (f, g), the
similar display is

A—=B-lsC

g
%
i sk

Cl

(indicating that (C,h) is the coequalizer of (f, g)), and the top row here is
called a coequalizer diagram.

e Now suppose that G is a graph of the form

oe<—-90
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(having therefore three objects and two morphisms as displayed). Writing
it as
2

|

we can display a diagram D : G — C as

B

|

A?X,

where X = D(0), A= D(1), B= D(2), a = D(u), and b = D(v). A cone
over D can be presented as a quadruple (C,~o,71,72), where 7o : C — X,
v1: C — A, and 72 : C — B are morphisms in C with ay; = v9 = b7ys.
However, since this makes 7y completely determined by D, 71, and 9, such
a cone can be equivalently presented as a triple (C,p, q), where p: C' — A
and ¢ : C — B are morphisms in C with ap = bq (we can then take vy = ap,
~v1 = a, and 2 = b). Accordingly, the limit of D, also called the pullback of
a and b, can be described as a triple (C, p, ¢) above whose universal property
is: for every morphism p’ : ¢/ — A and every morphism ¢’ : ¢/ — B with
ap’ = bq', there exists a unique morphism k : ¢’ — C with pk = p’ and
gk = ¢'. The whole display is

\\
C——

B
q
L
A——X.

a

Here, unlike the previous case, where G was isomorphic to its (obviously
defined) dual graph, the dual display

presents ‘new’ (X, A, a, B,b) as a diagram, call it E, over a graph of the
form

with a colimit of F, also called the pushout of a and b, and preserted as the
triple (C, i, 7).
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Standard displays for pullbacks and pushouts are

Axx B—"-B x—*" .B
RN
A X A——>A+x B,

where (a and b in the first square are different from @ and b in the second
one and) the first square presents (A x x B,m,m2) as a pullback of a and
b, while the second one presents (A +x B,t1,t2) as a pushout of a and b.

More terminology involving the squares above:

— They are also called a pullback square or a cartesian square, and a
pushout square or a cocartesian square, respectively. The terms “pull-
back diagram” and “pushout diagram” are also used.

— In the first of them: one says that 7 is a pullback of b along a, and
that 7o is a pullback of a along b; one also says that A x x B is a fibred
product of A and B over X.

— In the second one: one says that ¢; is a pushout of b along a, and
that to is a pushout of a along b; one also says that A +x B is an
amalgamated product (or amalgamated sum) of A and B over X.

— One also uses the terms “cofibred” and “coamalgamated” accordingly,
and there are some other variations of this terminology in the litera-
ture, which we omit here.

e Old literature, especially the non-category-theoretic one, considers cases
where G is an ordered set, usually infinite, regarded as a category and
D : G — C is a functor, covariant or contravariant, sometimes called a
spectrum or just a system. Certain special terminology and notation are
uses there, often assuming that G is directed, which means that for every
finite subset S of G, there exists ¢ € G with s < g for all s € S. There
is a categorical counterpart of “directed”, called “filtered”, but we will not
discuss this here.

Remark 20.2. Introducing a new category C, it is always important to know which
limits and which colimits it admits, that is, for which diagrams D : G — C the limit
lim D and the colimit colim D ezist. In particular, one says that:

(a) C is small complete if lim D exists whenever G is small. This terminology
usually indicates that we distiguish between sets (possibly calling them small
sets) and proper classes (possibly calling them large sets). The first exercise
below in fact describes small limits in Sets (provided we assume that the
objects of Sets are small sets). We could also assume the objects of Sets
to be ‘larger’, and accordingly get lim D for larger G. But what we cannot
do is to make G ‘as large as’ the category Sets itself. More precisely, one
can even show if a category C admits a product of all its objects, then it is
coherent (as defined in Exercise 1(b) of Section 13).

(b) C is finitely complete if lim D exists whenever G is finite (that is, Gy and
Gy are finite sets).

Ezxercise 11 below will show that the existence of small products and equalizers
implies the existence of all small limits, and that the same is true with “finite”
instead of “small”. Ezercises 12 and 18 will then show that the existence of finite
products and equalizers can be replaced with the existence of pullbacks and a terminal
object.

Exercises.
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1. Describe limits in Sets. More specifically:
(a) First show that for a family (As)ses of sets, the product

4.
seS
can be described as the cartesian product in set theory, with the
product projections s (s € S) defined (also as in set theory) by
7Ts((l's/)s’ES) = Ts.
(b) Then (using or not the description above), show that for a graph G
and a diagram D : G — Sets, the limit of D can be described as

lim D = {(d)acco € [] D) [Vsompecn D)) = dy},
z€Gy
with the limit projections 7, (z € Go) defined by 7, ((dy)arec,) = ds-
(c¢) Use (b) to describe an equalizer of maps f and g from a set A to a set
B. Then show that it can also be described as

{ae Al f(a) = g(a)},
equipped with the inclusion map from it to A.
(d) Use (b) to describe a pullback of maps f: A — X and g : B — X.
Then show that it can also be described as

{(a,b) € Ax B| f(a) = g(b)},
equipped with the map from it to A defined by (a,b) — a and the
map from it to B defined by (a,b) — b. In particular, when f = g,
conclude that this pullback is nothing but the equivalence relation on
A determined by f. Remark: in Sets and in general (when f = g) such
a pullback is called a kernel pair of f.
(e) Show that the diagrams

a (@) o

f~YB) l AEBHT
A—X A— X,
f

in Sets where B is a subset of X, A is a subset of X in the second
diagram, and the unlabeled arrows are inclusion maps, are pullback
diagrams.

2. Make descriptions similar to those in (a)-(d) of the previous exercise in all
categories you are familiar with and their opposite categories.

3. Given categories A and B, describe limits and colimits in B* using limits
and colimits in B.

4. Explain that, in the notation of Theorem 19.4 and its proof, we can write
lim D = lim D and colim D = colim D.

5. Explain that initial and terminal objects can be defined as ‘empty colimit’
and ‘empty limit’, respectively.

6. Explain that, for a functor F': A — B, we can write:

(a) im F = F(Z), if Z is an initial object in A;
(b) colim F = F(Z), if Z is a terminal object in A.

7. Define what it means for a functor to preserve (existing) limits and to
preserve colimits, and show that, for an adjunction F' 4 U, F' preserves
colimits while U preserves limits.

8. Describe limits and colimits of diagrams in a preorder considered as a cat-
egory. Hint: use Exercises 5(a) and 5(b) of Section 18.
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9. Use the two previous exercises to explain that the functors 3y, f*, and
V¢, considered in Exercise 8 of Section 18, have the following preservation
properties:

(a) 3y preserves unions;
(b) f* preserves unions, intersections, and complements;
(c) Yy preserves intersections.
10. Let C be category and C' an object in C. Prove that the functor

hom(C, —) : C — Sets

preserves limits. Then use this and Exercise 3 to prove that the Yoneda
embedding C — Sets®” preserves limits.
11. Given a diagram D : G — C, consider the diagram displayed as

D(ca(f) ——2 o Diea(f))
7TCc:(f)T Tﬂf
L~ [eq, Do) ===l eq, Dica(f))
7Tdc(f)l lﬂf
D(da(f) ——5— Dlec(/)):

where the vertical arrows are the suitable product projections, p is defined
by requiring the top square to commute for every f € Gy, q is defined by
requiring the bottom square to commute for every f € Gy, and the middle
row is an equalizer diagram. Prove that (L, (7,0)zeq,) is a limit of D.

12. Explain that a pullback A X x B becomes a product A x B when X is a
terminal object, and that, in general, A x x B in C can be described as a
product in (C | X).

13. For morphisms f,g: A — B in a given category, prove that if

P B
P\L i(lBalB>
A——=BxB

(f.9)

is a pullback diagram, then (P,p) is an equalizer of f and g.
14. For a morphism f : A — B in a given category, prove that:
(a) f is a monomorphism if and only if

A4
1a l lf
A——B
f
is a pullback diagram;
(b) f is an epimorphism if and only if
A R B

e

B——
1p

is a pushout diagram.
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Consider again the commutative squares of Theorem 10.1, and show that:

(a) the square considered in Theorem 10.1(a) is a pullback square, and
so are the squares considered in Theorem 10.1(c) (assuming that they
commute and f and f’ are isomorphisms);

(b) in Theorem 10.1(b): if the second commutative square in is a pullback
square, then the first commutative square is a pullback square if and
only if so is the third one.

Let A and X be categories, U : A — X be a functor, and X an object in X.
Explain that we can write (X | U)°P = (U°P | X) ‘canonically’, and so a
pair (A, «) is a universal arrow X — U if and only if it is a universal arrow
U°? — X. Then explain that we can also write colim(D) = lim(D°P) (and
lim(D) = colim(D°P)).

Explain that kernels and cokernels of group homomorphisms are special
cases of equalizers and coequalizers, respectively.*

Explain that the additive group of rational numbers can be described as a
colimit of the diagram

2 4

y/ Z—>-7 Z—>s .

where Z denotes the additive group of integers and each arrow-labeling
number n denotes the homomorphism defined by x — nz. Generalize
this to describe arbitrary fraction monoids and fraction rings as colimits

(equipped with a suitable multiplication in the case of rings).*

LIST OF CATEGORIES

Sets = the category of sets (Example 2.2).

A monoid viewed as a category (Example 2.3).

A preorder vied as a category (Example 2.4).

C°P = the opposite category of a category C (Example 2.6).

Mon = the category of monoids (Exercise 2 of Section 2 and Example 3.7).
Preord = the category of preordered sets (of preorders) (Exercise 2 of Section
2).

Ord = the category of ordered sets (of orders) (Exercise 2 of Section 2).
Alg(Q) = the category of Q-algebras (below Definition 3.2).

Pointed Sets = the category of pointed sets (Example 3.4).

Magmas = the category of magmas (Example 3.5).

Semigroups = the category of semigroups (Example 3.6).

Groups = the category of groups (Example 3.8).

CommSemigroups = the category of commutative semigroups (Example
3.9).

CommMon = the category of commutative monoids (Example 3.9).

e Ab = the category of abelian groups (Example 3.9).

Sets™ = the category of M-sets, where M is a monoid (Example 3.10,
although Q plays the role of M there).

e Cat = the category of categories (the beginning of Section 7).
o Ar(C) = the arrow category of C (Remark 10.3).
e B* = the category of all functors from A to B (the beginning of Section

11).
Vectf(m = the category of finite-dimensional K-vector spaces, where K is a
field (Exercise 1(c) of Section 13).

e fAb = the category of finite abelian groups (Exercise 5 of Section 13).
e Elc(S) = the category of elements of S over C (Definitions 15.1 and 15.3).
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e Comma categories (F | G), (C { G), (F | C), (C ] C), and (C | C)
(Section 16, see also Example 15.5).

e Graphs = the category of graphs (Definition 19.1).

e Diag(G,C) = the category of diagrams G — C (Exercise 5 of Section 19).

QUESTIONS AND ANSWERS

This section is devoted to questions of students (reformulated) and answers.

Question 1. What are morphisms in the category of triples considered in Exer-
cise 2 of Section 57 Is it true that a morphism u : (X, e, f) — (X', ¢/, f') is a map
w: X — X' with u(e) = ¢ and uf = f'u?

Answer. Yes. Having in mind convention (iii) above Example 2.2, choosing the
right notion of morphism was a part of the exercise. And in this case the choice
should have been motivated by Definition 3.2, since the triples considered in Exer-
cise 2 clearly are Q-algebras for a suitable €).

Question 2. Exercise 3 of Section 5 asks for universal properties of other number
systems (apart from natural numbers); what can we do with Q (the system of
rational numbers) and R (the system of real numbers, which seems to have much
more structure)? Are there categories in which they are initial objects?

Answer. This is not a question of existence of such categories: for each math-
ematical object X one can obviously form a category X in which X is an initial
object, e.g. by taking X; = {X} (i =0,1). It is the question of finding a nice such
category. Here “nice” means that:

e it has a simple independent definition suggested by most basic properties
of the object X of our interest;

e an object in it is initial if and only if it has all the properties we need X
to have.

For example, constructing Q, we obviously need to show that it is a field of charac-
teristic O (since it should contain an isomorphic copy of the ring of integers) — and
it is nice to observe that we can define it simply as an initial object in the category
of fields of characteristic 0.

The story R is more complicated: its structure is not purely algebraic, in fact it
has several natural structures and each of then can be used to find a nice category
in which R is an initial object. For example, one can use the fact that R is a
completion of Q as a metric space, but then meric spaces should be defined using
Q instead of R (doing so, one defines d(z,y) < ¢ for each ¢ € Q instead of defining
distances d(z,y)).

Question 3. Perhaps for the sake of clarity; when talking about hom¢ (X, —),
is the “—” symbol just a “place holder” for an arbitrary object in C? Is this done
to avoid quantification over the objects of the category?

Answer. Yes to the first question, and No to the second one. And note that this
kind of “place holder” notation has nothing to do category theory. For example, in
high school mathematics we write, say, ¥y = f(z) and speak of a function f — but
we could write f(—) instead of f. This is convenient when we have to compose f
with another function; for example if g is defined by g(x) = f(x + 1), then it is
convenient to write g = f((—) + 1) (and of course “—” should not be understood
here as “minus”).
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Question 4. Suppose we are in the category of sets and we have an object A
in this category. Is the set-theoretic complement of A a well-defined object in the
same category?

Answer. No, simply because the notion of set-theoretic complement of a set does
not make sense. In set theory, given a set A, if we allow ourselves to form the set
{z|z ¢ A}, then we will also get AU {x|x ¢ A}, which will be nothing but the
forbidden ‘set of all sets’. All we can do, is to define the set-theoretic complement
of a given subset inside a given set; and yes, it can be defined categorically, but
only up to isomorphism.

Question 5. In Theorem 14.1, the maps « and j are defined by a(o) = oc(1¢)
and B(c)a(f) = S(f)(c). What does this mean?

Answer. Well, a should be map from the set Nat(hom(C, —),S) of all natural
transformations hom(C, —) — S to the set S(C); therefore to define it is to define,
for each natural transformation o : hom(C,—) — S, the corresponding element
a(o) of S(C). Here o, being a natural transformation hom(C, —) — S, is a family
(04)aec, of maps o4 : hom(C, A) — S(A). In particular, one of the members of
this family is the map o¢ : hom(C,C) — S(C). We then define a(o) as the image
of 1¢ under this map, which, of course, is written as a(o) = oc(1¢).

This makes Theorem 14.1 amazing in a sense. Indeed, we take a ‘large’ family
o0 = (04)4ec,, pick up only one element of it, namely o¢, then apply it to just
one element of hom(C,C), namely 1¢, and claim that sending o to oc(1¢) is a
bijection (which means that the whole o can be recovered from just one image of
an element under just one of its members!).

Now about 3. To define 3 is to define 5(c), for each ¢ € S(c). But again, 3(c)
being a natural transformation hom(C, —) — S must be a family (5(c)a)aec,, in
which each f£(c)4 is a map from the corresponding hom(C, A) to S(A). And to
define B(c) 4 is to define 8(c)a(f), for each f € hom(C, A). That is, to define S is
define each 3(c) a(f), and we define it by 8(c)a(f) = S(f)(c).

Question 6. In the notation used in Question 5, how do we know that
af(c) = B(c)c(le)?

Answer. Well, a3(c) is nothing but «a(8(c)), and since « is defined by
a(o) = oc(1e), taking o to be B(c) we obtain a(8(c)) = B(c)c(1e).

Question 7. Corollary 15.7 (see (a) and (b) there) characterizes representable
functors in terms of categories of elements. Why are we interested in representable
functors and why is this characterization useful?

Answer. Look at the Yoneda embedding Y = Y : C — Sets®”. It makes an
arbitrary category C equivalent to a full subcategory of the category Sets®” that
we can deal with almost as we deal with the category of sets. Saying “almost as we
deal with the category of sets” refers to the fact we can generalize many notions
and constructions from Sets to Sets® simply be defining them argumentwise. We
can then use the argumentwise constructions in Sets®” to make constructions in C
using representability, which in fact allows us to copy some constructions from Sets
to a general category!

For example, suppose we are interested to use this approach to define the product
A x B of two objects A and B in a category C. First we go from C to Setscop, hence
replacing A and B with Y¢(A) = hom(—, 4) and Y¢(B) = hom(—, B), respectively.
Then we define Y¢(A4) x Ye(B) by (Ye(A) x Ye(B))(X) = Ye(A)(X) x Ye(B)(X)
(which is what we mean by an argumentwise construction; we mean “for every
object X", assuming that the reader will understand what do with morphisms);
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here Y (A)(X) xYe(B)(X) is the ordinary cartesian product of the sets Y (A)(X) =
hom(X, A) and Y¢(B)(X) = hom(X, B). If the functor Y¢ x Y¢ is not representable,
then we simply say the product A x B does not exist in C. But if it is representable,
which means that Y¢(A) x Ye(B) = Y¢(C) for some object C' in C, then we say
that A x B is that object C. It turns out that this determines A x B uniquely up
to isomorphism.

However, before considering the Yoneda embedding we already had another ex-
cellent approach, namely using universal properties, to create categorical defini-
tions. How to compare these two approaches? Well, this is what Corollary 15.7 does;
more precisely, Corollary 15.7 shows that whatever is defined via representability
can also be defined via a universal property. To illustrate this, let us return to our
example above:

According to Corollary 15.7, the functor Y¢(A) x Y¢(B) is representable if and
only if the category Elc(Yc(A4) X Ye(B)) has a terminal object. But the category
Elc(Ye(A) x Yo (B)) is the same as the category constructed in Exercise 5 of Section
5 to define Ax B (see also Example 17.5). It is then easy to see that the two resulting
definitions of A x B fully agree.

Remark: It seems that A x B defined via representability is just an object in C,
while the universal property defines it together with the projections 7 : Ax B — A
and 79 : Ax B — B. But fixing the projections 7, and 7o (which is important!) cor-
responds, by Yoneda Lemma, to fixing an isomorphism Y¢(Ax B) — Ye(A) x Y (B)
(which is necessary of course in order to use Ax B defined via such an isomorphism).

Question 8. What are the nine types of structures introduced in Definition
18.1 good for?

Answer. The purpose of Section 18 is to show that these nine types of structures
are equivalent to each other in a very strong sense: any structure of the type (a) can
be ‘canonically’ transformed into a structure of the type (b), and the same is true for
all other pairs of types, yielding bijections Ax BxCr~D~=ErTFxGrH~rI,
where A is the collection of all structures of the type (a), B is the collection of
all structures of the type (b), and so on. Therefore what we in fact deal with is
a nine ways to define the same structure, which is called an adjunction. These
adjunctions come up in many places in mathematics and having many equivalent
ways to construct them helps to understand each special case. So, the question is,
what are adjunctions good for and what are the important examples?

To answer this question, let us begin with an arbitrary functor U : A — X
and ask ourselves if at any circumstances there is a way to construct a functor
F: X — A, associated to it. We know that:

e If U is an isomorphism, then there exists a unique functor F' : X — A with
UF:].X and FU:].A.

e More generally, if U is an equivalence, then there exists a unique up an
isomorphism functor F': X — A with UF =~ 1x and FU = 1,.

o Exercise 1(e) of Section 18 tells that the case where U has a left adjoint
is still more general, and Exercise 1(c) of Section 18 tells us that even in
that case there is a unique up an isomorphism ‘good’ functor F' : X — A
associated to U. Here ‘good’ means left adjoint. Of course, dually we could
speak of “right” instead of “left”.

That is, an equivalence is a generalized isomorphism, and an adjunction is a gen-
eralized equivalence. After that we say that the notion of adjunction is good for
defining ‘generalizing inverses’ of functors, and it remains to show some important
examples. The following ones are determined by universal arrows considered in
some Exercises of Section 15:
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e the universal arrows to be described in Exercise 4 of Section 15 produce a
left adjoint to the functor U : A — Sets in cases (a)-(k) of that exercise.

e the universal arrows to be described in Exercise 5 of Section 15 produce left
adjoints to the forgetful functors Mon — Pointed Sets, Mon — Semigroups,
and Ab — CommMon.

e the universal arrows to be described in Exercise 6 of Section 15 produce
right adjoints to the forgetful functors Preord — Sets and Ab — CommMon,
and to the functor Sets — Sets defined as in item (c) there.

Two other interesting examples (dual to each other in a sense), which in fact led to
the development of categorical logic more than fifty years ago, are given in Exercise 8
of Section 18, and another one is described in Theorem 19.4. Furthermore, consider
the diagonal functor A : C — Diag(G,C) from Definition 20.1. As immediately
follows from that definition, it has:

e a right adjoint lim : Diag(G, C) — C, whenever every diagram G — C has
a limit;

e a left adjoint colim : Diag(G,C) — C, whenever every diagram G — C has
a colimit.

But this list of important examples is very far from being complete...

Question 9. What do we mean by saying Z[z] is a free ring on {z}?

Answer. Given any category A of algebraic structures (by which we mean a full
subcategory of the category Alg(Q2), for some (2, as defined in Section 3), we have
the underlying set functor (=the forgetful functor) U : A — Sets (cf. Exercise 9 of
Section 8). And, for a set X, a (“the”) free algebra in A on X is a universal arrow
X — U (see Example 15.5). Explicitly, a free algebra in A on X is a pair (F/(X), nx)
in which F(X) is an object in A and nx a map from X to (the underlying set of)
F(X) satisfying the following universal property:

For every object A in A and every map f from X to (the underlying set of) A,
there exist a unique homomorphism f : F(X) — A with fnx = f.

It is often convenient to assume that X is a subset of F(X) and that nx is the
corresponding inclusion map. If so, then the universal property above becomes:

For every object A in A, every map f from X to (the underlying set of) A
uniquely extends to a unique homomorphism f: F(X) — A.

In particular, we could take A to be the category of rings (with 1), where {2
consists of:

e nullary 0 and 1,
e unary —,
e binary + and -,
and take X to be a one-element set {z}. Then, what is F/(X)? Well, it turns out
to be Z[z] = the ring of polynomials of one variable with coefficients in the ring Z
of integers. Indeed, to a give a map from the set {z} to a ring A is to pick up an
element a in A, and what we have to show is:
For every element a in A, there exists a unique ring homomorphism Z[z] — A
sending z to a.
But we know this: the desired homomorphisms is defined by

pox” + ...+ pp > poa” + ...+ Dy
In fact we very often use this, specifically, when we define a ring homomorphism

Z[z] - A by z — a.

Question 10. In Section 14, why do we have two forms of Yoneda Lemma
(“covariant” and “contravariant”) and only one form of Yoneda embedding?
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Answer. True, we could have either only one or both forms for both Yoneda
Lemma and Yoneda embedding. However:

e Although the two forms of Yoneda Lemma very easily follow from each
other, mentioning both explicitly is useful because each of them is used in
many places in mathematics independently from the other one.

e On the other hand, the purpose of Yoneda embedding C — Sets®” (also
used for many things!) is more specific in a sense: when we are interested in
some category C, in order to work in it we embed it in a larger but ‘easier’
category. Of course we could be interested in the opposite category C°P of
a given category C and need to use the Yoneda embedding C°P — Sets®.
This does happen, for example in algebraic geometry and algebraic number
theory, where it is done for C being the category of commutative algebras
(with 1) over a field — but ‘less frequently’ in a sense. And again, we get
this second form from the first one very easily: just substitute C°P for C
and use the fact that (C°P)°P = C.

That is, the two forms of Yoneda Lemma are rather equally appealing, while for
the goneda embedding the form C — Sets™ " is clearly more appealing than C°? —
Sets™.
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